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89F: 7}o] Atatst £ 7|Nkere] F3te] ol 2 FFS WANE F L 445}t EAISHE Q15 191A I sl
2 A% 3= 42 G7Fol MR F7FSHAL Uk o] Aol A= A AFTE shde] = A4, nFds, 2AEEF T
Aa(MSr/Sr) B4& B3 olE alo] izt A 7= g Fristazt signt B B 7|E 5 Y949 AtiE £A6E Na'
(85.4%) > Mg*" (9.6%) > K" (2.5%) > Ca®" (2.4%)9] &2 7haste, B ¥Sr/*Sr v]&= 0.708725+0.000470 (10, n = 14)0]$],
t}. £3] 3k Al 29| VSr/*Sr vl slot FARRE 3hE 7HH oH, 018 B3 ARollA] 47.5 km o] FRE dli5= f-ol gt ko]
At} 90%71A] F7Fehs ERIstatt. AR A o]-83t Forward 2d A1}, P4 & 94 B 92 F= U2 =2
shata] F3H82%)01, AE L A(11%)T F(7%)2) FF= A EA5tH 5 skehy F3H-2 6.8 t/km’/yr, THAFA T
BhabQtol ofet Bletd FogS 217t 4.4 vkm?/yre} 2.4 thkm'/yro] QL o 5ol 2Jgt oatstera Aw|FE Z47F 203 x 10°
mol/km’/yr2} 37 x 10° mol/km?/yro|3ith. £3], 217 AAZ L Fol| gt FaFo| o 19%2 70| v|s) 2o 20 &gkow,
n)gda =7t Hd 36ui7HA] F71skth. whEkbA A &2 Q) AMdeEs T s sl At s 74 7R sk Ao
A et 42 9 o S HIPH AT Ao qdEm, o] gt A&F Q] BUE o] ad Aoz At

iy

FRO|: SRt Fot, OfEhs AH|F, Q191H F, dlie= R, it

ABSTRACT: The geochemical characteristics of river are primarily influenced by the weathering of bedrock, but the impacts of
industrialization and urbanization as well as seawater intrusion due to rising sea levels are gradually increasing. In this study, we aimed
to evaluate the relative contributions of these factors using major elements, trace elements, and strontium isotope ratios (**Sr/*’Sr)
in river water samples collected at the Hyeongsan River basin. Based on molar concentrations, the relative proportions of major elements
in all samples decreased in the order of Na* (85.4%) > Mg®" (9.6%) > K" (2.5%) > Ca®" (2.4%). The *’Sr/**Sr ratio was 0.708725 +
0.000470 (10, n= 14), in which downstream samples had *’Sr/*Sr ratios consistent with seawater, indicating that the effect of seawater
intrusion increased to up to 90% after 49.5 km distance from the upstream. The forward model indicated that major ion chemistry
is mainly affected by chemical weathering (82%) with a minor of anthropogenic input (11%) and rainfall (7%). Calculated total chemical
weathering rates, silicate weathering rates, and carbonate chemical weathering rates were 6.8 t/km?/yr, 4.4 t/km*/yr, and 2.4 t/km?/yr,
respectively. Furthermore, the associated CO, consumption rates were 203 x 10° mol/km*/yr and 37 x 10° mol/km?*/yr, respectively.
In particular, the effect of anthropogenic inputs on the tributaries increased to up to 19%, in which trace element concentrations increased
to up to 36 times. This study suggests that continuous geochemical monitoring in the Hyeongsan River basin is necessary in order
to prepare in advance for the risk by industrialization and climate change.

Key words: chemical weathering, CO, consumption rate, anthropogenic inputs, seawater intrusion, Hyeongsan River
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1TLME

249 sitha Foke th] F oslekaT sty
Al QUZE R} XA AJThF RO A M A GA A o
3-8 283t g2 SHol(Gaillardet et al., 1999; Shin et
al., 2011). 7 344 e} Palzhgol ofs) 85 o}
e Rr19A, AL HEA 5 vk Sukie
2935 52 g&-2 5}(Ward and Elliot, 1995), A<, =
A4 9 U8 5ol WM Lo AGHTY,
7ol A73e S4S F2 a4 Eoo] FTL WA,
2| ZAS W ARASEE QI9E I91A FFF 9 715 S}o
ofat shrE Ao s fel Gl B3 kL
@It Cho and Maeng, 2007; Sun ef al., 2010). £3| 1960
dtj o] FA3 =S} 2 A Stof| w2 Q17 &EY F
712 5] BREg o 43} F34S Fakeh 0 JEAY
4791 20 o1 97 % Aol ot vAn
9l © W(Buccolieri et al., 2006; Hyun et al., 2007; Song
and Choi, 2017), o]= QI&} 4AFFTA] & FAGR| 7} UH
FAdG BEL e 9F 29de] e Wol W 3)
o} 2|2 3 9 = g7olA sk A 2 R el 9
o 4= W gF % ot w27 545 S8kt 8leel
B I E UK Choi et al., 2019; Kim et al., 2021).

AAA ol dRbH o2 2R sh= 2EEE(SH)Z 4719 F
24, ¥Sr (< 1%), ¥Sr (10%), *'Sr (7%), **Sr (83%)=
7HAH, o] & 37] FHLR(™MSr, sy, ¥snE g EAY
2x0]a1, ¥Sre ukzh7]7} 4.88 x 10'°¢d ¢l YRbe] BE 2
Q13 B/ == WA 9 ¥4xo|th(Faure, 1987). ThF
3 24 wiAlel A Sr F 4 w(7SHSn)E Z7] TS/ Sr
H], b4 Ei= R0 A A7), 7] YRb/Sr vlo] FF
& Wk=tK(Faure, 1987; Capo et al., 1998). T3} 31242
TS/ Hle A EENA ] AT HESo] oJ3)
Ho| AR grot 7IRtere] E4E& 2 vtgstA |
th(Faure, 1987; Stewart et al., 1998). ©|&3l o]-f-2 W2
QTN Bt kS, 30 EHE FFHOR olafl
7] 30l 'St/ sr v)E A FHR=2 AMEERL Ith(Quade
et al., 2003; Shand ef al., 2009; Zielinski et al., 2016).

okt FHHERG} 2AFE ZFeH RIS
A7} EAsH= AP ool @A71R] AETHE 400
i 21918 @ GATIE 2T v GXeHKim and An,
2010), ¥4 2 FHYLE o83t A|3}st B4 gt
T= AESE Aotk wehA oj¥l Aol F4ME &
SJoll ] e 7 A2 F U, lkelds © VS Sr u]
£ 5% A3st B0l G2 F= 24 719EE] g4
o7 7| ES FHoE BN ois D AT
ke A u A} ssich

2 A7 HiE
2.1. 8311Y

FAFE TS H5E0 35 5&0l X5,
PFTHY SAFIARE YRS AR ZFAE
E2] gunte s g9t 4 8 AREE BA,
A3, g 9 o] ok £+ WA oF 1,140 ki,
A dolx ¢k 61.95 km (MOLIT, 2013), ABE+ S5

oF 549,672,480 m’ (MOE, 2020)°]ch. @Azt AA| {52
20%21 oF 110,863,275 m*9] H4=7} A8t glom, o]
£ AEsI(78%), AFA4(20%), SAHH(2%)7F AFA]
Btch(Lee et al., 2003). AAQGH42] JHEL TAFE H]
3 oF 1807 A= o] Foizl EFAIAIIEA7E A
T SHF A GollA viEE o] FUTFO 2 FFEIL QUrh(Lee
et al., 2004).

B 92 EA o8 m= AR (66%), 578 A1(29%),
71EK5%) 2 FEEH(MOLIT, 2013; 19 la), 5 D X
T =4S wet FAGAE AL, e sHRAG =
T2 55U DA7EEAs Aot AT T2 1,165
m, ABH 7] 22 13.8C o]t(MOE, 2020).

A¥

S0 EJA o SHRER (AT, S3Y, MR YA
= &, SAAEWY), T8 #et7] ZoflA AT
A3718] EFAL IFUFE ol Fo|A Sl olE A7) 5
Z|Zo] "lBs}al QJthMin et al., 1992; Hwang et al., 2019;
29 1b),

O O
0 F

2.2. A= A X HXa

2022 29 WAV 5 8 Ageld HE 29 AR
2 ol5q A1 Agelel 2 14709] S A= )
FetAHZ™ ). AHFRE A2 L2, F, pHe Orion
Ultra 8107 Triode pH & Orion™ DuraProbe™ 4-EC A=
o] ZF2He o]%53 t}gHE u]E 7| (Orion Star A325, Thermo
Fisher Scientific, USA)Z @A oA 24310, =4
A 98 2 pHE 77 A7) AEE EZE NaCl §9(1413
uS/em)} 37]9] pH &5 -§A(pH = 4, 7, 10)2 AHE-3}o]
B3t o] & e AuwE 7k 0.17C, £ 5% 2
+0.0020]1ch

A& QF F =8 Fol&, v|Zda, Sr F9da £4
€ A 2= 0.2 um HWE |2 HE|(SciLab, Korea)E- o]-&3]
o gt & uLT FA| AAHHNO;)E gol pHE 2 0]
82 23 i-CHEM HDPE -§7|°] E#si3ict 3ol &
A& Alg+= A3t A|&E i-CHEM HDPE §7]¢] g
4 A7HA] 4 C 2 YA B@stoich
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ko] &(Na', Mg*, K', Ca*’, Sr*") @ -&0]2(CI', NO;,
SO) FE FPRA YL 2|78 §3HEA e o) A
AH =23 Sgt=ut E33-1247](Inductively Coupled
Plasma Optical Emission Spectroscopy; ICP-OES, Optima
7000DV, Perkin Elmer)%} ]2 2 2u}& 121](Ion Chroma-
tography; IC, Thermo Fisher Scientific, USA)E- ©]-&3}]
BASIT. & AgelEE FURAdetn S L0t
Z-gof] Ax)H AA7](Orion Star T900, Thermo Scientific,
USA)¢} 0.1 N HCIE o]-8&3}o] Gran Aoz BA5}
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Fig. 1. Maps showing (a) sampling locations and land use pat-
terns (EGIS, 2023) and (b) lithology (KIGAM, 2024) in the
Hyeongsan River basin (source: QGIS).
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S tHWetzel and Likens, 1991).

o] 2~(Cr, Co, Ni, Cu, Zn, As, Cd, Pb) FEi= 3=
siFel7|sdol AR nEES Asd BAAILE
(seaFAST, Elemental Scientific Inc, USA)o] A3tE &=
A% Z2=n| AR A7) (Inductively Coupled Plasma Mass
Spectrometer; ICP-MS, iCAP-RQ, Thermo Fisher Scientific,
USA)S ol 83te] BAsHrh 5= BAo] e Hete o
A= olEFFE4 2l SLRS-6 (River water; National
Research Council Canada, Canada), CASS-6 (Nearshore
seawater; National Research Council Canada, Canada) &
NASS-7 (Seawater; National Research Council Canada,
Canada)?] 412 F3ll ERISHATHE 1).

232 AEEE S98iA 24

2EZE =00 H)(VSr/¥Sr) 8418 918} HA] Eichrom
AFe] Sr-resin (100-150 pm)S AME3te] Al& ) Srit £
3 %, 2YRAYetE A7 SIRLAAE ) AAE
AdE7] 4% ZetZor AZEA7](Multi-Collector
Inductively Coupled Plasma Mass Spectrometer; MC-ICP-MS,
Neoma model, Thermo Fisher Scientific, Germany)E- A}
§-3ke] VSr/*Sr w1 EA{stgich. o u] Ee]E upgA R
Sr =% 0.1 ng/LET}h BA4% ¥Sr/*Sr v 5r/4gr =
0.1194 (Nier, 1938)2 o]-&3}] WYX RAS}IHIL, =YU4
49152191 NBS 987 (National Institute of Standards
and Technology, USA)¢] ZE HA Azt ¥Sr/fgr =
0.710247 £ 0.000024 (n = 20, 20)°| ATt SR ZREE
22l TAPSO (Seawater; Ocean Scientific International
Ltd, UK)<] ¥’Sr/*Sr = 0.709164 + 0.000022 (n = 2, 20)&
o|A A A1} UX|5F thKrabbenhoft ef al., 2009).

X

2.4, EHTA
e F8 o] 3k F3L di7] 74, A9H &
Qlof o8 Q7S Hrom(Shin er al., 2011), o]& 2¢19]
719 =5 AsH7] Yol b A% S8l Forward 2E<
AAFSFRATH Galy and France-Lanord, 1999):

il

[i]riv: [i]atm+[i]amh+[i]wea (1)

0:17]/‘1 [i]riv‘LL__.‘ }\]i LH %’é— 01‘19:‘0’] —l'CI):‘Ea [i]atm, [i]amha
[ilvees ZH2F Th7] 144, AR 7, SF3H4 F2tellA 7]
QT AR U § 0l29] S=g ojnlate,

241. 01 _Y
grlznee] Fe=g Botsb) $istel The A A
83tgich. ofn), ATAY ) Sk A L A=
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Table 1. Analytical accuracy and precision in three certified reference materials during measurements.

SLRS-6 CASS-6 NASS-7
Element Certified  Measured recovery Certified  Measured recovery Certified Measured recovery
value value (n=4) value value (n=2) value  value (n=2)

(ng/L) (%) (ng/L) (%) (ug/h) (%)
Cr 0.252 0.235 93 0.0980 0.0990 101 0.11 0.109 106
Co 0.0530 0.0551 104 0.0659 0.0671 102 0.01 0.0141 106
Ni 0.616 0.609 99 0.410 0.436 106 0.24 0.233 105
Cu 23.9 233 97 0.520 0.528 101 0.20 0.213 117
Zn 1.76 1.64 93 1.24 1.20 97 0.41 0.416 106
As 0.570 0.604 106 1.02 0.941 92 1.23 1.15 103
Cd 0.00630 0.00687 109 0.0213 0.0217 102 0.02 0.0155 93
Pb 0.170 0.166 97 0.0104 0.0107 103 0.00250  0.00232 98

o 42 L o] A9 $lo] ofe AL2 TRl
Th(Spence and Telmer, 2005). E3-8& Cl12 o] 51 &
Hh3Ado] gkl 7Y st th(Feth, 1981):

[i1°= [ilsiv— [Clmin ¥ [/Cl]m Q)

o714 [i] & th7] S0l 23t GaFo] BAE A2 Y &
2 0]29] =& [Cl]yn o] AT Aol HHE A2
FollA 7 e AR A-HSRD S Cl FE, [i/Cllum
2 79 % ol&3} C19 & S Yehdth o] S A
34=2] ZH-e A3 THIun, 2014).

st
ok 7SR i et al., 2024):

[Na]” = [Nalyea+ [Nalogr+ [Nalup 3)
[NaJagr = ([NaJogr—cn + [Naagr—noy)/2 “)
[Na]agr (e = [Cllsiv/([C1)/[Na])agr ®)
[NaJagr— nvo,s = [NOsliiv/([NO3}/[Na])agr (6)
[NaJur, = ([Na]u—fcip + [NaJu—[50,1)/2 (7
[Nau o = [Cliv/([C1)/[Na])uro (8)
[NaJun—s0, = [SOalriv/([SOs)/[Na]}urp 9)

7] A [Naluer BFH4] F3t0f| 217 Na2] Fk, [Naju
€ TUEFl U3 Nad] F=0|™, [Najuw 2HAEF

Q1% Na9] ==& Yehdth [Clly, [NOsliv ¥ [SO4]ive=
AZ 1 CL NOs B 50,9] %S Lrepdick. [CIJ[Naly
9 [NOs)/[Nalg= sHEEFLE Qe FYE= gubd
0] H]E([Cl]/[Na],e: = 5, [NO;)/[Na],e = 4; Chetelat er
al., 2008)°|ct. [Cl]/[Nalus, % [SO4]/[Na]Z ZA]of A
Ashe Fl9] GHEAQl o2 HlE([Cl)/[Na]uy = 5; Good-
fellow et al., 2000; [SO4]/[Na]us = 2; Pal et al., 2001)
olct.

2.5. 9fetN ot A=

Z w9 W SAysk= 3184 F8= ©4Hcarbonic acid)
3} BFXKsulfuric acid)o] &gt EHAFE(carbonate) 2 AFE
(silicate) F& F3=2 offje} Zo] L8 4= JltKDar et
al.,2023):

2.5.1. ERMOf| 05t ERMA Z5HCarbonic Acid-Carbonate
Weathering; CACW)
CO,+H,0+(Ca, Mg)CO;—(Ca*", Mg* )+2HCO;  (10)

2.5.2. BRIl Ofst A ZdlCarbonic Acid-Silicate
Weathering; CASW)
2C0O,+11H,0+2(Na, K)AlSi;Os—

11
2(Na', K")+2HCO; +Al1,Si,05(OH)4+4H4Si04 (an

2C02+3H20+(Ca, Mg) AL Si,05— (12)

(Ca*", Mg*")+2HCO5+Al,Si,O5(OH),

2.5.3. 2Rl Ofot ERMA ZoH(Sulfuric Acid-Carbonate
Weathering; SACW)

H,S04+2(Ca, Mg) CO;—2(Ca’", Mg*")

13
+S0,7+2HCO5 (13)
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2.5.4. )l ost A EdHSulfuric Acid-Silicate

Weathering; SASW)
H,S04+9H,0+2(Na, K) AlSi;0s—2( Na', K"
+S045+ALSi,05(0OH),+4H,Si04
H,S0,+H,0+(Ca, Mg) AL,Si,Og—>(Ca*", Mg*")
+S047+A1,Si,05(0H)4

(14)

(15)

2.5.5. 9fetH Sat J|0E

FA} fFol= Seto] EX5kA] ¢7] el 7]
F4T A9F Fdol dish EAE S04 HE(S04])=
SACWE} SASW 5= aRlof oJgt golm, 2z} aQlo 2Jgt
SO4 EE([SOslsacw, [SO4lsasw)= Th 4= F3l AlAkst
Ak

[SOulsacw = [SO4] i/(X+1) (16)
[304] SASW = [304] *riv - [504] SACW (17)

1714 [SOslsacw 2 [SOslsaswi= ZH2F SACW 2L SASW
o &J3k 80,9 F=olt}h X At T3l ofsf 2xu]E
Sk gk Sl sl axu|E Bk Hle(X = 2)=,
gHito] AN SRS ST AT 22 HEeE
ato] FAIAT BAIIS ESIAYIE Ao et
(Galy and France-Lanord, 1999; Spence and Telmer, 2005).

ol3 SACW 8 SASWol 4] 7|2l 8 o £-2 ofz) o]
A& S5 A

[Ca+ Mg]SAcW = 2[SO4]sacw (18)

[Na]sasw= [SOs] SASW[(Ca/N a)sil

swi } (19)
+(Mg/Na)sﬂ+0.5(K /Na )riv+0~5]

[Klsasw= [Nalsasw(K/Na )iy (20)
[Ca]sasw = [Na]sasw(Ca/Na)si 21
[Mg]sasw = [Na]sasw(Mg/Na)si (22)

A7) A ofgf A} sil FAIA S sk, BAEA
A7 (Ca/Na)yi = 0.20, (Mg/Na)y; = 0.232 AHE8HR
tH(Choi et al., 2013; Kwon et al., 2013; Zhang et al.,
2022).

o7 2 CACW 2 CASWOJ A 7)1t 4 o]
ol 9 A& F3l A4ttt

[NaJcasw = [Nals — [Nalsacw (23)

[Calcasw = [Na]casw(Ca/Na)gi 24)

[Mglcasw = [Na]casw(Mg/Na)si (25)
[Kleasw = [NaJcasw(K /Na )iy (26)

[Ca + MgJcacw= [Ca + Mgl —[Ca + Mg]sacw @7

—[Ca + Mg]sasw —[Ca + Mg]sasw
2.6. oIt ZolE U 0|AtatErA AHIE

fro W sk Skt S8t g 5 anlEe Tt F
COy= AHAIY oA A A2 &4 8o 3=
ZHGaillardet et al., 1999). wfebA] ssta Z31-83} o]
o IE CO, M-S A}t A2 A7 71+ |
3= o)t ¥ WA otk Chetelat et al., 2008). & 3}
A FE(Wenen), AR S3E&(Wa), TAE S3&
(Wearr)Z oFEH ] A& 53l AlAtsH T

Wchem = Wsi1+Wcarb (28)
Wi = Zi*sil xR (29)
Weab = 21 carb X R (30)

A7|A A EFE(R = Q/A)E 5 FFE TR &2 1t
Z]a} X 2(HSR6)] &-2HQ = 2.07 m’/s; NIER, 2022) 2
991 WA(4 = 1,140 km’; MOLIT, 2013)¢] u]= Upehdick.

2540 A5 3l5Hy 33 B = F ek T3 1o
Al d7] F COE 4H]dh= A2 CACWEE CASWo|tt
mEbA ARG F3tef| 2%t CO, AHIFH Wi co.) T BH4HE
Z3tol|l 2JZHCO, 2B[FH Wean_co.)-= oF 9] 4% F3l A
4bstgich:

Wi co. = [2 % (Ca* casw+Mg” casw)
+(K'caswtNa'casw)] X R

G

Wears_co. = (Ca* casw+Mg  casw) X R (32)

3. ZM A E9

3.1. Scleetd EH

AHeE A7) 4222 0.1~9.7C (5.46 £ 2.65C, 10, n
= 14)0]1, pHE 7.35~9.09 (8.19 + 0.432, 10, n = 14)&
oFobztE|AJo|tH 1 2a). FE-S 0.10~32.9% (10.1 +
13.8, 10, n = 14)2 HAFRo| A sla2 7242 o 3240
7Rt &, AR 67 Al&(0-47.5 km; 3R 719)9
AEL HF0.217% (0.217 £ 0.089%, 10), 47.5 km ©]=
31 47 AR AEL Hit 28.3% (28.3 £ 5.69%, 10)
2 27 47.5 kmFE 423 sl 3T Gl e

A A RFCH L™ 2b).
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Table 2. Physicochemical characteristics of river water samples collected at the Hyeongsan River basin.

Sample frg:rslt;nglil T(elgﬁ’ pH S?;nity NaT KT Mg" CaT o CP SO NOyHCO or
(km) 00) (mg/L) (%)
Mainstream
HSRI 0 01 7.78 0.101 777 120 2.60 124 568 588 3.68 436 6
HSR2 4.86 41 735 0.144 120 295 413 178 149 158 8.13 457 6
HSR3 19.3 47 872 0185 173 422 7.61 28.1 237 343 374 727 5
HSR4 29.1 6.5 778 0238 416 853 7.9 264 436 353 130 813 S
HSRS 383 60 846 0315 510 141 11.1 377 608 87.6 10.7 795 3
HSR6 425 53909 0315 557 137 11.1 374 633 847 124 763 5
HSR7 475 7.1 807 200 7021 315 777 254 11840 1801 4.90 121 2
HSRS 49.8 78 820 297 9595 470 1113 335 16075 2577 1.77 138 3
HSR9 50.5 59 813 305 7803 460 1095 338 12964 2199 484 129 5
HSR10 53.0 9.7 794 32.9 10447 490 1192 361 17523 2767 60.5 115 2
Tributary
Dae (HSR2-1) 16.5 1.7 855 0241 265 478 9.86 38.5 358 625 452 774 5
Chilpyeong (HSR4-1)  36.4 25 818 0506 355 777 172 123 581 257 339 101 1
Chilseong (HSRS-1) 49.5 82 811 248 7946 342 895 301 15938 1978 487 132 -5
Gumu (HSRS-2) 49.6 69 826 1.65 331 470 280 210 623 262 0402 435 -3
10 3.2. FRALEYM
@ A8 % 212 BA0] g NHE W7l 712 WeE
¥ © =(Charge Balance Error; CBE)= 3 +3% (1o, n
9- = 14)2 B4 A3lo] AFAo] £ AATITHE 2). &
= 71E, WA AR g ol AE EAul=
s Na® (85.4%) > Mg™ (9.6%) > K (2.5%) > Ca>" (2.4%)2)
5. M Z Zasha, Sol29] ZAH|E CI (93.1%) > S04~
(5.6%) > HCO5 (1.2%) > NO5 (0.2%)2] 24 2 ZHA25})
o 2y AR 671 AR gt o] EAH|E= Na'
(53.8%) > Ca*" (26.6%) > Mg*" (12.0%) > K" (7.6%), &
n 0 o o o] &-9] ZAJH|= HCO5 (40.6%) > CI' (37.2%) > SO
100 o (17.0%) > NO5y (5.2%) &A1 2 ZHASFATHE 2). o)1= A
______ S §a_v\_/a_te_r_:_3_5“_/oa_ . . ‘?l‘ 67H A]ioﬂ ‘%“—9- 0363:?_]_;(]'7]' 7] 1{1_}%—9,] §:]—‘6‘_]-Zjl %ﬂ_%}%
. A A%t
~ 104 : % §2 ool (TZ' = Na' + K' + Ca¥' + Mg*)& B
2\3 : (HSR1~10)9]14] 1.20~583 meq/L2] W= 71|, x50l
£ 5 HAHSR2-1)91 A 4.01 meq/L, BHAHSRA-1)94 9.32
- ° meq/L, ZAH(HSRS-1)0l14] 443 meg/L, F-FH(HSRS-2)
oflA] 28.4 meq/L 2] ZH& 71ATh AFE 67)] A|E(HSR1~HSR6)
o] B TZ'ZES 3.46 meq/L, 31 47)] A|Z(HSR7~HSR10)
O] B TZ 32 492 meq/LLZ alj5= FFol| 23 TZ'gh

40
Distance from HSR1 (km)

60

Fig. 2. Plots of (a) pH and (b) salinity versus the distance from
the uppermost HSR1. Seawater is from Millero et al. (2008).

o] §43] F7HEME= EAE 5 k. ol= =W a8 %
o] HHFZHTZ" = 2.15 meq/L, n = 192; Shin ef al., 2023)
I AlA F8 7ol HHFZHTZ' = 0.762 meg/L, n = 105;
Meybeck, 1988)%} af4=2] FaF LA 2 47 671
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Az A Zt 78l, A& Al 24 2t 37Hi7HA] =2 2k
& mef 2}

ANE W Bl AT g2 TZ°9 CI o) 4H/AAE &
3] E1g 4~ 12 m(Lee and Moon, 2008), Cl'9] E=7}
20 meq/L o131 37 471 B A7l A AR TZY/Cr
=1 ZAof| =A== ¥ CI 5%7} 20 meg/LoJskRl 4
2 670 0 A5el o, AW, FRA ARE TZCH> |
of elo] EA|E0] B5hA Fate] QRS W AL T
3 % QUTHR 3). 20 ko] HAE Ca, Mg, HCO,
o] AU B Bo YA ol He] 2 Bok AR 67)
Alzet A, AHH, 17 AR FAIE Y] F8tl 9
o gapol Als, S TEY FHE W 37 47 A
2 9 AR Azt 50 gl Akl ExE gt
(23 4).

3.3. ¥’Sr/8%sr Hl EM
Sr/*Sr vl X B A B8k} Bk H 5 &

o] GojuhA| got 7] FSr/*°Sr vl A= ok VSr/*Sr
HE 2he 715kt 33 2 s 3R 93 A o=
Hlg3t 4= Q)tK(Faure, 1986). AA] A|&2] ¥Sr/*Sr v)=
0.707920~0.709310 (0.708725 + 0.000470, 10, n = 14)°]
o, A 671 A|E(HSR1~HSR6)2] ¥'Sr/**Sr H]= 0.707920~
0.708728 (0.708397 + 0.000304, 10, n = 6), 3} 47 A|
F(HSR7~HSR10)2] ¥Sr/*Sr v]= 0.709154~0.709175
(0.709164 + 0.000010, 10, n = 4), Z|F<] hH(HSR2-1)
o] ¥Sr/%Sr H]= 0.708080, M (HSR4-1)2] ¥'Sr/*Sr
H]=0.709310, A H(HSRS-1)2] ¥'Sr/*Sr H]= 0.709175,
TEH(HSR8-2)2] ¥Sr/*Sr H]:= 0.7085450] THE 3).
32800 A a7t A A FAEY T3 I ZA

8
@ Mainstream
- @ Tributary
) o
£ 4 =
Eop |2
£ 8
I 3
> =N
3 ¢ g
X a
§ Seawater
+ 2
N e
............... Q... gQ. ...
0 T T T
0 200 400 600
CI” (meg/L)

Fig. 3. Plot of TZ"/CI" (equivalent ratio) versus CI” (equivalent
concentration).
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of =AE AR 670 Alzet A& tid, ABH, FA4A9
TSt/Sr vl AT A9 W) AARA] AFU(VSr/Sr =
0.70722~0.71145; Kwon et al., 2013)2] ¥ 2] Yjo] 4 &3]
Sk 72 7HRITh W Azt AA oA FHdteed
o ZA ZAIE g 41 AR 9 AF AE ARY
¥Sr/*Sr H)= 0.70916602 afl5=(*'Sr/*Sr = 0.70918;
Faure and Mensing, 2005)9} 593t =4S 7Ht}. w2t
A FAEE] Sr T HAe A4S AR Ik 3kt
S Fof o8l F2 = L o= ¢ 5 AUt

FAE fFreollA sk 47l AlZel tigt s JF9 H
&3 Ao m Frisy] flal thS AgEA LS AMSSE
A tHAlbaréde, 1996):

(7St/*S ) mix = friv X ('SIA0S0)nv i X (7SI/%S1)y (33)

friv+fsw =1 (34)

A7)A St/ S = AE2] ¥Sr/*Sr 1], (Sr/*Sr),

Carbonates
100 3
1(a)
210 3
S 3
- ]
S 14 Silicates
o 3
E
‘m© i
z 0.1
*(’)
o i 2
O 0.01 4 @ Mainstream
I E e @ Tributary
] Seawater % Seawater
0.001 N e 0 3 s s 22 e ) e e
0.01 0.1 1 10 100
10 -
i (b)
§ ]
®
- 14
i)
o
£ Silicates
©
Z 0.1 4
P E Seawater ®
(=2}
=
0.01 T T TT—T—TT T T T
0.01 0.1 1 10 100

Ca*/Na* (molar ratio)

Fig. 4. Plots of (a) HCO;" versus Na” versus Ca"/Na” and (b)
Mg*/Na" versus Ca*/Na* (molar ratio). Red line represents a
mixing line of silicate and carbonate. Seawater, silicate and car-
bonate end-members are from Gaillardet et al. (1999), and
Faure and Mensing (2005).
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Table 3. Sr concentrations and isotopic ratios of water samples collected from the Hyeongsan River basin.

Sample St ¥Sr/ S 2SE!
(mg/L)
Mainstream
HSRI1 0.0497 0.707920 0.000023
HSR2 0.0712 0.708577 0.000023
HSR3 0.107 0.708201 0.000031
HSR4 0.0842 0.708728 0.000019
HSRS5 0.125 0.708333 0.000024
HSR6 0.121 0.708622 0.000023
HSR7 242 0.709156 0.000023
HSRS 3.45 0.709154 0.000022
HSR9 3.36 0.709175 0.000019
HSR10 3.76 0.709169 0.000024
Tributary
Dae (HSR2-1) 0.158 0.708080 0.000024
Chilpyeong (HSR4-1) 0.199 0.709310 0.000020
Chilseong (HSR8-1) 2.78 0.709175 0.000018
Gumu (HSR8-2) 0.611 0.708545 0.000025
'Internal standard error (n=20)
(7S1/*S)a= 212 HSRG A9 349] Tr/*sr v1& vt *T@
Rl [0} [ 212} skt e gk gak] w)
ol 4004
AL A, 315 ARE 95-99%2] Sle] JFL W 3
ol Ao Uehgth. Eat 290 st} 24E Nas x
CIE AMg3to] ERANAS 288 AT, 5 Art o = 0]
« ST ZA | EAIE s o] 64~96% 1 A2 © Vansiean
2 BARITHY Sa). ol2fat g ulge) Mol © Tua

21912 ko] ©J3) 915 Naoh CL2 Q1] AysHE R0
2 BT ofo] o HrEY vl wTsH] S13)
A St 91940 AFE T el M Ao Az
S0k SAFR VISt Sr ghe Mol X|gk st 75
oha) BAE CadhSro] Hl7h e h ARE T EFA
DA EAEET ol Qubdel s <o) ofat 2
3} FeEich. o] W] CalSt Hl7} £ AR ARE
& BRI Yol Gelo] EAIEEY ol AT
71ukgro) Eafo] ofat o 2 BekEith 1 5b).

3.4. olstY Z9IE Ol O|ArSHE A AHIE

o] Y e ER SR AR R ART E
33 X E(HSR7~HSR10, HSRS-1)Z A 2|5t FAR} &
49 seta) 2o FFE v 5 e A7) 74,
AN 3, 2Fehe] S2he 71 =g H7ISHATH L 6a).
71 A3}, AR 67 AlR(HSR1~HSR6)2] 3512 242 3

T T
0 200 400 600
CI* (mM)

0.7096

0.7092

0.7088 -

87Sr/86Sr

0.7084

0.7080

0.7076 T A
100 1000 10000

Ca*/Sr (molar ratio)

Fig. 5. Plots of (a) Na versus Cl and (b) Sr isotopic ratios versus
Ca'"/Sr (mass ratio). Red line represents a mixing line of river
water and seawater. Seawater is from Faure and Mensing
(2005).
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Q1% QI91A FEFOl 1%, 2}eH2 F3tol| o3t Fako] 79%
2 Uittt v JARERE AT 1SS )
frdol 4% = astar Q1914 F3Fo] 14%E F7FsehH, 3t
st F3to] o3t F7Fol 83%7HA] F7ksteh A7 o
A A|&(HSR2-1)¢] 9 7] 74, A998 74, 4
Z3tol|l gt kol Z+2F 6%, 13%, 81%= UErton, 2
B A= (HSR4-1)ol| A= Z+2} 3%, 19%, 78%, 57 Al
FE(HSR8-2)= Z+ZF 1%, 11%, 88% = el o3t 2
= AP A|t3ket 2/4do] 2 7|9et F3+o] JF
=tk 28 2| A5HH, 2,58 014 st A o]y
b 7} 3lsbd 33t FR O 7| E RS 23, CACW
L 1~75%, CASWE 4~85%, SACW 5~16%, SASW
8~26%2] H 2 Ut 1E 6b). 7= HE A7t
HoldE Q19d ol S7kete A2 79 W ozt
A e dde] a3 194 FY9 7q=Tt =2 A
7O FFS W= A o= wtdrt

FAE FGollA =] F7Fol §l=47.5 kmA| ] o)A
O mp|9} AJ=¢1 HSR69] & 315Ha F3-8(Wehem), THAF
A FIE(Wa), TAHE FE(Wean)S 212 6.8 tkm’/yr,
4.4 t/km*/yr, 2.4 t/km*/yr2 JEPGTH Y 7a). o= Bl
B FU F8 400739 AE HFFHWa = 17.2 t/km’yr,
Wean = 9.96 t/km?/yr; Shin et al., 2011)]| v]3] Xt} 41}
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22 ko] Uehth ol T30l 7HE w2 |7l vl
Z o 108 Wekow, Fsheo] 7H W Fabd= A
3t 2 UERATE $24) 28-320) 71&E AAE F3ES
Tt A RFE(R = 0/4)° BlF8L7] diizol AP A&
Aoz G2 FIEL e T W2 AE[E 9
Ao 2wt

AL skekA F3baol tigt tf7] F olitabetas 4]
F= A4kgr A3HEqs. 31-32), Wi cor B Wean, cor= ZF
7} 203 x 10° mol/km*/yr3t 37 x 10° mol/km?¥/yr2 AALE]
UK ™ 7b). ol HuE =W 4] ALE Bk
(Wai co2 = 790 x 10° mol/km*/yr, Wea, cor = 282 x 10°
mol/km*/yr; Shin et al., 2011)°] B3} Xt} 8ulj Fe ZHe
YERHTE ol= CO, £sH]Fo] 7H 2 T2l Blsf 2t
14uff Wetow, CO, 2xn]gko] 71 & g4bdat ARt
ol Ueh CO, 2nj=h 38k F3k&ol 9o daF=

T Q2 FIEH AT

=

3.5. 0IgEA ES
AR Y oFds sEe Yantt 2 AolE HAow,

&=
7t gy W HEE T PTHE 4): Cr= 0417 +
1.10 pg/L (10, n = 14), Co = 0.163 + 0.335 pg/L (10, n =
14), Ni = 3.61 + 7.86 ug/L (1o, n = 14), Cu = 0.990 +

1.54 ug/L (1o, n = 14), Zn = 7.90 + 9.21 pg/L (lo, n =
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<
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Fig. 6. Plots of relative proportion of (a) each source and (b) chemical weathering pathways.
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Table 4. Heavy metal concentrations of water samples collected at the Hyeongsan River basin.

Cr Co Ni Cu Zn As Cd Pb

Sample
(ng/L) (ng/L) (ng/L) (nug/L) (ug/L) (ng/L) (ng/L) (ng/L)
Mainstream
HSR1 60.7 4.05 0.106 0.279 0.840 0.352 1.36 9.47
HSR2 72.6 8.27 0.0632 0.262 0.860 0.209 7.24 36.8
HSR3 60.6 359 0.154 0.447 0.696 0.302 2.61 14.0
HSR4 69.8 63.6 0.280 0.437 5.64 0.430 3.95 48.8
HSRS 83.6 194 1.79 0.918 4.81 0.267 20.8 70.2
HSR6 115 85.3 1.69 1.02 3.65 0.447 32.5 86.3
HSR7 167 72.5 2.70 0.781 7.08 0.882 64.2 42.5
HSRS 178 81.7 2.47 0.499 5.17 1.13 43.5 36.5
HSR9 185 102 2.86 0.592 6.80 1.11 61.2 41.3
HSR10 190 423 1.17 0.625 4.45 1.37 342 78.6
Tributary
Dae (HSR2-1) 65.4 33.8 0.143 0.581 0.640 0.495 2.83 18.8
Chilpyeong (HSR4-1) 4226 359 2.65 6.29 29.8 0.516 124 490
Chilseong (HSRS8-1) 156 223 3.86 0.864 14.3 0.810 79.0 26.6
Gumu (HSR8-2) 204 1306 30.55 0.266 25.9 1.64 13.0 58.2
50
| @) [ W., (this study)
2 (W, (this study)
s 40 ] w. (Shin et al., 2011)
> B We.rs (Shin et al., 2011)
=
QT 30+
£2
o E ]
22 2
N N
-] i
£
2 10
o i
oL [ [
Hyeongsan Han Geum Yeongsan  Nakdong
River River River River River
2000
| (b) ™ |0 Wa co (this study)
W.. co, (this stud
2 16001 5 w, . (éhilns :tl;/y)2011)
© sil_CO2 -
; E W5 co, (Shin et al., 2011)
2 E 1200
= _
o
£ =
3 O
2 f 800
) ]
8 400 — I
1 L. 1‘. L
Hyeongsan Han Geum Yeongsan Nakdong
River River River River River

Fig. 7. Comparison of (a) chemical weathering rates and (b) CO, consumption rates between this study and previous study (Shin
etal.,2011).
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14), As=0.711 £ 0.452 ug/L (10, n = 14), Cd = 0.0350 +
0.0363 pg/L (10, n = 14), Pb = 0.0756 + 0.122 pg/L (1o,
n=14).

EH= AR F A5 67 A Z(HSRI~HSR6)O] gt 5=
715E n|=rdae] A EAHI= Zn (60.8%) > Ni (15.0%)
> Cu (12.4%) > As (7.4%) > Cr (1.7%) > Co (1.4%) > Pb
(1.0%) > Cd (0.3%)%] «o= 74391, 5Ht 47] A=
(HSR7~HSR10)+= Zn (57.2%) > Ni (22.4%) > As (10.9%)
> Cu (6.1%) > Cr (1.8%) > Co (0.7%) > Cd (0.5%) =~ Pb
(0.5%)2] o2 Z4stgch 272l A A ZE(HSR2-1)
= Zn (32.3%) > Cu (29.4%) > As (25.0%) > Ni (7.2%) >
Cr (3.3%) > Co (1.7%) > Pb (0.9%) > Cd (0.1%)&] &2
2 743193, 2Rl AR 6 Az ula) Asel Cuel
SEE AR U, 9] 340 SR 2-5u) Wtk
AHA AZ(HSR4-1)= Zn (67.5%) > Cu (14.3%) > Cr
(9.6%) > Ni (6.0%) > As (1.2%) > Pb (1.1%) > Cd
(0.3%) > Co (0.1%)%] =02 74351, ERo AR 6
N Azl HI3) Codl T R WHH, I 9 552
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1~55u) =¥t} WA A|E(HSRS-1)= Zn (70.3%) > Ni
(19.0%) > Cu (4.3%) > As (4.0%) > Co (1.1%) > Cr
(0.8%) > Cd (0.4%) > Pb (0.1%)2] <=0 2 7ta3tga, 2
9 & 67] Al5o] B]3|| Pbe FE= W2 ¥, 1 9
a5 s I-7H) BT 5 AR (HSR8-2)9)
232 =nl Nj (50.9%) > Zn (43.2%) > As (2.7%) >
Co (2.2%) > Cu (0.4%) > Cr (0.3%) > Pb (0.1%) > Cd
(0.0%)9] 0.2 AT, B7 AR 67 AR H)
8 Cul] 3= W2 4, 1 9] 542 1-458) =94t}

3.5.1. G20 M= DA ST Hat

719k Q191H Aol HAE F Uk FEol R B
= a0 e ¥ FHAAE ERIA(E 2), ol= Tt
A 33+ 4 gl AE7F AP | LEksr EAJ o) 9 )
FRAAAES AL YUt} mRZIR| R s sEet
HE2 HE Yiof s Hutdog o] AHAAIE B
QTHLE 8). Lk, A7l AHH A Z(HSR4-1)2J574
24(Cr, Cu, Zn, Cd, Pb)e} AAJH A|Z(HSRS-1)2] 27

5 1.6
Gion Cr
L . <
A O ilpyeong B

Co
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s o TS © Tributary
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40 8 0@
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Fig. 8. Plots of heavy metal concentrations versus salinity. Red line represents a mixing line of river water and seawater. Average
seawater is from Gaillardet et al. (2005), and Martin and Whitfield (1983).
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Q2(Zn, Cd), T2 A Z(HSR8-2)2] 47] U2(Co, Ni,
Zn, As)= 753} aj4=2] EAA A Bloju= Gl
EAEI ol s ARl S8 314 ETpHTis 29
2 oo oFt FFo = |k 7|E Ao WEw A
BH, A, HFHY 23 HHES HREEY nFda
of el o1 W aof HABe] AR R B
ztow|, £35] ARHAT} +FHH-2 Cr E Cdof| 3l AAAY
Eof 3t YafiAdo] o] RE K Seo et al., 2023). 1
P} £ 2mel AH AT TRANA Crif Cde) 7}
2 e sk BH 2] s B2 A7) olw e
T th(Salomons et al., 1987). g AFE9 AYFH
L HEE ABPHY A Aol AT SEHAE, H7E
FA L v BAZFA7 A EH FHHRAREE iS5
Hlsee] daolo], WA 9 FRAL AUL 5 1 34
Azgo] Wt ZFA7MAPER 2R E wiEE= A
Hg=o o5k g3Fo = wtETh
4.2 E
o Ao FAE ol AR sk W
2z, vl 9SS u] 241G B el se
54 9 JgFalAjol et 7|l =g 2AsleT G A
B Y F das TR ol ARdAE T2 A4S F
Sjofl SRS W W, oh7 47) Al RelAE FeThe
B9 sl -l &8l 90% oo FakE Wl 3= &
Astsict. % YA o83 Forward 28 A7k 4% 67
0 ARl o, A, TR ARE 7-90] g Fapol
7%, AZA 2 Fofl gt F7Fol 13%, 2152 F3tof ot
o] 80%¢1 W, 515 47) 9 LA ARoIAe]
of Jgko] 90% o}t pehtrh. 5 S5 E318S
A7 e A E[REFO R sl =W 4tj7tol] H]sf X[t
4uf F2 F3ES BTt oo WE CO, &M E3F =
W 4ciEct Hdf 46 22 ZHS Bok A9 g
AFZRE Hol A48 Ao 1487 Srletson, A1
oflAl= o 20ui7HA] F7FetATh wlgEa E3E Aol
A 5 &5 671 Al =of| Blsf Zd 55 w2 w724l
Eo] Q191 e FUo= Qg FIFS wtFstit ol A
T Bo A4 AV 70 sl s
Qg a4 AEe) 27k BAe] 2|5kt B0l 2
Fe = 5 e, ol tigt A& U EP S B4y

EE S

o)

o

A =

o] =52 2022dE LEE| Ao Far] 2 e
LAY 27FATA AR R ZANE|(2022R1A6C103A690)
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2 e EYREARS] YU R FFATYR A
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