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89 A= Wt FolE AT Taedo] vjEy 8 AR oo, AT A Al Yot gAaegoA Fa% 48R 28
T 4= S-S AAFSEAL Qi) o] AollA= B AUHLE Foloj]llof|l A AT §H4Y £ o] D vulavlg FHY4e &
A& T3t Wst g7 Baso] gt =9 Q(feedback)el] gkl AHE 1A} 615t FQ o] AL UREE g4
Zo| Zw, utdlE, FEAME, A 57 w2 BRI HEY B2 UEER & Bt 35HY $3 A2t AFgR AN
E3lo] 3FAbo|| o)t BhAFY E3H(sulfuric acid-carbonate weathering; SACW) 2] 7] o]&-& 28.4£8.53% (1o, n=11), 3riko]| oJ&t 7
At F3Ksulfuric acid-silicate weathering; SASW)9] 716182 42.3£12.6% (10, n=11), Ao &3t FALE FE3HK carbonic
acid-silicate weathering; CASW)<2] 7]1]&-2 11.1£13.7% (10, n=11), BFAt]| 2]t BHAFE E3K carbonic acid-carbonate weahter-
ing; CACW)9] 7] &2 8.84+7.52% (1o, n=11)§t}. o]= AFA G 47t T2 33} FF 413}, 0|23} 4 &3, B4
£3l19] FEFE I QS-S A5, ntulE FHEL 24 H3 GA] o] & AUk Qlrt. 7t F3t A 2| g sk F35t
EW)E AHEH Wsacw, Wsasw, Weasw, Weacws 22 4262245 t/km?/yr (1o, n=11), 2.75£1.58 t/km*/yr (1o, n=11),
0.40+0.52 t/kmz/yr (lo, n=11), 1.03+£0.96 t/kmz/yr (1o, n=11)0]|3lt}. o]of & Z} 3} Z5}7F A&l tigt Ho o]Akslgta 4
H]ZR 4.13x10° molkm?/yro]9lont, X AsHA A|7tFmoA A A AA A2 sfetd Fjo] gt & AT
-3.40x10° mol/km?/yr (-15.0 t COykm*/yr)2 @AZF 15E 2] 0| A4S t)7] o2 vjEste A0 2 AAEch o] d7:
et gal7t A AH eaediol glo] ¥ HY Y 282 o, 3k Wot §-3f-F3 -t ElH Q] Aol AN FE
3 T Bo] 3} FE9| T3 28 E3t L dfof TS AAFIT

FQ0]: SrA ool £|ie), St B3, 20t 22, Wot o

ofo

ABSTRACT: Glacial meltwater, once considered a passive component in the global carbon cycle, has recently been recognized as a potentially
significant factor. This study investigates the feedback mechanisms of glacial meltwater on the carbon cycle through an analysis of major
ions and magnesium isotopes in meltwater samples collected from Longyearbyen, Svalbard. The major ion composition revealed elevated
concentrations of calcium, magnesium, bicarbonate, and sulfate, typical of glacial meltwater, along with high sodium concentration. Using
chemical weathering pathways and mass balance calculations, the contribution of sulfuric acid-carbonate weathering (SACW) was determined
to be 28.4+8.53% (10, n=11), sulfuric acid-silicate weathering (SASW) at 42.3+12.6% (10, n=11), carbonic acid-silicate weathering (CASW)
at 11.1+13.7% (10, n=11), and carbonic acid-carbonate weathering (CACW) at 8.84+7.52% (10, n=11). These results indicate that the meltwater
in the study area is primarily influenced by sulfide oxidation, incongruent silicate dissolution, and carbonate dissolution, a finding supported
by variations in magnesium isotope composition. The chemical weathering rates (W) for each weathering pathway were calculated as follows:

Copyright © The Geological Society of Korea 2025



Al ors
2 254 g

>

I:II-§I| . DmlgA

I

—

Waacw =4.2622.45 t/km?/yr (10, n=11), Wsasw = 2.75£1.58 t/km/yr (16, n=11), Weasw = 0.400.52 t/km*/yr (16, n=11), and Weacw = 1.03+0.96
t/km*/yr (16, n=11). The average CO, consumption rate for the lowermost stream samples was 4.13x10° mol/km*/yr. However, on a geological
timescale, the net carbon cycle due to chemical weathering in the entire study area was calculated to be -3.40x10° mol/km*yr (-15.0 t COx/km?/yr),
indicating an annual release of 15 tons of carbon dioxide into the atmosphere. This study suggests that glacial melt exerts a positive feedback
on the global carbon cycle and highlights the importance of considering sulfide mineral weathering, in addition to silicate mineral weathering,
in future research on glacial weathering-carbon cycle feedback mechanisms.

Key words: carbon cycle, positive feedback, chemical weathering, sulfide mineral, glacial melt
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F7hote ATEE FEE A 23S fE6k, o]
£ 210097H4] A+ 2 2=5 2o 2.8C J5A1d A
22 gSHTHIPCC, 2023). o] H 3t 233}e] G2 53]
S04 FEHXA vehd, WHe 23 &4, WF
§3 2% o WA P, 4T BES o SO Ao
2 ojolx L gk, 71T RR I ofelet Wk o
£ FEES (permatrost) o] LA W, B4 §
7% 28] S710h 2ol W A4 ehaalol Qo] o]
Hel(positive feedback)2 ©F713HCHKling ef al., 1991; Oechel
et al., 1993; Serreze et al., 2000, 2009; Freeman et al., 2001;
Serreze and Francis, 2006; Zimov et al., 2006; Schuur et
al., 2008, 2009; Ryu and Jacobson, 2012; IPCC, 2023).

A A AA 8 7o 7l vls 557 RSk
HIS-2 ol ZRWH~1%), 53] B= A H9 A9 23tz
AT = 2 WsteL st g3 S7H= Q% fEhilotet
Fteh BRolA 1 o] 24 F7FskaL (dck(Shiklomanov
et al., 2021). W5} $E|9} S7}6h= 5= AT EYS
o] g}ahe] s XI5t o §2 Fo §&Eol 2 R
=45 P m WSS, ol 3F42E gl
Elo] RIS} #gtof| Fa3 QS 51 "t SR 99
3ot FoHed FARE g 2 A= A9 vl
AV o A9 Sharp et al., 1995; Anderson ef al., 1997,
Torres et al., 2017), SA| o)A 9] 3}et2] F3} 2P 4
Tk AL oFA71A] ofEE Aotk gH= A H
= 99 spH} vlu e of FRT X F5EHE S
Yet=d], o= Wshe] AR 2 QIgE & H|EHE
(specific surface area)S ZF= TN YRF A, AdjF o2
7 &Y AFAIZE, Wo} shol 2Ash= theFst v
& 48} 5 B3 AR 3 wkgof o3t A= sfAE
TH(Tranter, 2003; Ryu and Jacobson, 2012; Torres et al.,
2017).

w5} B4 Z-2(glacier grinding)2 A4S W v ARG
FEY 33 E5o TS & 5 AN Y etz
AE T2 FI= 4Bler AME Sl P W=tt
(Tranter, 2003). SAFH Q] 3|%F AlF AT Dol B3|
2 47] o] FE-wikd F8k= 1009hd m|eke

-

AR Yol A o|AstetAE Sfok-ti7] AlAR o R W
3= IS o 4= QtK(Torres ef al., 2014). 33-= 9 &
AHd FES tIRE Aol RS e s EASHARL,
ol59 &3l S YNty o R 4kg FERD FN W
2} 51 9] sfekz Aol & G vl A HWhite et al.,
1999). wrebA] W) 28] E8|3 4 S5 F7HI7I
H FIEA] G2 FES ok AT AY =5 F
7v2 QI3 F3lE 9 B 319 S FdsHAIRE
4t 349 F7He A g 4= Qo] WSt A8l 9
gk 35HA F3h= oAtEtRAE A A S 29 HH YT}
= %Y HYgo = 288 4= Qi

= 2EmiE Folojrjelle X|FetA o2 g Aug
9 Aek 3H-52 2L Qo B3} FE Alglel wE &
4t FIE ATzl A9 A Hez, o dAFoA=
S A5} BAE Foto] o] A FoflA dojukar ¢l
= 35 33t 7131 o)of| whE o] Aksbetas Au|Fa) vl
S A 5ot 71RO FAY Y5 ST
7 A AT Sl | A= GRS A E A} gt

2. A 14H
2.

1. 93T

Fo]ojH|dl(Longyearbyen)2 AEHIE A =(Svalbard
Archipelago) 2] 59 23| =W =27 A(Spitsbergen Island)o]]
S)A)gt BEaFo 2 We 70| 48 kme] 27 Walolck 1
1). 3l == 210-850 mo|H, FHA % (equilibrium-line
altitude, ELA)+= 2F 615 mo|t}h. H W3} F7&= 53 mo|
11, ELAO|A 9] H3} o]F £= ~2-4 m/yo|thEtzelmiiller
et al., 2000). Foloju|el Welsk Wal §uise] |
ek 24 o WAL o 10.7 knro] o), 0] 5 43%7}
32 9o a1, = AHF(Larsbreen)?] Y59} Adkn}
= 2|9yl B2 A [14203] 0.2 B2y n)gy vsls
Z3FStcHHagen et al, 1993). 2004{9] A7t S
(3.66£0.73)x10° m* 2 A E|gl o, o] 0.34+0.07 m2)
H]-3-FF(specific discharge)ol] sjF3tct. FHAIES 27], 2
o) %=9l(peak-low) 717+ 8§ Al F7)9] fRREE
Zk2} 1.7%, 89.7% 91 8.6% ATk 2o]o]H @ EAZ 6 km
Aol AT 2dtE B ABF 7L 580



23 AUHIC Z0/0/HIN S0 TskH

(1975-2000)0] 5, BAEA] kL AZF L ~190 mm
2 2= th(Ferland et al., 1997, Humlum, 2002).

A A9 AEZQ FFFEN el HAIs Fol
ofulele: A7](surge) BES) AFE ®olA] gh=rt. el
Sj g Wof 9108, 21 e (moraine)o] ELA
7] Wo12} WAL ol Warkse A Yol 242
I ALE 58 T2 Wok-7IRE A A atER] oF
o A1, ot viete] 4T L, T2l AR 714 WY
T nlro As 7} ¢S HodZrHHumlum ef al., 2005).
nl a2 el JFEEES 100-500 m FA
H(Humlum et al., 2003), 3AF &5 58 4% vfe}t
Zro] ofe] =I5} olel|7lA] =tk Liestel, 1977; Christiansen
et al., 2005). W2hA] Foloju|llo] et ¥ FHLFEFTS
Wot Unle] §TEEST ddEol S iAol &t
(Humlum et al., 2005).

A7) A BelAle] 7|27 e Firkanten) R 1]
2}7}(Basilika)Zt of| eAll-wle] @A19] Al2 52wl (Sarkofagen),

15°24°0.000"
1

A4 A(Gilsonryggen), HE T A (Battfjellet) & ofA
2 E8(Aspelintoppen)F 2.2 TAETHMajor and Nagy,
1972). o] & 2 F2 A, AESY, A= 7450 QL
o, Het3, A E @(nodule), 53U R HE-HFHES
st QIthMajor and Nagy, 1972). 71 of2%9] 3]
B3-S 2HHlEoA Aoz 7Y S et A o
solm, Foloju]Ne] ek HEAN ZHA] Folo] A
ol A=HAck T W} vig2 v =2HSI
3L Q= AR AAXAE, Folofn|dlef ofsf 24t
He 29 At ofrdd RS F7 34
(headward erosion) & 2 € S =]l

fll
%

2.2. N2 13l

AE §E%o] 7H B 20159 79§45
2 vhet 9] }Y7RI 2] B @ S
N AE SUR AR o157 A4S A8 F 12
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Fig. 1. A map showing sampling locations (Source from Norwegian Polar Institue).
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71" =X (electrical conductivity; EC), pH+= Orion Ultra
8107 Triode pH % Orion™ DuraProbe™ 4-EC A=o| &
2= o]54 t}ekE u]E]7)(Orion Star A325, Thermo Fisher
Scientific, USA)& @& o)A 249 on, =4 A EC L
pHL: Z}zF 2 NaCl £9(1413 uS/em)@} 370¢] pH 25
SOUpH = 4,7, 10)& AFgato] B} 24 &%
2 pHO] AU 7k7h+0.1°C 2 +0.002%ch.

N2 AA F 30 ol W Mg 5998 B4§ A=
0.2 pm WEES E| S o] g3lo] o] 5 M
A A4HHNO3)E o] pHE 2 o]3t2 W3] i-CHEM HDPE
710 Hstqit S0l B8 Alge gt RS
i-CHEM HDPE £7]9] Qo] 4 A7} 4 C2 YA B3t
Bl

2.3. A= =M

F8 Fol(Ca”, K', Mg”, Na")2t 20| (Cr, SO,%)
TEE A 7|2 ASHR AT e AE of] A"
ICP-AES (Perkin Elmer, Optima 4300DU)2} IC (Thermo
Scientific, ICS-1100)2 o] &3l B4l gz
(HCOy )= AF5247](Orion Star T900, Thermo Scientific,
USA)2}H0.IN HCIE o] 83} Gran Ao 2 B8]

nhdlE e BAS A AR WM B 2 5
A4 EARE Ryu (2019)]] Z4A|5] ZHAIS] HALE )
Q oFslA}H, QFol2 W3k4=X|(Bio-rad, AG-50W-X8 resin,
200-400 mesh)E ©]-&sto] oF 10 ugd MgE #2335,
Mg 594 H]+= MC-ICP-MS (Thermo Fisher Scientific,
Neptune) S o 8310] BAlalsich. £4 5 WAe 4= 9l
717] A% Ho|(instrumental mass bias)= Mg S¢L4 &
=542 DSM-3& o]-&3F FF-E2 (std))-A| E(samplel )-
HEEEZ(stdy)- A FE(sample,) o] 9F HAYHES Apg-3}od
BRI oluf AR} FoHs FEEEY Fee 10%
ool A UXA|A FEpolo] IE FHEL EEHANRE
A AR THHuang et al., 2009). 245 Mg T4 H|
AR AR BAE 22529 Fogkol dig det =
71 H(6-notation) 0.2 T2} o] HIs}HI, AR 2
22 3H oY WHEEA S At EXFUEE 202 B

3T

( it )
24
M sam ple;

RRY " My
24M + 24M
9 std; 9 std ;4

2

—1{x 1000, x = 25, 26

A& BAA] A A% oekst B4 Ed ] gt
Mg 59Y4 2L CAM-1 §*Mg = -2.62+0.06% (20,

BIST - AR

— —

n=71), 3=¢1ZE21¢l IAPSO (OSIL) §*Mg = -0.82+0.05%,
(20, n=59), @9t F1E2¢] BIR-17} BHVO-29] §*Mg
=-0.16+0.05% (20, n=10)3} -0.13+0.04%, (20, n=19)%,
1 7)&0f BaE gk AR5t Teng, 2017).

2.4. 31t Bt A=

EtXK(carbonic acid)@} SHAHKsulfuric acid)ol] &JgF eHAE
it A BEQ 35HA F3k= Wt sdflol gt 51
o) Mgkt B A9 3in, obelel QubAel sfat ut
5210] 8 Fol2(Ca, Mg, Na, K), FEATA(HCO;), &
AFA(S0.)9] B3tk e] BAE AHste] ErhRyu and
Jacobson, 2012):

Carbonic Acid-Carbonate Weathering (CACW)
CO,+ H,0 + (Ca,Mg)CO; — (Ca’*, Mg*") + 2HCO;” (1)

Carbonic Acid-Silicate Weathering (CASW)
CO,+ 2H,0 + (Na,K)AISi;0s— (Na*, K) + HCOy’

2
+ 3810, + Al(OH); @)
2C0,+ 4H,0 + (Ca,Mg)ALSi,05 — (Ca®*, Mg*") 3)
+ 2HCO; + 2Si0, + 2Al(OH);
Sulfuric Acid-Carbonate Weathering (SACW)
H,S0,4+ 2(Ca, Mg)CO; — 2(Ca**, Mg?") + SO @
+2HCO5
Sulfuric Acid-Silicate Weathering (SASW)
H,SO,4+ 2H,0 + 2(Na, K)AISI303 - 2(Na+, K+) (5)
+S04% + 6Si0, + 2A1(OH);
H,S04+ H,0 + (Ca, Mg)ALSi,Os— (Ca*", Mg®") ©)

+S0,4% + 2Si0, + 2A1(OH);

9] ¥Eg-4]of oJstH ghAtel o3t F3} vk (1)-(2)2) 7
Sheba 153} ¥h3sto] 159 SEA9S

3)9] 7§29 o|iksletA &} whg-5te] 2
O] S-S AR FRAME O AlFAIZ O] WSS
At ol Al 2F 10°~10"d, HA| el Al 2k 1073
= Aotttk 9 vhE4) (D)-(4) 27 A9 &9 AR+
oA BE tf7] 5 oieteas au|shs dT-E Sk
olof| ¥kafl, hitof] o3t F3} ¥R (4)-(6) BFe= 7] &
ojiksleta An] glo] TR SAtES A &
A 9] sfj4= W] AFA]7H8.7 Ma; Berner and Berner, 1987)
2 AR Y a5 W AlFAI RS = A8 T Aok o
A sfigroll A SEAME O] AAE = Sk At o] AlA
£ &=of s et Adapy oz w4 ()T (4)el 9

_{

s
~N
ofx
o
2o

0%
oX,

ol
L
rﬂ'.
olo
~~
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EENEG

rlo

ﬂ—}@ 3t 7] el

9l9] 7w Brtsr] 9l

(7

714 1dl,,, 1], =zt B

sk, 7] 0940_%4 SES ojnjgit,
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25.1. DI !

7] f<lel ST SEE DAL 9i5to] The Azt 2
o AXIBIT, oltf AFAY W FUehe EASHA gk
9 o1 2(C) L o153 F WgAel gk 7Pkt
(Feth, 1981):

[Z]:zv [i]riv - [a]riv X

®)

-+
a

) E
Sw

A7V [i]),,, (@, [ ) =227 9 B B,

N2 Ol 355, #ee] ol2} Cle] £ v1g vehict, of
W) (4] & UENy- Alesund) o A )=o) 24
S Al

2.5.2. ZAH 23}

A 7)o ) Zuleto] EA51x] ot thy] $<lo] B
Ak S 9] ¥ESA] (4)-(6)°] 71215t ol [so], .,
o} [50,], ., TH 417} o] Akal Ak

[so,]
(S0, ]bALW X+ i“ (€)
(SO, ]sASW [504]:z‘u B [504]SACW’ (10)

Aq7|A X222 o]= At T3kt vheh ghalat gk
Zote} gh-g-gt ghAke] vl 2, ghito] AFe I} gAY F3)
o] ¥h-&-k v|7} SHAito] AN T} A E F3tel BES-3L H]
7} 543}k 7135 H(Spence and Telmer, 2005).

0|3 SACW 9 SASWe]| 93t =0 ¢Fo] 22 tha Al 2
o] A4ttt

2 B 261 - SHoF Eaf- Erha0| goig 5
(Gt Myl s acw =2[SO g s o
B K%)ﬁ %)Siﬁo.s(%)mw.s}ﬂ (1
Flsasn = el 5| (12)
(@) s = 10 s [ ) (13)
(= N a3 (14)

o714 sil-& THARARHE Slafstad, &
& AHE3HTH(Gaillardet et al, 1999).

- %) .
035,(Na o2

2.5.3. Bt Zat
3pAF Z3lo} nf x| 2 erite) gt £33} U4 (1) -
(30l 71218 .8 ool 2.2 olele] Azt o] Atk

[M]CASW [N“] [Na]SASW (15)
@]

(Gl casw = [Nal s> M)-'z (16)
My

(8 g = el caon (4| (17)
K

(K] casw = [Nal casm > ( N )m (18)

(Gt Mgl cyom = [CZH-]Wg] =[G+ Mgl g o

(19)
- [G“L]Wg]s,qsw* [al+]‘4g]CASW7
2.6. 2IotM SolE U 0|AFtErA AHIE

9 W S S8ty 3R 4 B HiEEE
COx= U7 & NAAIY oA A 274 gl
FFE Fr, stehE F3hg} o] 2% CO, AHFF B
USRS JRgslohs 22 oleh WHolA S8 Gaillardet
et al., 1999). 3}8H4] F3}2(W) A o] Albst
Ak

W= Wsacw+ Wsasw T Weaswt Weacw (20)
Wosew = =il aem % R @1)
Wonsw = £ [l an < R (22)
Weasw = = i) asw X R (23)
Wesew = il ssen < B, (24)
o714 R A& &% runoff; R=Q/A)o] B, A7A o]
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SEKQ = (3.66+0.73)x10° m*/yr; Yde et al., 2008) L 3
2= HZ(A = 10.7 km?; Yde ef al., 2008)2] H]o]c}.

2449 7|4 35HA 33} F DAY oA Hi7]
% COE AH[dt= F8= CASWo|H, tj7] 22 CO,
£ wiEdte F3= CACWEL SACWo tt. wHata] 3184
%‘ﬁl—oﬂ 94?1- C02 —/I\—H]EOk( WCASW* COZ)'T,’]— HH%EO]:( I/VCW* COZ)
2 ok A3} Zro] A4kttt

w,

cASW—CO, — (25)
[2% (Qepsw+ Micasw)t (Keasw+ Nacasw) | ¥ R
Wew—co, = (26)

[(@CACW‘Fjl{gCACW)+ (@SACW+MSACW)] xR

.21

3.1. Sty Ha

YHT A2 522 0.0~10.5C Y HYS BYT, §
W 12 AR™LYODOA SHHLY0NE 245 422
S7hohe AEE Bk £3, ohE shd Y shRellA A3
3t A|R(LY08~10), T4 E 3= AR 22 Az o
2 EYHE 1). AR pHE 6.58-8.232] 9IS 2,
e A SR L T AEe oI ofd
249 pHE EHpH=7.31+0.37, 10, n=11). A7|H=
EEC)E 815 72 A F43] T71E $ A
e B o HY ohr ARk T ECHS B
ATt

3.2. X024
Azo] F8 ol & HAol et A2l Bt 712 Hal
7% 2% (Charge Balance Error; CBE)«= R 1.5+2.7%

(1o, n=12)2 £4 Aute] AlgHo] £33 AAIBITHE
). & 5% 7|&, (LY 12)E AL 95 2L T4 A

7 AR izt F8 Fol29] At EAuli= Na (35.8%)
> Ca (32.2%) > Mg (27.8%) > K (4.2%)9] =02 =q
Lol ZAu]= HCO; (46.4%) > SO4 (45.6%) > Cl
(8.0%)9] =22 FrAadh= A BTt 1yt sl Al
F2of izt 38 ol AthA EAH]|:= Na (86.3%) >
Mg (9.5%) > Ca (2.2%) > K (1.96%)2] =02 =9 20|
£.9] ZAH|= Cl (95.1%) > SO, (4.5%) > HCO; (0.4%)
o] =02 UukAR] sfig=e] H|3f Cael K7} H3tH EAS
=K (=N

3.3. 01 Hls S¥¥A =4
S5 AR nhadle FYYAe 24 (Mg -1.2

9o 082050 9] WIS 7HAIH, B 6 Mg B 105+

YSE - U2 M

0.16% (10, n=10)°|3it}. ol&= A A|Al F8 7<) §°Mg
ZF 14 Woll £31th-1.09%, ranging from -1.70%, to -
0.52%; Tipper et al., 2006). T2 3}23} B]L5HA] §H4
& AALY0DAA SHHLY0Z 25 §°Mg g
Z7Vete AL HATHE 1). AA A F 349 Mg
TH(-0.64%0)°] 7P &9kaL, 42] 6°°Mg Zh(-0.94%0)

Qlut &2=2] ZH-0.83%; Ling ef al., 2011)2} <F 0.1%
A= 2ot

4. E 9

4.1. 3I5HN S =20 [ME FR 012 EY

Y Bt FFE = I T HEE
gelst7] flske] A 424 (8)L ©]&-5te] th7] <ol &
gt FFS B AL A}, 38 ol gk di7]
©9]9] 7]6J 82 4.1-31.2% (9.4+7.8%, 1o, n=11)2] H¥
£ Btk A& F 895 Wt FEA-AA AFe Al
LYODOA 7H =2 ti7] Y9 9FS BRI, S5 A
F(LY11) GA] 15%9] =2 7] 799 9= Zioh

9S4 (1) - (6)°l Wt F 8 ol T2} Tt
AFAHCO;) R FH4EA(S0.) 2 BAIE 53l Ak 4kl
oI5t 3fehA F3ke| A A=E WHT 4= UTHLH 2a,
2b). FAF AIRLYODHE AQdt BE ARA TZ7h
HCO; Xt} wfj-¢- F3He E4S Ho|X|qk, S04 tisiAl=
1:14 S of] =AIE T o] & T3l A A Fol| A= 34k
o5t E5HA FE7t AT ST 4= Q) EL F84
ol 22l (CatMg)e HCO; Y SO4+2] o] 23] 3}z
ArtE Fto] A A Ho|A 9 3lshy F3 HA=E S
o = It ™ 2¢, 2d). FAF ARLYODHE A9t =
E X 87} CACW/CASWSF SACW Q] T3S Hlojd =
2 (CatMg)2} SO LS Hol= GGl =AJHTHTH 2¢).
ol= A+ A FolA SASW7} AISHA Pojutal 3=
A|AJgkeh HCOs2E SO.2te] AAIE 8l 2= Al=
(LYO1)E A|9I3t BE X227} 0]22 SACWS}F SASWE]
Ao et BE ZAEH, o] T AlE W
HCO;7} CACWS}F CASW7} obd SACWO A 283+
e 1T 4= T2 E 2d). AR F=8 o] 2/ B
¥ F= 7 3y 3 A 29| 7)o & A= the
oA A A o= A H 11} g

4.2. ot 239t J|0E

7] §doll ogt FFE BT 3, S5 A=Y 12)E
A L5t BE A2 tdte] 2.5F0) 7]1&H 4] (9) - (19
o|-gste] ofekA F3lof et AF BE AL =35ttt
At A3, sfel F3}o] 7]0d-8-2 68.8-95.9% (90.6+7.8%,
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Fig. 2. Plots of TZ" versus HCOs (a) and SO, (b) (units are in peq/L), (Ca+Mg)/HCO; versus SO4/(SO4+HCO;) (c), and
SO./(CatMg) versus HCOs/(Cat+Mg) (d). Red star symbols represent theoretical values of (Ca+Mg)/HCO3, SO4/(SO4+HCOs),
SO./(CatMg), and HCOs/(Cat+Mg) for chemical weathering pathways (SACW, SASW, CACW and CASW) calculated using
Eqgs. (1) - (6) in section 2.4. SACW, SASW, CACW and CASW represent sulfuric acid-carbonate weathering, sulfuric acid-silicate
weathering, carbonic acid-carbonate weathering and carbonic acid-silicate weathering, respectively. Black lines represent the

flow direction of meltwater.

lo, n=11)2 LYO01 (68.8%)3} LY11 (85.0%)A|2E A<
gt BE AROA Bt 93.7%9] 719E&E B §H59
TR o2 35y F3tof| 7]Q1%E SIS 4= UTh
4 3).

3k F3tol| o5t 7] o&3 whAka SHAbo]| ot 2+ F
3} A2 7| &R AT EH, b o3t T3} 7o &2
16.1-95.9% (70.7£21.1%, 1o, n=11), EFalo]| 2|3} E3} 7]

€2 0-52.7% (20.0£15.5%, lo, n=11)2 YEepgch
LYOIA2E A3t BE A|Zof|A] SHAito] o3t 33} 7]
£o| ot oFoHlf o)} 2 T = Utk E3F A4S
3} BRIt 215t 71022 ZH2} 43.7-66.7% (53.4+7.6%,
1o, n=11)&} 22.9-49.6% (37.2+8.4%, 10, n=11)3c}. &
g o5 o AlEste] A EH SACWE] 7|92 6.3-38.6%
(28.4+8.5%, 10, n=11), SASW] 7]03-8-2 9.8-57.2%(42.3+
12.6%, 10, n=11), CASW2] 7|38 0-36.2%(11.1+13.7%,
lo, n=11), CACWE] 7]o&2 0-20.3%(8.8+7.5%, lo,
=113t} 3}ehd F3tof o3t 7|oja2 T3l A+ A
oA 2] T3z Aol Y3t F37t oF 3uff o] fAISHA

T, AGere] ot A geke] St of 1.4v) 94
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Fig. 3. Relative proportion (%) of atmospheric input and weath-
ering pathways for total cation concentrations (TZ") in melt-
water samples.
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oF | A= BR|nh 8] S5} whE 351 % ehike
2o 55Hd ol 2o 90102 g YL X
AlSFcH(White et al., 1999).

=

4.3. oot Zotg U &= EtA st

gl4= A R(LY12)E AlQgt B Aol tigte] 2.6
714 4] (20)-(26)F o]-83sto] 3Fshe F3HE 9 o|4t3}
g Au|ES AR A, 3 3k 32 0.39-15.9
t/km*/yr (8.44%3.89 t/km?/yr, 10, n=11)0|¢lc}. o] S s}
Aol 9] Bt 21.5 vkm?/yr R AIA F8 7 B 18
t/km*/yrz} ] malE Zof oF 2.54) Wk, o]= AFA|Y
o] B2 2% & 2 A3= AErH(Torres et al.,
2017; references therein). o] & Z} &3} 7|2}o] 5t st
Zj %ﬂ%i }\\?!_E%E]—‘ﬂ WSACW, WSASWg WCASW, WCACW{_):
Z¥z} 0.06-9.74 t/km*/yr (4.26£2.45 t/km?/yr, 1o, n=11),
0.04-6.20 t/km*/yr (2.75£1.58 t/km?/yr, 10, n=11), 0.0-1.31
t/km*/yr (0.40+0.52 t/km?/yr, 10, n=11), 0.0-2.52 t/km?*/yr
(1.03+0.96 t/km?¥yr, 10, n=11)0|¢lt}k. =, AT XG4
Shibo]| o3t 3tsha] F3hgo] of Suf o] =L, BAME Y
F3Heo| FAMEY FRHE T oF 174 o ol = A
Hof|A vty ow vehl= 38He F3 B 22 4
A2 st BHREo R Q| =2H HHAME FET &
W7k 738 S-4 g3l o3 AR SjAE 5 Uk
(Tranter, 2003; Torres et al., 2017), Z+ 314 9] X|s}F0| A
HFTE ARDLY07-11)0] gt & 3etd F3e2 374
tvkm’/yro2 S| 9 4ti7re] AL FFgh27.2 thm'/yr;
Shin et al., 2011)0]] B]3}] 2F 148} &9k} E3F Adule
oA BuE % 33H4 E3H8(11-39 t/km*/yr; Hodson et
al., 2000)9] ¥ | Qtof| 2=, 7P =2 F3H&3 vl
3t ZHS H ol

AitE gFekA Faheol tigt 7] 5 o]Alsfeka 4xH]
T AR A3k, AR Aol tiet Hat olilslekas AH|EF
( Weo, = Weasw—co, ™ Wew- coz)‘g‘ (50-8i46~1)><103 rr10V1<rn2/yr
o[ AL, 2} 51 9 F|sHRol A AHFIRE AIR(LYO07-11)o] o
S W, & 4.13x10° mol/km’/yr2 =) F8 40|79 AL
A BFGH W, =1,07x10° mol/km*/yr; Shin et al., 2011)
of| vlsf| oF 3uf -2 gh& UEtiltt o] A3E B8l AAl
g Y 3}eH I3 S T8 4th7te] Bls AT o]
4bebetas Aol 2k o] f= A A W 35HE] F3t
AR F WA (5) - (6)°ll 71&E SASW7H g H o g &
Hl &S 2p71517] wjo|th

Z} 519 ZfslollA AFRE Al=(LY07-11)f thgh 2|12
] ARIEollA] Btk F3lo] ofet COy 28R Woysw o)
T ETH Wy o) 22t 36.3x10° mol/km?/yr (1.60 t

CO,/km’/yr)d} 377x10° mol/km*/yr (16.6 t COy/km?/yr)
o[t} whebAl AT X g AA oA 9] 35t F3}ol 9
& B34 Weo, = Weasw— co,™ Wew- coz)'g-‘ -3.40x10°
mol/km*/yr (-15.0 t CO,/km?*/yr)2 A7t 15E9] o]Aks}er
25 U7] Fo2 viEste AoE SRIE o] 2HE
o AE3H A ti7] F CO, W& Wt s3lE
S Y HY Yoz 28 o glen, o= oA
A B4 FE)ol YT & o Aok B
ot gof-F2-eaeete] HY Y dtolA A FE
vgo] njee) Y5} 2o F3} 2§ EG s} e
AR,

4.4, st Zot A= ME Mg S A

P40 Mg 994 24L& 38 FE &3, o|A &
= 34 2 AT Aol ot FHea 2E 9T
WO w(Tipper et al., 2006; Black et al., 2008; Pogge von
Strandmann et al., 2008a, 2008b; Bolou-Bi et al., 2010,
2012; Teng et al., 2010; Wimpenny et al., 2010, 2014;
Ryu et al., 2011, 2016, 2021; Huang et al., 2012; Lee et
al., 2014; Liu et al., 2014; Opfergelt et al., 2014; Gao et
al., 2018; Hindshaw et al., 2020), ARG o] H| & 3124
oA AjH oz e §* Mg 3t dvhaE o2 Mg gafo]
F1 7L Mg AU Me)E AEshs ol gE 3
Ao]| F&S W=cK Tipper et al., 2006; Lee et al., 2014).
JHY = Mg 9¥aE 22 FH9049 F3H e 2 7]
Hieh S4 H3E olsfishs 5% AR E 5 S-S
A A BFRATH Tipper et al., 2006; Brenot ef al., 2008; Lee et
al.,2014).

Aze] EAE §Mgell tigt t7] el G 4]
(8)Zh WeF BAAS o]83to] AAket A, Mg ghe] 2}
0]7} -0.09%0 ~ -0.02%0 (-0.03+0.04%,, 20, n=11)Z
T FEARNA AFE ARLYODANA 7 2 2L Aol
£ BAAT 24 FUE(0.1%), 20)Ht Zof 7] F-¢ ol
O3t FFE mlu|Et A o= gRlHTh

AT ARLY0)E AR F 7F W 6Mg gh-1.2
9%0)& B 3ehA £33} AR ZF CASW7T 36%=E 7
SAISHA Yebg e, (CatMg)oll disiA ke CACW7}
45.0% 1th2- 2 2 SACW7} 17.3%= ERAFE Y &3]0 9]
3k 71 =7} 62.3%E AAE T =, LY01 A& 2] 6*Mg
T A Sl Qs 2 FIFe W= S 5
k. o] Aik= 6*Mgel HCOy/(CatMg)2] ATTAES
AT ] Rl 4= UTHAH 4a). &, W5 0I5
20| wet Alzo] thgk SACWE] g7Fo] AT Fast
Al FARE 6°Mg h& Bolthzt SASWe| ggFo] AXH
A(HCOy/(CatMg) < 1) §*Mg gto] FA3HA $7Fske A




10

11
ob

>
1o
ret
B)S

|
|
|

—_

] |

=

= |

o -0.8

= |

©

N

2] |
|
|
|
|

| | @
| | CACW
SASW ISACW CASwW
-1.6
0 1 2 3
HCO,/(Ca+Mg) (molar ratio)
0.0 ]
( )
-0.4

o
'®

|
|
|

—

8 |

X

< |

> -0.8

= |

8

w0 |
|
|
|
|

-1.2
CACW | |
CASW SACW SASW
1.6 !
0 0.5 1 15

SO,/(SO,+HCO,) (molar ratio)

Fig. 4. Plots of §**Mg versus HCO3/(Ca+Mg) (a) and SO/
(SO4+HCO:s) (b). Dotted lines represent theoretical values of
HCOs/(Ca+Mg) and SO4/(SO4+HCO3) for chemical weath-
ering pathways (SACW, SASW, CACW and CASW) calcu-
lated using Egs. (1) - (6) in section 2.4. Black lines represent
the flow direction of meltwater.

L BRITF 4= gtk mERIRIE, 6% Mgt SO./(SO,+HCO;)
o] AHIAE FMA= SASW] 7]42(S04/(SO4+HCO5)
= 1)o] Z7}slHA §*Mg Zho] F23HA $713hS elgt
T Aok wEhA, S A HollA 542 Mg FH 4 =4
HI= 7|dete] EXT) 3lekd £33} A|7)S o)§||ska 3
Ahe ol 8% ZRA 2 B8E 5 JSS HAET

5.ZE

ol AolME HS AEHIE Foloju]dll XY g1
) 78 012 R ok SR 4S50 Yot §
7t Sl vjAle HYY 28-S AHEdT. F8
0]& AL E3) YutxQl vl §Hl49} QA =
Z, vhavlE, S, Bt T o HEC UEF
7S 54 e, e Fo 42 9 9 A
AARE E3) 3Rike| o3t ekAtY E3K(sulfuric acid-carbo-
nate weathering; SACW)Q} ZHibo] ot JfALA J8+
(sulfuric acid-silicate weathering; SASW)7} 8 53} 7}

8ISl - A2

—

He g yehgon, o= 47 B3k 48}, v 23}
4t &-fl, At 89 Y AL US= AARRITE uh
Idlg FHEE 2B JA| o|23t ATE S5t
AUtk Z+ 33 A2l gt 3sha FEE(W)2 Wsacw =
4.26% 2.45 t/km*/yr, Wsasw = 2.75+1.58 t/km?/yr, Weasw
= 0.40+0.52 t/km*/yr, Weacw = 1.03£0.96 t/km*/yr2 7|
A= Qiek P 2ohR A= o] Bt o|Atateha AR
4.13x10° mol/km?/yro] Q.o ut, | AsH& A|7F FrofA <

T A AA 9 & S22k -3.40%10° mol/km*/yr2 &
7F 1529 ol4tsletaE tf7] SO 2 wiEsts AeE Y
Bttt ol= Wt a7t A A A saidtol 4 =Y
Y A8 Stk AE Yulsh, FF Wt gof-F3h-g
28 FH Q] AFoA AN FEL B Eo] 33 F=
o] F3} 2Hg- E3F e sfof kS AJARRITE

ZHAS =

o] =Ee IPRAYStE AHEHolsE ATH(2025)
of olato] A= YUt
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