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ABSTRACT: We conducted a melting experiment to observe how stable isotopic compositions of ice vary. With
an infrared lamp (75 W), discharge rate remained constant (1.96 + 0.4 cm/hr) due to a constant distance between
ice surface and the infrared lamp with melting of 2 kg of ice. There was no evaporation or sublimation by mass
loss (98.8% of recovery) and the isotopic variation of meltwater from ice was explained by isotopic exchange
between liquid water and ice. The isotopic compositions of meltwater from ice were controlled by how much ice
was involved in the isotopic exchange (f) and isotopic exchange rate constant (%, ). To determine these values,
amodel used by Lee ef al. (2010a) was adopted. A slope from the linear relationship between two stable isotopes
of meltwater (6'°0 and 6D) was 6.64, which ignored the effect of sublimation. This can be attributed to the isotopic
exchange between liquid water and ice. By comparison between model and melting experiment, the f value of
oxygen and hydrogen was 0.28, 0.20, respectively and the &, value of oxygen and hydrogen was 0.30, 0.41 hr',
respectively. This requires more various experiments because those values were not statistically different.
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Q5 A Aol EFFEIo] Pow] o] Wt A5
Aol A ARl 0]F P20 2 HA](metamorphism)
I LbA] ofF-3 &84 14 (post-depositional proc-
ess)&= LoUbA] UThs A 7P th(Lee et al.,
2015). ol= E= & W go] 9% F3te] &
ZgollAle AAS 7o) A9, 1 0] €] 9 theRt A1
oflA] 42] 0] o} REo1H] §-40) Aol 4
3}A] ¢Fth(Taylor et al., 2001). wahA] §40] &= &
+ H(firn) $& $3to] o o) oA EslaL
TR SE= AT Frole M2 F2 U
o] Zasith A9 T G} 7122 A=
¥ AFBAE 7HA L Qe BR, 30 FHeA
T2 F2o] W8S W= Fet ghol WA H
o, o= HdE &= 25 WA up2bA |
SHS 0|83t 7| FAFE +Hsl] ske] A<}
o] FH Y4 RS (isotopic exchange between
liquid water and ice) === TA|2} 7|A &) FHLAE
WEH-S(isotopic exchange between ice and vapor)
of tjgt o| a7} Hk=A] H 8 3}th(Lee ef al., 2010a).

YA EEFH(isotopic hydrograph sep-
aration) ‘3P A2 BT 2#H B
skl 4 Autikg 7] oske 7V E FAAE ©f
&3] Atshe W oltk(Lee, 2017). 7397} obd
A=rh =2 A 9 AR de 5800 =
= M 2& =o] 3Hof o8 A|, Avht 7] osk= A
£ FAs] Aeide & Be €439 992
thsto] o7} A= ofof gt} FH U4 EE
S +sh7] AL Aeixele) e EL dge
QAT A7l uhet B (fractionation) & 4o
HozA WE= Aol tigt o]s)7t Bastitt
olZ|Tt LS E017] AdfiA= ARt WE THY
2HFS olsfstal o] S s of A-§stojof gt
ok Aol WE =9 FHYA EEAES 9 A
TE S @ Ao S84 H 2Ed
TFANER BE ] QItKTaylor et al., 2001; Feng
et al., 2002; Lee et al., 2009, 2010b, 2014b). =ujjo]
Ae w9 Mo A3 = Hrks da°l A
=8 W2 Ao o 7] "ol +EEEE
357 AdiMe B €29 SHEa 2Ed
o thigt olsli7t Basitt. sHAT, A22 FHUE
EHIPEL AR, 2R &8 SAFAAxE
A} B Fo] glr}.
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AR 2] 5P n S-S (isotopic exchange
between liquid water and ice)2 o]&||8}3LA} g}
o] & #I5te] Lee et al. (2015)9)4 AAG U2 &6
BAE ol gste] do=RE WYH 29 T
2GS B BdS o] §sto] Agstak} st
Aok 459 AT 3ol 52 2, &6
T7F deAtel9] 52 FHEHHA A £ 5
Aeawgk3-o 2 Qs Ay 4= Qrk(Lee et al,
2009, 2010a). 0| & FFH o=z A5 95} Lee
et al. (2010a)oll A AAJgH RAS o]-§3t3H o, &
ALaHFTS AT = e F Hv det =
9] FHaneEgo dupatE Frosh=7te} &
AhandeE Ft7] fste] 85T 2
o} B H@Ih o8 Bo) BLO| £ AAE
Sl9ae) S ULTAYLT} ZH Tho] Tt AT

I 52 083t = B de0l 5=
= A=FE AAE lck(Taylor et al., 2001, 2002;
Lee et al., 2015). §3AHARE 0|23t G340 E
(melting experiment)2 o]gtoiz}tetn S| AH
4)(Cryosphere Laboratory)ollA] =33} om, A
A A AHARILE Lee et al. (2015)] A= o]
Uk S AFA] U= AdFolA 2 =Z(75
W)E ol&3sto] I EHe] EouAE dsto
deol 52 7 e St s3fdd =5 A
A Yo 2ER Q3 dao] 5= Ae WA 9
sto] AP 2ES -1&0X 1=2 IAsIAT
AU APE =2 2 &9 de2 A
FHE 524 Hoj glon, gaidddA= S EA
£ o] g3t 4o A4S YRS eH, FEE= Al
27 QAR EE AS WA ffste] @z
AETh AR QY 7ES FEE T 2ol =
o] AL 7IE o= 24890, F 115719 Al=
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F-e ol Mo AeB FUT FUL 24
& §A517] Slshel 124 $ 5420 LE ZHl3ha, o]
£ el g8 Basie] ddo] 2 Wik AN
ST 429 A7 71=, AR, Eol7F =F 3 am?l
Ao uAS) 982 ST ARl A58 D
9] k2 2,000 g 012, 1976.4 g (98.82%) 7} &
A 02 B4uo] U B APPAR I3 4
o] 717l =R $F2 Aoz IEE T Ao
AREE FHF= 60 mL AY-§ 2 87| (LDPE)<]
w2 RIS AS A =22] 71Eg (water medium)
oz AgEgom, Age A8 B8 s
THEojA A= AY A7 9] 7]EZk(ice medium) 2
= AgEglc

Lee et al. (2015)94= S-S F3 €39]
wowA FHUL7 S0 Aiglo] o8 Ha
7k 7HE AASR e, & dFolds de=
ol $E7t AR W(Z, B AolE EHE
o 47t AT ) A& FLA Wk
BAS] §I5te] Qg EoAT Az 714
DA A HeS=s da 2H 4
Aol 2H 02 28 4 9l7] whize] & A3
M= 10 emZ FAEHFE 110 mm 2739 2
Uil 2 kg9l g2 FUT F 459 wole 2
Ho| 2R 375 cmo|gleH, Y yiF9
A8 WE 058 g/cm’ o] Tk AF-L 13.05 A]
e AHglon, BFA hESES 19
cm/hro]ith

AR A2 2 HPFAALED, "0y F
Aol A Ho] Gl A4S B PPFAL B
) 9] (Picarro 121302 ol &-}o] HAlakeict. 2
o]A F g (Cavity RingDown Spectrometer, CRDS,
http:/ /www.picarro.com)o| 7|20 7|A] &
GruEYe] DAL olg3te] BUsH 2A4H
apge] Wg ZAske] v (cavity)oll ZAE 5
o] 27 ] gto] Q= th7]e) BA A o] v
Bstel g4 W AWHE AT 25K Aeltt
(Jung et al., 2013). FFEA 2= A LA 7|
A Algdk= VSMOW2 (A4 9 =AaF9lds gk
0%o, 0%o), SLAP (-55.50%o, -427.5%0), GISP (-24.76%b,
-189.5%0) 5 AMESISITE 2t #E2EE2 T U
5 183]2 Astal & WA A|B7HR]E o] A =9
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719 g3 memory effect) & 113t A7} 7F A&
A] ASJEl thulA] ofg) o] B A ol
St Al g 7l FUEeE 123 2 st 79
oGl o] FAghs 22 o]-&3Irh A|lRE 53
AT 3 #2E4S HY2WHE(running stand-
ard)Z o] 83}t 4 W AAF 4] A
(precision)= Z+ZF 0.8%o, 0.08%0°]c}. & 5
A49] 50 H,°09] 5= groll it H,*09)
BE e AtizAu = b, 5D gk Hy'°0
9] = ko]l thgt HDY09 = 7o) A 2/dH|
2 Uehdt) 69 A o= ot 4 17} At

R, —Ryaom
5(%0) _ [ obs]z VSMOW }XIOOO (1)
VSMOW

o37] 4] Robs@} RVSMOW+= 72+ BA 5 A 2.9}
EZA 29 D/H £ "0/°0S Yehdch.

22 S9!
2 A7) ARgE 222 Taylor et al. (2001)2}
Feng et al. (2002)o] 93] AeE|glon, o] o
ET TAPR] w9 THEL nEE HARF
Lol ARR-E o] hThTaylor et al., 2002; Lee et al.,
2009, 2010a). = £ 2L Bo| &L i}
3 7Hg3ste] 4g]Z7(hydrological condition)&
A 3FAL Lee et al. (2010b)of| A= 4=
274 183 ZdS Agste] wo] 52 29 ¢
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=2 Aol )Ll T Bee) Ho| gt &
w9ulo] £9i9ia 27)2700] e §40] EAY
2> 152 Lee (2014a)of| AJA =] o] St

Taylor et al. (2001)3} Feng et al. (2002)°] ]3]
AL 1D 2w oBE S AeBEL 4 250 A
WS wE, ol 7|20 s oSy}
S5 ol advection) T F9 Q4w BHisotopic
exchange between liquid water and ice)©] Z&} 5|
o] glt}. o] Btason (1972)9] 28] H-&-02 A A]
% %led, Taylor et al. (2001)= o] H& E3} 11
A =9 THELwETE2 B A FollA o
ojub= Zlo] of gt & | YHE AT ¥R
Lol Aol 713(4 39 fysto] B 4743t
%o, Taylor et al. (2002)| A= A @3} ZE-& H]
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o7]9]A Rliq & Rice= 2+7} B33} 3143l A
9] D/H E+ °0/°09] v &2 Yehiy ak= 0T
ol A9 it = Ak 0] FRAJE oA o FEA
£ Uehich BRAlEolA Sa 2 Alao] B
= 22} 3.1%0 3 19.5%0°]tHO'Neil, 1968). H=
e A Eeol T Eanghgo] dnintE
Holshs 748 ARH o trehd Zoln] ¥id v
FAA5 Y4 £ A4 (dimensionless rate con-
stant of isotopic exchange)o|t}. 7]& EHo|A&=
F Ee 429 FHY4wskSo] H X goA A
ottt 71y 3t A9, Taylor et al. (2001)2] A+
N A= 1 E ol83t FH AL LG o] BEAH O
2 ool Fojek FHsHAT: oi7|oA kel 5
SJRladmAroln, 7 22| 9] Zolo|d, u
= 0] 0|tk a2} b 77t 9| R T deof
Sl B3 0] ke ek,

4TS Fo) AojT Akao} a0 B
el magre] ek ()& Tefakol, 4 4315
ol 42] Abaoh 220l 5ok vghe AR S
o] 59 Ue TS| Arluke Holsks THf)eHE
ATk A 4758 B 27 T &
ot} A o] A3w(the best-fit) S BEAgkT} Al gk
9 Zpo| o] AlF-L 7H F A3} sH= Fh(least-squares
method). 2.2 AA5}thH(Lee et al., 2009).
3. 7Y ¢ Eo
3.1 HiE(discharge)?| {EEX

HA, BdoA dF &5 Tt B9 =71
dAsictar Mgkl e, 854 E3F ol=jt 7t

A& guls) 2371 $istel HojHmE FUE A
2 AMESH T Lee et al. (2015)0)| 4] =2]3H vl=2 &
QUM ZE IS HH wMiE&E=7) Alzbo] A'g
of met 270l & AFolME 4 FUY 4
YA IS AZE 10 emZ FAIFC2A] viE
SEE el $AH 1Y 104 A7to] 4|
H(E, fraction of melt)ol] we} BjE&& =7} o] B A
WSk 7hE Uehisieh A8 271(10%017) B &
ol Ak wiA] gk A9 F71(80%) ol %2 Alelsh
Ie S AY BAEEE(1.96 em/hr)E A
Bk ITH Ta). A7l HE $ASE, = B
of shgkitol A 2 W ESEE 17 1bof Leh)
ek &S =0 FHFS 1.96 = 04 cm/hr o]gle
o, 183 2.2 Ajolo] 714 gl B 5o} ek, wek
A 4 ) BEghe R AR AS ST,

32 Azl HE HE9 SeAAE

Qg Eelo) 7] Aoty e
£ FhsteiA o) B3 TAR)
2 wBHFS(isotopic exchange between liquid water
and ice)o] A= 0], 7 F2] T U4 g5 WS
714 Eck(Lee et al., 2009, 2010, 2015). A3 &
&3} Al Bo) ARG o2 BRE
OFA| EJH, 4tk Bl o] Tl g2 242 3.1%,
19.5%09] 2o 7} WAYsHA| Fth(Lee et al., 2009). A
Hz7]of deAtolols S0l TAEHA ¢7] wZel
g0 AN BE 98 X0 EAUS 247}
Ak A7kl AUEA de $2 A= 22 59
rAPG O 5] Sl ghol A o
1, A9 FHYA g2 SV "ot $oll E4
2 grol F7HE Qo] 7] Aeld AL 48
At 29 FHYL P& F718k, 11 291 o)
AZolle wiET] FHYA gho] 7)) sttt
7t Asele Sk FEE Bl A Ao a1 2
£ Ao A FHzo| ASFH(AEA: -8.42%0, 5
4 -61.26%) 14 EAE ZHS W S EAISHIC
ol I THUA g AZHA WBE Hof F
W, 0& 7502 Ao QEET ofe) BEE U
HEo| ofsf &2 golE 7HA ok dtt.

Rrao} Szl HEPAE SYLFEA L
(isotope hydrogeology)ollA o] 2o]= HHo|
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AYaL glek 227 390 AAE RAA " AR Fe2A
(Global Meteoric Water Line, GMWL)2 7|-&7]|&
8, =25 AHS 10 7HItt. o= sfidellA] 7] €gt
3= (precipitation)o]] SFE= Ao, = E=
o] B2l o|F 7] AR tE AFuAE
712 Zo|th(Lee et al., 2010a). Lee et al. (2010a)o]| 4]
SRS 20U, £ 50 B2 o WALE
(snow metamorphism)©] dojLtH A Xg 3| 9
712717} o BA ¥dh= 71 BF2A Y HE = A
5tk 2L =& GMWLT 22 7127] 82
7R A 0] HAARE, & 719 BARIUAIE &
1] EollA 4508 BEESE AFEAY 71
7= Hathes Aor Bustgnt ol AAEY] =
I AR H30) FHYaneRtg o2 AgE 4
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Fraction of Melt (F)
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Specific discharge (cm/hr)

Fig. 1. (a) Variations of specific discharge as a function
of melted fraction (F). (b) A distribution of the total melt

as a function of collected specific discharge.
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o, ojuf o] FHYAEHA S (isotopic fractio-
nation factor, 19.5/3.1~6.3)°] £J3} 8o]3}2] 7]
715 48 4= lrk(Lee et al., 2009). FA] Go A=
%3Ksublimation)o]| 2JF|A = P32y
SEA|AE, Ak} o] AP WA= tiF 778 =2 &
A lon, & AA AFo] A9 s glen
2 53] 93t S Pa Wk ZAE 4= 9l
AL 2 gohE(Stichler et al., 2001; Earman et al.,
2006). 1 34 AAE 2 A2 Aol A= 7]
717} 6.645 7HAHA FEo] HOoHA FHULL
ko] dofgEa AR

3.3 2Einfol Hlw 2 =E2|F 90|

Taylor et al. (2001)o] 4= dAFo] A3LE WALS)
7] 9J3to] 1-D Ao B melS Auratg o o, Feng
et al. (2002)2} Taylor ef al. (2002)o| A= 34 E
= 53l = T AU Mg oA sfeha Ql A=

| (a)

520 (%)

8D (%)

"o 0.2 0.4 0.6 0.8 1
Fraction of melt (F)
Fig. 2. Isotopic compositions of meltwater (triangle)

and modeled results (line) plotted against F, the fraction
of water melted: (a) oxygen data; and (b) hydrogen data.
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8 29S 53 23T Lee et al. (2009)114
€ Akt 2400 FHHR WAL (k) 7H L TA
£ 97] 95}, Taylor et al. (2002)9] A FL o]-&

gt BAIFOE o] BAst, F THUAY 4
7t FousHA =24 gtk AE AR
Lee et al. (2010a)o] A= =g o] 8-5te] FAfo) A
T Aol 40 AP HA 71L7]7F Hsksh=e
& FFH o2 AT & AtolAd= Azt
02 439 FHUAEEIGS FFH o2 4
St 20 FHYANTAYF D d3o] FHY
W3Rl Gupgkg Fofsl= 7HE olafishr] ¢
1o Lee et al. (2010a)of] AFE-H 22 o] 8351t
4] 40X AR a2} b= ThEatk o] g ojd 4= qlok

-

B J

Ol

a=¢(1—5)(S5+B)py, (6)
b = @(1 - Sz )Pzw (7)

A7IAN o= ded] F5ECIH, pe YEolH,
SE o ol &Y 4 Q= Ef(irreducible water),
5= 5/(1— )OIk, g, 2] 5o ALHE g Sl
20| £52 T3] SRMLE AE o) B molw)
Z 8sith Fa Lol v o] FoE &tk

5=(8,-5)/(1-9) ®)
K CH
U= S—5) (5+5) ©)
T I T I T l T I 1
GMWL
6 5D = 8*5180+10
o
| & i
e
0,
~ 60 |- 0 —
8 ’
< ’
a A
B % o i
&
+¢ 0D =6.64"5"0-5.12
-64 [— ,0 R2=0.94 —
S
- & < Obs -
¢ eee-- Obs fitted
68 1 ] 1 ] 1 ] 1 ] 1
10 9.5 -9 8.5 -8 7.5
50 (%o)

Fig. 3. Oxygen vs. hydrogen isotopes plots for the melt-
ed water from ice.
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o7]o K= 85 &5 5t B9 e
Fou, B Ao M dg 42 Fshes B 4
A=} 71 77k A 02 BZEE Fetol|A
o] PP HEEE AN RO A AR gkt
mdg S U2 FES F 10 Al f&
EZ3T = 012, 95 &8 T8k B 5 (v)E
33.5 cm/hr 2 A= Sict,

a9 2004 ARETE 7MY & et mdE
75 A =5 AE A et mdFato] Zlo)
O Al o= 1 vikS 2R Y
Ao}t AP=r} 7P 2 40 A 9949
Y ZHzZF 0.34, 04601901, 13k Z+z} 0.88,
0.660] %It} 4] 4, 5, 95 0851 &} ¢ Lo 2 HE,
FoF k3 8 4 Qlok ARk rREE Akt 4
Z9¥47t 247} 0.28, 0.200]H, & ZES Z+z} 0.30,
041 hr'o|t}. yo} & gHel W97 BAH 0 2 e}
£ Rlsly] Y5k, 2ho| 2] AlFgHsum of squares)
o 2A% 95% 4124 (confidence region)E 7|
Absto] 4 9l Ak E 9 A ATHE £k Hel A4
3R tHSeber and Wild, 1989). 422 &+ A5
0] A= g A FAHG\eH, ol& Fal F
Y E Y40 EY DL UIAISLE BAHORE &
ofujatA| 2okl & 4= gl Aolth(Lee et al,
2009). H1AFEE Yeblis 2 F AR5
4 Zhof| Zpol7h YA, ol EEjH o AE 4

glol B #7149 AP B FET 4 U 7

25

kr

05

0.2 0.4 0.6 o8 1

Fig. 4. Confidence regions (95%) for estimates of pa-
rameters kr and f from oxygen (solid line, closed dia-
mond) and hydrogen (dotted line, open diamond) iso-
topic measurements.
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Table 1. Model parameters used in this work.

Parameter Units Exp. Source
Bulk density g/em’ 0.56 Measured
Icepack height (Z) cm 37.5 Measured
Specific discharge Q cm/hr 1.96 Measured
Porosity ® 0.38 Calculated
Irreducible water content S; 0.04 Jordan (1991)
Water saturation S 0.120
Percolation velocity u’ cm/hr 33.47
Intrinsic permeability k m’ 5.72x10™°
Hydraulic conductivity K cm/hr 3.12x10° Morris and Johnson (1967)

Initial §"*0 and 6D %o -8.42,-61.26 Measured
a (6'°0 and 6D) 1.0031, 1.0195 O’Neil (1968)
£(6'%0 and 6D) 0.275, 0.200 Optimized
v (6"0 and 6D) 0.8814, 0.6573
a 0.0585
b 0.5612
¥ (6"0 and 5D) 0.34, 0.46 Optimized
k:(6'%0 and 6D) hr'! 0.30, 0.41 This work
o° 2 geigch o U] glotof gttt =29 9 7] 24351 SijtA| o
ol A WA 85 Y53t A7t Wokx|H A, o7
4. 28 ¥ 9O gk A Fof| A Wate] g-go] WYHETHH 432 59

dFo] HOoHA dFo] H2 E| YL
Frol Azt wlat of @A Wslstil, o] oA 5
Aehansgr d d3o] UL nENS| &
ik Fofsheris 8419 1-D 2dans
vl A T 4= ATk d2o T EAYA
Q1 Ak} £ F YA Akl Bato] FolYUh
WAL FrollE 2ol 7t AUATH(ARA R} =4 ZF
7} 0.30, 0.41 hr'), 95%<] A|7ko] A<l Az|g
< 5o ZES Yged 23 o B2 Ao e
g Aoz gokgh =3 B Ao d-go] 5Y
A 3HESof Frojshs JmE Abhot 45 $
H27) ZH2} 0.28, 0.202.2 A= et E3 |6
IO A Akl 249] P F YA AFTA
oA 71&7)= 6.642 GMWLIH= 2Jo|E HGo
o, ol 27 ¥4 &8 T B9 YA
wekS o 2 Argst 4= Qi

A Go| A HIARE B3 2= BUT o,
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