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ABSTRACT: This study aimed to identify the main hydrological factors influencing stream water using major dissolved ions and multiple
isotopes, and to evaluate the potential for estimating mean transit time based on the variability of isotopic compositions in time series. The
concentrations of SiO; and Cl in stream water and groundwater in the study area showed seasonal variations depending on the land use
characteristics around the stream. In the upper reaches of the stream, dominated by natural areas, the SiO, concentration increased during
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the rainy season, while the Cl concentration remained stable, indicating that the stream supply significantly increased through baseflow during
the rainy season. In contrast, in the mid to lower reaches, where the presence of paddy fields is more prominent during the dry season, the SiO,
concentration decreased and the Cl concentration increased. During this period, the isotopic compositions of oxygen and hydrogen in these
reaches showed an evaporation signature, indicating that the irrigation water significantly influenced the chemical properties of the stream
water. The mean transit times were estimated to be 1.2 - 1.81 years for stream water. In the mid to lower reaches of the stream, where artificial
land use increased, the influx of irrigation water appeared as an outlier in the sinusoidal variation of the d-excess in stream water. Removing
this outlier improved the reliability of the model, as evidenced by improvements in RMSE and NSE values. The upper reaches of the stream,
where the surrounding land use was predominantly natural, showed the longest mean transit time. Conversely, the mean transit time of the stream
water gradually decreased as it passed through areas with artificial reservoir and agricultural land use. These results indicate that the presence
of artificial infrastructure has led to an increase in surface runoff into the stream. In addition, in terms of water resource use, artificial infrastructure
may decrease the resilience and adaptive capacity of stream water resources to climate change.

Key words: stable isotope, water source, mean transit time, sine-wave approach
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A F49] HFAFA|7Hmean transit time; MTT) AHY
2 59 U gl digt ST AREATE e
o, o= o W SR T4 04 710 BRHE ol
7] 95t &8t =2 22537 QIt(McGuire and McDonnell,
2006; McDonnell ef al., 2010; Tetzlaff et al., 2011). £3],
AF50 A- 19 W Y A%, 719 2 54 =0 gt
BE7F WAE AEEA 49 W MTT A3 =8 &
AAZ E-E= 3L ITKSpence, 2000). T&o], A|F9]
MTT A2 & -5 izt X3k A5 A5 e s
A, 715 sto] tigh o3 2 A3 Frish=d &8
=Rl A = P A A=

A #50] F9 W MTT 442 F-Fof W= v)7F =
T A #xFU RAskpE 33 ol Fotal £ EE I v
e AAE AL 240) HeE B FHT 4 o
th(McGuire et al., 2002; Kirchner et al., 2010). < T2
ATAES & PFEAYAE o83l APYE A ESY MTT
< A3 9 AAEADL vl Bt AofRIAE 85t
A, AeF9 Wl 29 54T £2E ol 5 oEt
AIHeR §9 U 29 -5 S B7Isks oget Al
L& 3}a QItK(Frisbee ef al., 2011; Hale and McDonnell,
2016). TE], MTTE] £2 %= 2Hd2 7o Y TAe 2
£49 o AKES Frhstet=E &85 4= ok
(McGuire and McDonnell, 2006).

A7 & P EHLLE 0|83 AF59 MTT 4t
AT = -2 29 AR S Tt P AR
AafrHolA 3=l th(Jung et al., 2020). SHAE, F
U2 Q1% Foda 2SS sk A9 SRR
7F EA8ke 92 e R 9 dits ARE A3
olk. ol AH FEAR §lo] FAL0) Az
AAE HE S HEA7]7] diZolth(Lee et al., 2021).
AAR, Reddy et al. (2006)= A AE FHLLY JE 2
2|5 o]-§3 MTT 4H o] Qlo] S48 QA9 f-9o
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o BESE AYSISA ARE OB AAY 2
LSl FRH0R, B AT A7) A9d 8
A1) A BISH B SHEIALE ol §3 MTT 4
ol glo] YAHE AN ol AT 4 Gt Were
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Fig. 1. Map showing the locations of precipitation, stream water, and groundwater sampling sites and land-use patterns in the

study area.
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AFT B A5 Abret 4 FHPE 24 (502} 6
H)S 327208 Y ATF-Lol| A &85k QI Picarro
AR 4Xtf E430]Q1 L2140-iF o83 =48ttt 3
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Fig. 2. Piper diagram for major ions in stream water and groundwater.
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for water samples collected in the study area.
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Park et al. (2018)-& £347l|(submersion irrigation)7}
o]FoiA|= A FoNA Al AT X ES A X5}
T2 o] WY 4= vkl Bt v Qo W &
FA71HQ FEATH A AT 2H Y Bj7] A7
SY S0, Yutzo s 49 ToflA 5 Fofl ¥ Al
£ 93t W7} o|Fo] A thLee et al., 2016). YRIF O 2,
HFALR o] &5 = =of B l(irrigation) 3 & W 7|5h=
IS BEESHA H=t, ojnf SUE =o] shez £
(irrigation return flow) & 4= It} Kim ef al. (2009)= =
W AEA A B2 dlEEe F2 oF 26%0] olEtt
3 H gk ul Qlek. o] 3P oA Skl o3 S7HE AskE
o] Tl el A X= FEHIL Y= A2z dHA 3
th(Simpson and Herczeg, 1991; Kattan, 2008; Park ef al.,
2018). AA|=, = F2 A oA 2h= AEilE f8 vl A=
Al Qo] Ca, Mg, £°]2% HCOs, SO, Clo] 2-&9]
5 HA 1 EG S ] @o] JFShe o= By
31 QITKKim et al., 2015). AFA|HoA shFHo] =7
22 BE7} Z7kehe Sk 370 AMe] s ) i
Si0, 2] Mk B AulE 98] WA} o 2ojAle Al
719k AT A= 7L ITHE 3b2} 3¢). ol=
AGAI7] 4= A2 Sla) e ool o) 5 s

4:70] Y MO S Wrhe AL A AlHT
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4.2. 6t %0L XIok0l A0, 4 SARA T

A Qe AFAY saso] YL FE PR SR
Q5] 7]l =2 Bkl Asted & Ao 610k 51
A 79 4] Uk ik ATA S 484 609} 6
*HE -8.9%00l14 -5.3%0, -59 %01 A -39%02] MHE, A5}
2 8%l 7.6%, 58500 51502 HelZ Hol
™, Lee and Lee (1999)0|4] Ei1E o & ZFAo HEH
ARE BTt BT AW 6509 S| HAge 7t
2} 820, -S6%=A 1 e H Uehfu, FR4l
GJS-39|14] 602} §’HS] BHg-2 -7.8%, -52% = 73
=7 Uehgtt 59 GIS-39) §"%0¢}t 6°’He 7+2f -5.3%,2F
-39%0 Fh= YetH 9] g o g 7P IA A8
Aol A Blofdt s Btk ol= ¥ 2FEA7]of SEH
W7 o2 A FAE A2 AAIET

Jung et al. (2019)°| 4 Ei ¥ QI AlFA F3HAL 74
9] 12710 WE 73 U] 9L 4 A5HE(Isotopic lapse
rate) 2 HI O 2 AFA| S HREA| k9] g es 4
SHATHE 5). st A& 5 GIS-1& A7 U] 2|
Aol gt Al=(GIS-204 GIS-5)= 27 FHU4E Ashe
A8] £Zof =AE I 59 ea Aske Ao = GIS-1
+= 9F 255 m.a.s.l. (meter above sea level)2] Atz oz
2 TN FFE Aoz FAHE GIS-204 GIS-5
T2 A= A 191F 7|9A A RI AFA| &} s A 25
B 7|9E 574 Rol g S22 S FFo= s
§"%07F 71t Aoz Kol ARAseE 243
wte} §°09] 2ARP7F et on, i x|5kee] g
FUEZHIA A ZpolE EHirh Ca-HCO; 3 Y

S
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«Q ‘6 ’
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= y y
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Fig. 4. Plot of oxygen versus hydrogen isotopic composition
for stream water and groundwater collected in the study area.
The dashed lines denote Local meteoric water lines (LMWLs)
for summer and winter reported by Lee and Lee (1999).
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o 6"°09] BHFS -7.8% 2 Aoz £ ke yE
U= ¥H, Na-HCO; 8 f 6°02] Baghe 8.5% =
Ao W IS Bk ol AFAIY ARA|s
of FFES 2= ey 719 =7} HESS ou|eit)
oA AR ohE U 2= Bl EEYE £ 3t
Z HFeA 2 == M5 E0]E 4= QI Stober and Bucher,
2005; Elliot and Younger, 2007). Roques et al. (2014)=
A7 ik grze] 2o gL TA A9 elke]
T W EEQ regolith)o49) FHA A3t 5
20 ARAZE 2 Felmel Fely Aol §Eoz
FH ok Lo, AIzke] vt A SaohE 5
3 B Aais 550l oo Asiane] Apsheta 57

X
R
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@ Stream water
A SGW
60 DGW (Ca-HCOs3 type)
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Fig. 5. Plot of altitude and oxygen isotopes for water samples
collected in the study area. The solid line denotes the isotopic
lapse rate with altitude reported in Jung et al. (2019). The dash-
ed line denotes estimated altitude for GJS-1 sample.
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o] 29-HS Hargh vl Qlk. o] 2t IR oA, +EFF W
Slo]l w2 602 Btk Aol= A AFH vkl go] B
AN oA | TS Yol AAE A= 5
gk 4= Qo

ATFA S s} Xkl g AFAEE 2 Q1HF
L A=A 71YE FE5l] sk AFHE EAIE
NO; 5%, §°N-NO32} §"°0-NO, 2] A#AE Vel
THH 6). 3FA 9] AT 492 FARINO; = R 6
PN-NO; A& 2ol uhd, 3172 242 NO; 5= 2 §
PN-NO; 2418 834 2 ARA3I7F EAE g9o=
ol EAME EAo] $7tEe S Bk AE A
Qg mE B AJ22| §”N-NO:2} §'°0-NOs &= 22} -2.6%
ol A 14.9%0 2} -2.0%0 A 11.7%0 2] B4 7hol W=
UERAC) 3135 5 FARAIES GIS-1 A|&2] 6°N-NO;
£ BF 39 e Holr, 199 NH, & ti#dl= 99
of FAIET FRAHQI GIS-29] A|g= GIS-1X} At
HOog 2 7Z Hon, 2 BEY {789 FHof 4]
Hrt aFA- A& GIS-33 GIS-4 Al &= AFAIA Al
29} B wate] A o2 =8 §°N-NO; gh Holn, =
T Ex2 i 5e 9o FAE o= AR AR
of|A sP4=2] =2|3feta EAo] el BEFe Fako]
Exl 9, SIRE 3E4E FHEElA 719e 249
E40] Y= Yok RS oulgtth. GIS-13 GIS-2¢k
2] GIS-37} GIS-4 2|3 9] ahl4o]l that 6°N-NO;2} 6
PO-NOs& @7 Z7F5He & Uehdct. o]8gt GIS-3
T} GJS-4 P 49] T4 2] HAjet HF §H
oA = T T3 ARASY - AFHAE & Al
2 Z 7P =2 §°N-NO:¢} 6"%0-NOszk(Z2} 14.9%, 3}
11.7%0)¢] M$IE EolH, GIS-3, GJS-4 9 &35=2} 37|
§"0-NO; = 1.0 x §6°N-NO; - 3.4 (R*=0.81)&E HIH=

80
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A sew g DGW (@) ”0 b)
® GJs-1 GJS-2
60 GJs-3 @ GJs-4 AA.Q 704 ! R 7~ Rain water
@ GJs5 - ! * . '
A ' Atmospheric NOs by
2 'S bacterial denitrification |
L~ L
g o\g 60 *
= 254 < 453
g’ 6’ NH,* in rain |
= 20 .,) =z and fertilizer |
o I 10 '
o 9 10 :
S 15 ° ge,o 9 :
Rain water o %<} !
10 . .’ . 5 |
A. ¢ ¢ O Se
57 @2 o9 .
s e HO0 O 2 M4
04 o' Manure and
: ! septic wastes
'5 T T T T '5 T T T T
-5 0 5 10 15 20 -5 0 5 10 15 20

'N_NOs (%0)

8"N_NOs (%0)

Fig. 6. Plot of §'°N-NO; versus NO; concentration (a) and of §'°N-NO; versus §'80-NO; for water samples (b). The representative
clusters of each end member are from Bedard-Haughn ef al. (2003).
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ZAIA Aol 9IXTE. WA =7} SR AR v st
of of 3] ol £ S AIRNOS B 55 = 58.3
mg/L)2} WARAS] 57} 0.08 mg/L of3tol ALt S|
UL ARG ARNO:S B 55 = 0.8 mg/L)7t 2
2 A Aol PR ATHE AL BAlgo] e 2UBY
25y 7|95t 22 S ARt 2S gttt =
AR L] FFL W Aot ) YA B IHL B
o AAE T = lom, ojuf X|sho] ALY TP
248 §"N-NO;°| 15%, 6"*0-NOs0] 10% 2 Eolx|=
Ao Z 4 A YkKim et al., 2015).
4.3. ZR$LE0IT10 JIHE TIt

AubE o2 o, Aok W Eoe] MR oh2 v]& Y
7)ol o] whet S5t BT AT A 290 §
03} Si0,of et 7Bt gk QT AlFAtA BHid
= 7490) gt S ATk ekl ATAr })e 7
S5 AHRY T2 ARFES YW Y] 2R
= stk A28k A2 5 Na-HCO; 32 Vet
e ARE AA7I9e 7IARES HFEdhe T2 A=
sl BG4, ASeet BEe] 34 3
d3h= 8 SA|(water body)2 AAZITH AHbFo s &
St 740 A (infiltration)o] ofa) FAJEmi, A1Ea
oA T T FHYaEEE A FAN LAY
of of8 B P2 H3E 5 YThPark ef al., 2018;
Jung et al., 2020; Lyu and Wang, 2021). Jung et al. (2020)
L AT ABA AGelA A w9 71 B B4k 40
cm ZoloA AHH EFS W) 6°09] A Hgtell sy
Z¥7t -8. 7% -7.4%5 Bustgoen, oy Si0, SE=
0.1 mg/L&} 7.3 mg/L T} Park et al. (2018)0)| A4 oAt %]
o A B Y 609 A Batgh HelE -6.2% 1A
9.6%0°12H, A=7} 15 cmoA 90 cmZ F71gHo] uk
2 60% BAH o= Zaslol ek siFA el A=
B9 Si0, 9Ev-sT HYE=29.4 mg/Loj|A] 64.8 mg/L
Few, 15 cmof| A 30 em7HA|= =7t 71832, o]
%90 cmo] o] 2HA HAH 02 ZASH= A W YTt
Park et al. (2018)°|A E1138F 30 cm Z o] B9 SiO,
e AFAIY Aokl vls] oF 2.84) & o=, A
F7F EGSl HFEs B¢t 35k $37t 4EstA o]
Fo1x]7] wizol A|5k=2] SiO, F=of vt 43| =
S A0R &t $jo] dge MR o 603} Sio, %
£8 Uehils 24 Aokt Bg AT b
FAol| JFS UL FAFEAAR AHY F Sy
71o\= 7} Aol mr2H, GIS-1& ALJg GIS-20A4
GIS-5213 A BE2 2 Al 719 A417F 2= H 9ol Al
Slofut Al d B7he] A 4o] oA o2 vekttt
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Fig. 7. Plot of §'%0 and SiO, concentration for stream water.
Light gray lines represent mixing lines between the three
end-members at 25% intervals. The dotted lines estimated by
three components rainfall, groundwater and soil water.

(T 7). o], A7FA S 3k FH = AR 7L gol £
ke AL w3ste] Lee ef al. (2021)0]A4] Bg To)
5 Pt giEgte 2 AA Al 71E A, Askeet B
9] FFE ol A =of| tigt AiE 7| = B4t 7}
S A AAR, Lee ef al. (2021)& Wl sHH L
U= 60 S7HE A, Si0, BEE gagt
=|oj & ¥ 313t vt )t

s Bl vIA = A, B 4 AskeY] 7]0&
< AvrA oz Adwsiel Ut daE 7 AeR
H3loh spd4 Axte] 2A F5710ls Askey] 71A4%
Zof| 93t 7] =7} 75% ol e ' FlE e, 447
o= Aol WhE A F/E2 A 7)o =7t S71st
St Abobr o o] A9 ES o] n]ofsly] wizof At
oFfroofl gt s ol thgt A 8t=2] 7)o =7} 7 9-At
Zgoll o3l W=A] F7F 4= Qlek. o]2igt A9 Aok o
gt s 40] FHEaRAE BRI g AP
o o FHEaH s AgH EAS Ui Sio, &
=57 Rk (Jung et al., 2020). webA, F<710 A
TFAY 3P Axtel]l AR AR oA 71hE 7| AF=2] 7]
A=k A H S A8l £ 4= Ak = FZA ol A7
o]Fo| = 4¥~597% GIS-3& FAHLE WHFY FF
2 50% 7HE A 71027t Frtstgl e, s 270
A1 GIS-42} GIS-59| A= 25% ©o|/d9] 7= F71%
= S Bt ol& F8l, 25710l w7t sh el |
Az 710 = ARHA o], 3P f-5o] Jaggof wet ]
sk 7142 7=t SV A o= weE

A
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4.4. T[ES0| MTT 4™ EX

Feait)ghe] Adut HIls 7|uke 2 AR ohd
T 32 AE MTT= 48 o2 W49 93 Bl
HES. GJS-2(NSE = 0.44)9} GIS-3(NSE = 0.43)2] 5¢ A]
25 A5 NSE > 0.5 24 5329 8). =4
of] £3}61A] &= NSE7} Uebd GIS-29} GIS-39] 7
SHd W d-excess 2] FATHA] W3to] P F= ANA
849 o] UM Yulst= AL =, BUY7] Al7])1 5
4 89 Wi AHAH fYol 8 83w 4
g 4= Qlth o]of GIS-27E GIS-35 o2 Il &
HA71E AlQg & MTTE AL QAL MTT
Abg mEle NSE > 0.5 274 531900, ojyf R°=
10%9714] 39%, NSE= 0.139|4] || 0.271F 27130t} o]
et k= T YA FAut ks 7[9Ee 2 SEMTT
Aol Qlof Q191A s a4 gt H7F E A|AF 4=
A AR B Eo, 5Yo WA 71 =7t 9 25%
¢l GIS-42} GIS-590|14 AAAHE MTT 4Hy & 9] NSE
9} R*E= 79 WEER girh. o]t Axh= s1A|<]
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Wa=e] G AlQlstar AXRE s FAXHE MTT
= X 19| AASta) Hupgke 2 1AE A4 W st
Aol MTT ¥l 1.20 - 1.819C2, Jung ef al. (2020)0]
A B 3o R A f9 W 3P4 MTT W9
21 1.09 - 1.69d 9] ]3] thA 71 MTT W& 2=t} 24
FA A GIS-194 1.81dC2 713 71 Wi, w7
7t = E5tstal 5k SRR 248 MTT7} 4} ot
A= Ao 2 Yetth GIS-394 7 %2 MTT?I 1.29
o] &=l o, o]F ZARA Y] HtFollA = MTTS] W
3l= 37 gsith GIS-204 MTT ZHas GJS-2 AR
ARG A=A gaf A 9 A#xFET AH 99
Atz AT gk oz Q1A A|HZT} e B
A THAA L 7R et A AFFE2 357t
gt 4~ QI Finkenbine ef al., 2000; Nie ef al., 2011). GJS-2
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Fig. 8. Seasonal variation in d-excess of stream water and groundwater. The solid line is the fitted curve based on exponential
piston flow model for precipitation. The dashed lines are the fitted curves based on exponential piston flow model for stream

water and groundwater.
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Table 1. Fitted parameters and calculated mean transit time (MTT) of stream water and groundwater using an exponential piston

flow model in the study area.

Sample ID GJS-1 GJS-2 GJS-3 GJS-4 GJS-5 GJG-1 GJG-2
MTT (year) 1.81 1.61 1.20 1.23 1.27 2.88 2.97
n 10 9 9 7 9 10 8
R’ 0.86 0.62 0.86 0.90 0.83 0.33 0.83
RMSE 0.29 0.57 0.50 0.45 0.50 0.44 0.43
NSE 0.85 0.62 0.63 0.81 0.81 0.32 0.55
Average’ 12.2 11.5 11.2 11.6 11.3 11.4 9.9
Amplitude” 0.9 1.1 1.7 1.7 1.6 0.4 0.4

"d-excess values of water samples collected at each sampling site

sheitt. ol AP Aol WAT 4o NEFEL
SO §9 HlFS Z7HA7IE e, AYE oz 1)
MTTS 28 A3k Altha 7)ol =8 a2 4 gick.

—

5.2 E

FAAZE REZE A AR Y A #Ep A FHe
Sk A9 RS RS MTT 4AHY 7Hsd< ot
oFstaa} 8 -8-F0|2 9 thE ALY AAE RAE
YA ARG S Y Si0,9 Cl 525 7|&S
2 37 2782 AAE e gl = e, o] = sk
5AE F7tol g EX|o]-&Hle}l YT Ayto] Sl=
Ao g Uetytt sk Antoll A4 7t ASEE A7
E28i0r5 % 571 Aot 71 AREF ST A"
Ao g H3lth vh, 5P Y stR7hE S SR 447
Cle] =37 s HY9aE H3s eutsk= Y &
A AABFAT. = &R ol YA|gE A RAe14=2] 73+
Z4=7] Ca-HCOs7-3 0] A& o|n, F7] ©]F Na-HCO;
FEo=E Yt ol ¥7t XdHE ot fU=E
7 AAE 2= 2RIk

§"0x} Si0, WA ZRY sH-5o] digt B Al
A 7|27t 5ol 7P 2A TEESI. siF Al7] GIS-3
oA TG A 71 E= o 40%E AAEH S
ol= EPMo| &5 AR vk HIHE o] &3 MTT 4t
ol lof o)/dA](outlier)E oJu|gtet. i o427k A A
¥ mdlo R29 NSEE 7|20 2 Hd| 39%, 0.271F 27}
Elo] gzt mdlo] 7o) o] RS 1T 4= Uit
HHA, TRG9] 7| ot A o2 A A (2F 25%) YEhd
SHE 270 A3 shE oA = T f- ol WHE mE e A
Aaat= AR o2 52 gt

SR MTT= IS AJAdo] EA81A] P= 24k
A-AA 7 71 MTTSI 1.81d0] AAIE o, A3
£ AA 1.61dor A5G stR= SEWA o 3
¥ ZAHZA O] F71e} HlEo] 1.297HR] MTT7} sk

i

Ao =gt Y Anke 49 ) MTT ZHo)A
21912 7]9A1 0] F7h QU] SAH9) 7] 5t g2

U A3 UE 5 9LeS AN,

A =

o] :=E2 203U % PRI Yo 2 FFAT
Aeke] G- Z(LAMP) A (No. RS-2023-00301702)} 3t
AT 8] A7) 2R U S UL 7]
9k 0 @9 34 B A T ek AT(HGWMC-245
030030501, PE2024082)] X €& 1o} S=3 A1
oh. @4 2ol AR whabd, PoFTo] Bl =2
2 Fg10m, ol ZA=RYh
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