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ABSTRACT

It is known that §"*Cpy (carbon-13 isotope of dissolved inorganic carbonate (DIC) ions) of water increases when
dissolved CO, degases. However, 3"3Cpic could decrease when the pH of water is lower than 5.5 at the early stage of
degassing. Laboratory experiments were performed to observe the changes of §"*Cp as CO, degassed from three
different artificial CO,-rich waters (ACWs) in which the initial pH was 4.9, 5.4, and 6.4, respectively. The pH, alkalinity
and 8"Cpjc were measured until 240 hours after degassing began and those data were compared with kinetic isotope
fractionation calculations. Furthermore, same experiment was conducted with the natural CO,-rich water (pH 4.9) from
Daepyeong, Sejong City. As a result of experiments, we could observe the decrease of DIC and increase of pH as the
degassing progressed. ACW with an initial pH of 6.4, §*Cpyc kept increasing but, in cases where the initial pH was lower
than 5.5, 8*Cpic decreased until 6 hours. After 6 hours 8°Cpyc increased within all cases because the CO, degassing
caused pH increase and subsequently the ratio of HCO;™ in solution. In the early stage of CO, degassing, the laboratory
measurements were well matched with the calculations, but after about 48 hours, the experiment results were deviated
from the calculations, probably due to the equilibrium interaction with the atmosphere and precipitation of carbonates. The
result of this study may be not applicable to all natural environments because the pressure and CO, concentration in
headspace of reaction vessels was not maintained constant as well as the temperature. Nevertheless, this study provides
fundamental knowledge on the §"*Cpyc evolution during CO, degassing, and therefore it can be utilized in the studies
about carbonated water with low pH and the monitoring of geologic carbon sequestration.
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2017). ololl wt FuielellM= Co, ATAE 7219 2
i BUEE s &ds] JPdsial tk(Jenkins et al,
2015, Lee et al., 2018). CO, F=2] vAZ AH=<Q1 A
SEESTAAM S RUEY Ties Jidstr] 98 A
ABlFEST ATEE COS FYUSAHON et al,
2019, Sung et al, 2015, Park et al, 2016), ERFFE ©]
23+ A A7t =3 QIok(Chae et al., 2016).

Aekr 2 EGT RUEPAA AR AR &
3L e BAEAULE 0 FUE Col M-S
AXFslal(Johnson et al., 2011), FT=AFE FH3=H)
AFHo g FeE2d = B3} (Romanak et al.,
2014), A&sk=d A7 Uvke AHE wa Utk
NETL(2012)2 ZZFolA §°Ce 831 8ahikg<] o
2 54 w2l s8] ofHukal A Ao, Mayer
et al(2015)> CO, AFAFLONA §5CE FAAE &8
skt & Ae, wiAERT FY oY 8PCE 10%0 ©l
F Atel7b ol 857t Eolxivkal Bargt vt vk &
5] A%gE Coyt F=E BF CO, == Coyt &al%
Aekre FEoR Qe ATolx TR AL,
Yo HolAH co= 712 & UKKim et al,
2018). &M coyt 871 @ u] dojul= eas i
o] wslol] thgt ol dasht. 12y Cco, AsAE
AT HokllA Cco, 8710l WE §Cric®] ®islol] thgh
AT 29 e ofAl dElelA o, B71F B
AlE A S sk, §8cY] 88438 =ol7] ¢
3l Folol] HF3laL Ah(Becker et al., 2015).

CO, 8719 W& §5Cpicd] Wslol] g 7= Co,
AFAg Fok 9ol (1) AHES Ee BREE o83k &
2HEAS] S F ek 8 B A, (2) FERRE
(speleothem) AA3FgellA BA-E9ALA W3t 314, (3)
e 73 59194 A 2Al(carbonate clumped isotope
thermometry)ll -3-8317] 91§+ 712AFE HZ o2 53
HAT olyd AF= (1) e FeARd mE
SPCpicd] W3 T/l (van Geldern et al, 2015;
Abongwa et al, 2016; Doctor et al., 2008), (2) Bt
& mE RE AP $74 Bl e 55Coc
13} ¥ (Abongwa and Atekawana 2015), (3) <1EE
A58 Azsle] G716 WE 59Coc W3} BE(Abongwa
and Atekwana, 2013; Paneth and O’Leary, 1985)3}&=
o s FEA

E A= coyt g7] @ w dojuke §°Cpee] Wisk
o gk 712AAS Bt YA, B3 Co, AT
Ao AAFAL ATEA, Bk §8Cpicd] 2AIE AT

57400 Wi sixe] 5 vidshy] s A=A <]
M pH7E 4.9~6.4%1 JEERITE AlF3laL 27
e Fehax durQl Eilolre] &7 whes
Falolet. =3 COo, B7lell e §°Cpicd MEE =
7] pH Zd we} ARkl At Ans A5 Ao}
Rlasllnt. ob&e] AlSA] TR el eEe et
ol et 27] dd= sdslar, 44 2xs At 23
b mlael sglck. A7 Ak CO, ASAERS] A
B BEUERE 93 88Coie AR AFH Ve ek
H 282 5 glor, HE ZUE#Y] B, = ol
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2.1. CO, E7|0fl e §"Cpyc A3t

27 919 degassing(Guo, 2009; Kusakabe et al.,
2000; Deirmendjian and Abril, 2018), outgassing(Pearson
et al, 1978; Doctor et al, 2008, Abongwa et al., 2016),
efflux(Abongwa and Atekwana, 2015; Butman and
Raymond, 2011), exsolution(Zuo et al., 2013), evasion
(van Geldern et al., 2015; Butman and Raymond, 2011)
S SR &3 8otk Co, B7] kg2 1} 3}
I JE 7H AJEIY] COyy &31 REE(A (1) COuug)
o] 8} (2] (2)8] gukso=® Ao & = 3t

COs = COxag) 1

COZ(aq) + HzO = H2C030 (2)

Guo(2009)2} Paneth and O’Leary(1985y= ©7] HWHg-
< SERHol] Y28-(dehydration, 2] (3)2 B
2F8}2H8-(dehydroxylation, 2] (4)0-& A|E3}aL, pH 7
oJFPlME BR8], 10 oPdolre ggilaliiio] F
ZEHAA DAL, pH 7~10 Aol M= F Zgo] FA
o WA ar B skt

HJr + HCO3_ = H2CO3* = COz(g) + HQO (3)
HCO3_ = COz(g) + OH™ (4)
9 AelA HyCOSE COyll HISH FAIE Hm2
2ol COypg2t H,CO5'E 31! H,COsZ 3EAISHL
g1 Al o] 83K Drever, 1997; Appelo and

Postma, 2005). & A7olM= pHZ} 7HTE W& Bk
& OFEE F2 283 Q) dita st
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25282 3)e B9 CO, B (Pepo)] W7 2
o} 2o =9 Coyt 7|12 €719 DIC7} Eol=
= Aoz A EtHAbongwa and Atekwana, 2013;
Zuo et al, 2013). ¥ AFIME CO, 71X A48T &
715 EATIE S8elUR|e] WSS COyd B3lE ¥
32 71531, ol Peo® EHSATE Peors 23AI
Al G849 H,CO59F BE el S F AT COyy
9] E}AAIZE fugacity)2Z, Peo/t TH7IFHT =2
BT TEHE COypell thal FESIE| O] COyt B71
2 5 Jom, 7RG S 7B FE8HL COyl
sl B3} E|o] COyyt 8312 Ukl afAgtt
(Stumm and Morgan, 1981).

7|2 A COypyt Al i AN &
719 WE §5Cpie WSkE T 2©] Rayleigh 2](2]
(5= ALKt 4= th(Fritz and Fontes, 1980).

13 Jpic <13 50
§7C™-8 Cpic = ~¢pic-co,; )

o714 §83C = DICY & fraction 7} i¥ W] DIC
9] AL, §BChy = B7] A DICY g©AE9d
Zolt}h. epic.co,= DICSF CORZE FHA|S=(fractionation
factor)°]t}h. B A= epcco,s TR 2] ARk
Sl T (6)«(12). §Crices A (6)o= e

% 9l

613CDIC =

mH,CO3*-8"Cyy i+ mHCO3-8" Cpep +mCO5-5"Corg.

mDIC
©)
A7 B 7} o] 2350 'iANEReAE Tl 4] (7),
®), (92 B3l 8°Cennot 71e] BAZ Yepd & 3le
o, o]5S 4] (6pl L3k 4 (100e == 5= Utk

_ <13 13 _
er,c0,+-co,~ 0 Chyco,+8 Cco, =% 0
_ 13 13 _
€rco,-co,~ 9 Cheo,~8 Ceo,~ & ®)
_ <13 13 _
€co,—co, =0 Cco,=8 Cro, = &; ()
513CD[C =
mHLCOy*-(8"C o +8)+mHCOy (87 Cop, +£9) +mCO;-(8" Crpy +es)
mDIC

(10
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A7NA g, &, &2 47 HCO;', HCO;, COs$b
COyRte] B9 iAot 2 ElAG = &
Tof| gk Ao= FHE F JTh(Clark and Fritz, 1997).
er Y& COyug2t COyire] FHEE FholX|uk, b4
ZArg3h vk} 240 COyu2t HCO5'E U331 H,COs =
UERR7] szl of7E HaCO5™9F COypte] 8% E
Zo=z mIEIATHA (7). A (10 4 (1HE F
& a, gAl A (12)2 F2d & ok

813CDIC =

8"°C e, -mDIC+mH,CO* &, +mHCO; &y +mCO;y &5
mDIC

an
13 13
8 "Cpic=8"Cep, =

mH,CO5*-,+mHCO;-g,+mCO; €,
mDIC

~€prc-co, (12)

714 mH,CO;", mHCO;, mCOy= 7+ B4k o] 259]
£ Twoltt. 8 B o259 AR == pH
of WA HEBER gpicco, 5 pHOl tHElA Fig. 1a9k
Zo] Yepd 4 ok Akt 2} pHYE 5.5 olslellr=
epic.co, ax0] 202 UASHA FA=+= HHA, pHY) 5.5
oPelMe FAsH F7I8IT) ©1% pH 109AE oA
asl] f A9t Fig. 1a). Zhang et al.(1995)y= A%
S 5 epecops E3E vF 9JEdl, Zhang et al.
(19957} AAIZE 2ol M= COy> 2] ZHF fractiondt HHY
sl ok wEbAd Zhang et al(1995)°] AAISE epiccon
212 pH YH-FZ oMk 2 gkl pHYF W o=
22 ¢S 4 Arh(Fig. 1adllA HAD).

Z7] pH7} 4.5, 5.5, 6.5, 7.520 BN CcOyt &
71 2 W §UCpie®] WSS 4 59F 122 ARlel Fig.
1boll JeRSITE o] W 2%+ 25°C, 7] §8Chyee
0%= 71a3Idtt. &7 <8 DICe] A5 fraction©]
adla, SAeles ISl A= (Drever, 1997),
pHE B o]0 H3ukg-2], DICS ¢zE|=e] Ao
of o3l 2] 133} Zo] 73 4= Ut

1 )2
(—+) (2DICk ky—Alk.k, k)

[H ]

+(L+)(D1c1cl —Alkky)~Alk. = 0 (13)
[H]

A7 kT ke 22 Hy,COy 9k HCOy 9] sfejiks
o], AlkE mHCO; + 2mCO°lth 9] 23}
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Fig. 1. () epic-coxe calculated using Eq. (12) at different temperatures and pH. Carbon isotopic fractionation factors between each carbon
species (i.e., H,CO;5", HCOs, CO;) and COx refer to Clark and Fritz (1997). The blue dotted line indicates the epic.con) of Zhang et al.
(1995). (b) 8"3Cpyc variations as CO, degassed and DIC decreased when the initial pH was 4.5, 5.5, 6.5 or 7.5. Numbers on the lines
indicate the pH at the DIC fraction. The yellow dots represent the point where pH increased by 0.5.

Wgale) siE 2slst gro] pHolth. 2 (13)0& gt
pHoll W} 85 BidEe] Hlgo] At o] pHE
Fig. 109l Z22]3% (label) A2 YERAT AR A3} %7)
pH7} 5.5 oPdRl ZA9elle &@7] Bk Z71%E §°Cpit
Z7ksh= © wkeled %7] pH7E 4591 7% DIC7}H 80%
A2 W7k 8 Cpiee A4S 2 ol '@r 7
e pHY| VKR Q8] §"Cpice S7FeHH(Fig 1b).
Fig. 16014 =88 pH7E 0.5 A5 WS Ve,
Z7] pH7h Y275 CO, @710 WE pH Hsp}t =4
k= 2ts Rodent. ol @717} JdEHEkE HyCOos'
9] Hlgo] ZOlEA 55 vlahH ool W} §°Cpyc
7} A He AS & 5 Atk B Alre g7l
A3 Aol 99} 22 AR B3k §PCpic HEE dF
slar, At Arel AFAFE Blwshy A48t

2.2, B B A

22.1. CO, 87] 2%

B AE A4 AN pHE AT SRS
AZ(pH 4.9, 5.4, 6431 CO,Y &7 W& §°Cphe
o] ¥islE ATt ofe] AlEAl tige]elA AHgh
B (w-2, pH 4.9)9] 8°Cpi s 28 oA st
Atk 10 L £7](Nalgene® 2318-0020)°] A& °F 51L=
2 wHksle] (@F 250 rpm) €5 COS B7AFWHA, A
7ol whe} pHE S5k ¢ZEE ¥ §°Chics w498}
ATHFig. 2). A 2AF B2 308 {HHo=, o]F=
AIZE S =84 108 53 A8E AFSAT DIt
Pcop2] W3} HolAH A3S TR Al8= 8] o}
& FEEAE ol&sio] AT AF 879 54
FojFo] 27]" Coyt A34 t7E BlEHES 519
o AF F A3 7] 2= dojfiez FH/MA

a?

Lab. air CO, ~ 400 ppm
23.5~255°C %}}gn&
iC
5L .o : OU: o¢
g 2o "o
v % pH
ot Alkalinity
NaHCO, + HCl
CO,rich water BaCO,
: BaCl,
Stirrer U @NaOH

Fig. 2. Diagram for the laboratory CO, degassing experiment of
COs-rich waters. pH and alkalinity were measured using the
Mettler Toledo titrator, TS0 while §'*Cpc was analyzed using the
Picarro G2121-i Isotopic CO, Analyzer. Dissolved inorganic
carbon (DIC) in CO,-rich waters was precipitated as BaCO;
which was converted to COx g, by a pre-treatment device (Automate
FX Inc.).

ATk 2y 7] pHrF 4.990 AR A
AN 257t FAHA ESlth webs Z27] pHrt 4.9
Ql 7% 2.1489] Akl Hgle 255 Mgt &=
Qo= A 8719 headspace ¥, AFA9] CO, T
2 2= vlwA IS FAERNOY

=2 Zgt He AF A9E AT o, aEEojof &
ARatoltt,

222, 0% gk Al 9 AAgkE A5 A)H

Q1 F B~ (ACW: artificial CO,-rich water)= 37|
pH7} 4.9, 54, 647} HE5 NaHCO; -8 HCE: #H
7¥ele] wFEAT(Jo et al,, 2009; Abongwa and Atekwana,
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2013). -4, 2mol/L2] HCl(Reagent Duksan, 1129) &
WS ThE &, o] 8IS FHFZE 35 1 LE FH
39tk o] & A¥ 8719 S/ 4LE ¥ NaHCO;
(Sigma-Aldrich, S5761Y2 29.4 g &3jA 17t} o719l b
2] FH]g HCl €9 1 LE 7Bl ACW 518 W&
At o] o s|Mul= mE] B pHYl EESIES
PHREEQC(Parkhurst and Appelo, 19992 Aliksle] A
sl.ou, AA =43 pHE vl] A3 pHoR=E T =
A A JERdTE HellA] A5t 27] pH4.9, 54,
6.4y= S groltt.

AIFA] ol AEEE A gkl w2 AlRE
Aol &%, pH, EC(electrical conductivity)s 73}
AL, A=} §VCpie TS AEE AHFHEAT &
Ze= ¥48 AE= aFuplel HHE 28 5 e
125 mL 2% 8714 ¥ F1to] §I=F Hold &4 A
7] @718 gk wodtt g7] 438 AE= 10L &
71 w2 AlEE ¢F 5L ATS the, AR {71
IAIRE 9F B2t 48 GojFol 2718 AlA Tl w-
2 AlEe AR & ARAE 253k gelM AEA 3
BEE, a8hs FAE = A =, AlE AHFH (2018
9g 18%) Al AFH B %= 14.9°C|t=T, 1
AIZE 16 F APddd= 23.6°Ce10aL, o]F 23.7°C

0. )E FA= AT

rl

223. pH 34, 2= 9 §°C 84

pHe} €4E]=% Mettler toledoAHGit)2] TS0 ©]-83}
of SHAAEIATE pH AME A3 A1ZF A, pH 4, 7,
10 EF8 08 RAST. daeies Ao
2 2331900 24E &%, pH, @ZE=S 0|83l &
2 o]&Fo] T, DIC, Pep,s AlXFSFITHDrever,
1997).

313Cpic= cavity ring-down spectroscopy(CRDS, Picarro
G2121-1 gas analyzer, Picarro Inc., Santa Clara, CA)
o= Rt CRDSE 7IA AR §8Coo S #4158}
7] Wil EaEH94 A7 X (Automate FX Inc.)
£ o83t & BAY HHE BaCOE 10%
H;PO,(Sigma-Aldrich 345245)2} HH-A|AA LAE CO,
£ 7} Eu)7] Liaison(Picarro Inc.)E ©]&3}¢] CRDS
o FUst] 8VCpics EAEIT. 8 B oS
BaCO,2 7117171 918l mlg] BaCl,2t NaOHZE: LolE
g A-bHl ARE FAPIZ FUSIIT v ghat
T AF(w-2)= A7l wig] FHI8) 3 3E byl
APIR FSdete] AFSHITE FHE BaCos= o3 §
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sIth AlE AFH Sl EriEe As 2] A8l FAP]
o] MAES FolM AFRE Afal FJAES ojA] FF
2710 ABE AT JFE7]9= headspace’} S
AEE 71 Al

CRDS #4 Ao IAEA ¥FAE CO-1, 8, 9@z
3B3Ce0r=2.5, -5.8, -473%)% 71715 RAG3IGH. 53]
HHE B Ay, FFEARe] B 0.6%2 AEETt

P e
3.4 o}

3.1. A|ZHol| 2 pH, L& =, DIC, §"Cpc Hs}

27] ¥kgo] XY= 5 pHe S7HFig. 3a), &2
=5 FA(Fig. 3b), DICS} Peor= ZAx(Fig. 3c, d)3F
. pHE 7] pH7} s =2Al S7F8Ith. w-2¢)
%7] pH7} 4930 ACW(I3} ACW4.9y= 7] §kS- 24
Az & pH7E 22 13, 1.6 3718 whd, 27] pHYb
5491 ACW AE(°]3} ACW5.4)9t %7] pHZ} 6.4%]
ACW(I3} ACW6.4y= E7] 8- 24X & pHZ} 42}
2.0, 2.3 Z7F519ch

A== CO0l @717t HAEE wislelA| e
(Drever, 1997). Z12]4} ACW5.4014 &ZE)wr) 24 &
FA == (Fig. 3b), ole 7] ¢ZE)x] 2A33ko] Y
T =4 339 A4=E dddg. 27 4=
NaHCO; §-<¢] HCl 84S H7islal vz 4= A7]
ol RHESAES sl Esilth. ¢EE|=rt Aty
H 27] DICE =A At=Eet), o] He 27 34 A
wEsledof St w2 AlEE 2447 o|% YT} E
7tehet], T AlEER okl S7kshke s ERlt
(Fig. 3b). ol &l o3t A= AT Abongwa
and Atekwana 2013).

DICS] 7%, ACW6.45 AlQJetd A3 AlZ} 2447
T 90%7F E71= Q8] 7HASIMTHFig. 3c). ACW6.4=
24X7F Zo) oF 50% WF ZhAsidET], o) E& pHE
A8 Peo’t 231 (Fig. 3d) B717F B o Hai= =]
oo Avlz dokdd.

Peore 85 BRI SHEAHIS] COy U 2WISH
o, Wby 27] WSS Peo7t A4 th719] COyp &
QheF 10734atm: 431+ 35 ppm)d Zold wj7lx] Fsj=E
Aoz JAEATE Fig 3dY RE AR AF AF
240717 & 2F 107%%atm AETMA| Peo’t HAEIATH
(Table 1). ACW6.4= THE Al HISIA Peo/t Tha

oo
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Fig. 3. Temporal variations in CO,-rich waters during CO, degassing. (a) pH, (b) alkalinity, (c) dissolved inorganic carbon (DIC), (d) CO,
partial pressure of solution (Pcg.), (3) Carbon-13 isotope of DIC (8'3Cpc). In (b) and (c), the values indicate the ratios to the intial values.

Table 1. pH, PCO,, calculated and measured 8'*CDIC values 48 hours after CO, degassing

Sample Temp. (°C) pH Pcoo (atm) 3BCpic (%0)” 35Cpic (%o)” 3"Cpic (%0)”
w-2 23.7+£0.7 7.1~8.1 1031~ 1028 -103~-9.0 87 ~-17 16.9~252
ACW4.9 184+1.1 71~79 1030~10722 99~-85 -5.0~0.5 17.6~21.1
ACWS5.4 24.6+ 0.4 8.5~8.6 10733~ 10732 9.0 0.6~4.5 162~16.3
ACW6.4 248+0.5 9.0~94 10734~ 10728 9.1~-9.0 15~23 03~0.6

1) Solution temperature during the CO, degassing experiment

2) Calculated 3"Cpyc equilibrated with the laboratory atmosphere (5"°Ccoag= -16.9%o)
3) Measured §"Cpc

4) Calculated 8"°Cpc using the Rayleigh equation (Eq. 5)

WA 7Hsigien, o2 QI3 DIC H2t HuAl | 4373 FFE e haske A%s Uehdth(Fig. 3e). 1

delo = FArHc), U ACW6.4 A152] §8Che= 128)7F o] FRE] YRS}
w-2, ACW49, 54 X892 §BChce I e 74 A fA"eh 22 Al5A §BCht 48417 = kA3
ot Ay AR oF AR SHEE /A B S = olfre A34 U719 w2 §°C0r2l(-16.9 £ 4.3%0)°]
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B 282} 24.6°C(+0.4), 24.8°C(+0.5)% FAFA O, w-2 3I3iT.
AEL} ACW49 AEE o83t A3 73T Folle A

257} WEkEAtHTable 1). ACW4.9 AE7 17 Foll= 3.2. AL ZAajet AE Z3v|w
A3 Alo] oo mjRtgo g AP 257} 18.4°C(£1.1) DIC 7o W& pHO] Wa} B §PCpiec HSh2 5y

2 EzitH(Table 1). €Ol 2719 gaEeida 24 tsted At Ael 4 AIAE Fig. 49 BluLsiict

12 12
L@ L0
w-2 ACW 4.9
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— Cal —Call
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Fig. 4. Decrease of DIC due to CO, degassing versus pH in (a) to (d) and §'*Cpc in (e) to (h). (a) and (e) for w-2, (b) and (f) for ACW 4.9
(Artificial COp-rich Water with the intial pH of 4.9), (c) and (g) for ACW5.4, (d) and (h) for ACW6.4. The blue lines indicate the
calculated values using Eq. (5) with assuming an open system, while the red dots and lines indicates measurements. Numbers indicate the
elapsed time(hour) after CO, degassing began.
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Table 2. Previous studies on the §'3CDIC variations during CO, degassing in which the intial pH of natural/artifical waters were higher

than 5.5
Initial pH 3Cpc changes Reference
7.2 Increased (2%o) van Geldern et al. (2015)
Field ob . £ DIC and 6.6~74 Increased (3%o) Doctor et al. (2008)
ield observation o an
8'3Cpyc along the streams and/or 6.36 ~6.52 Iz‘;:fsss) aetnirsgoli)lutc(é;ecr;asjtd Cartwright (2010)
rivers from which CO, degassed & 2 1p .
6.17~7.03 Increased Polsenare and Abril (2012)
7.3 Increased Abongwa et al. (2016)
849 ~8.5 Increased (NaHCOs3)
7.36 ~7.54 .ln(freased (Groundwater) Abongwa and Atekwana (2013)
334 ~ 838 Maintained and then decreased to
Laboratory experiment with ’ ’ be equilibrated with the lab air
natural and/or artificial solutions 6.8 Increased Abongwa and Atekwana (2015)
~ 8
(Supersaturated solution Increased Miiller et al. (2012)
from coast)
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