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ABSTRACT

This study integrated a Membrane Contactor (MC) with a Tedlar Bag Reactor (TBR) for continuous, real-time monitoring
of dissolved CO, and its carbon isotope (5'*C) in deionized water (DIW). Experiments were conducted in two stages
across three CO, concentrations (437, 7,940 ppmv, and 100%). Baseline CO, (437 ppmv) and §'*C levels were measured
in the first stage, while the second stage involved observing changes after injecting 7,940 ppmv or 100% of CO, into the
TBR. CO, and 8"3C levels were tracked using Cavity Ring-Down Spectroscopy (CRDS) on gas samples extracted through
the MC. CO, dissolution led to a significant pH decrease and an increase in electrical conductivity (EC), reflecting CO,’s
chemical interactions with water. 8'°C values showed substantial variation at lower CO, concentrations, while higher CO,
levels resulted in more stable §°C values with clearer shifts. The findings suggest that the MC system is particularly
effective for monitoring environments characterized by rapid and dynamic chemical changes, such as geological CO,
storage, volcanic gas emissions, earthquake-related gas dynamics, and CO,-rich waters. This research demonstrates that
MC-based systems can enhance field applications by supporting continuous sampling and real-time dissolved gas analysis.

Key words : Membrane Contactor (MC), Tedlar Bag Reactor (TBR), dissolved gas extraction sampling, dissolved CO,
monitoring, dissolved carbon isotope
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2.1.1. 4B Q0 ZHYE|(Membrane Contactor, MC)

B Ao AHEH 3M AKGit)e] Liqui-Cel™ MM-
05x1 MCE &= 7129 & 9 555 98 249
A 18E %X]i, ot S AT B4 B
UHHS 7FsalA gt o] Axe v Zejz=ge
(polypropylene, PP) WHH Q1S ARE-3lo] 7128} AA|E
e, A 58S S8l OA HEE A sk
Aruks MElH o2 ExAZIT) o]2 ol S1e)XelA
BEAR 7= FE2H F50] JFssith £ AFolA
AR MC= FH 3.1 atm®] 43} 40°ce] = 24
A AR Ao WEISHH, 5~30 mL/min®] HA| <5
Mool A HAstE A5 BRItk oFA] 8 (epoxy
pottingyS ARE-3t] WHHNS S9-Aol] 1A skl 9F
Ao grRE REdowxn Walska 7AA et
S5t ohekst Ak 80l VIR AR 4 Sl
A8 AP xE A EAT A|Z o] B webA] Thkst
Ateke] MC7F ARSI 2 At 22 AFY] MCE
A8 Ald| ol A= (Hales et al., 2004; Hartmann et al., 2018;
Herbstritt et al., 2019; Kim et al., 2022; Matsumoto et al.,
2013) Al=9] g Fapdsol oet 242 E}—— MCE
ARESIIT). SHA Loose et al.(2009)2 Z|HEZEFL
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A3} AF A A 9] A3 push-pull testel] -&-8-3F T
Zimmer et al.(2011)2 Z2|HEAZ 2 Hpolydimethylsiloxane,
PDMS) A2 FHE o]83) gas membrane sensor(GMS)
AXE AEsiar, oF 600~700 m AE2] W) A5l
CO, XA EUE ol -85t} Troncoso et al.(2018)
2 PDMS Ade] WBg gl CRDS 41715 ZAFEH pump
profiling system(PPS)S AH&3te], ‘e Foll A =
3,000 m ZeJ7A] 1 m IHFH2E N,09} CHE 793159t
o] A7 AEA] AEHo] 7K olik(discrete) ME
Bro} o] nAEE 57 25 AR 5 ke ot

2.1.2. Tedlar bag reactor(TBR) A%t

TBRoY| A& &7 (bag)e] AlE2 Zejoldddd =g
@ o] E(polyethylene terephthalate, PET)Z, Z&|og#l
(polyethylene, PE) A @] Hldte] 72 Fijgo] A4
o7 ye Aow dulA vk TBRY A7]= 29.7 %
19.6 cm= oM, A% ol wa} W7 Fhs FEE
gra = s AAHJG. PET AEL A4
71 wiZoll bag WiFell 7k ko] 7Rt E =24
HEo] WA k=t A3 F bagell FH o] 71slA|A]
BEE DIWSH 7k=9] 5 247} 800 mLot 300 mLE
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Fig. 1. Schematic diagram of the setup for measuring dissolved
CO, concentration and §"*C changes using a membrane contactor
(MC). The tedlar bag reactor (TBR) holds deionized water (DIW),
with the MC submerged in it.
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2.2. MC-TBR &8 72

£ APS A 7 =Y CoE ARt Az
GAR JPEHATt A HAY DAl A = NOAA(National
Oceanic and Atmospheric Administration)®] 3£F 7}
ANBE B3 8k A7), €O, TE 2 3°CE 35l
oJ5 7| (baseline)> = KT} 7 WA THAlolAE 194
HLS B A]2o4] NOAA 7F-E AAS & 57} U
COS 47 FUT ¥ €O, = B §°ce| WHels ¥
stk A% 2 MC W DIWS] 983t &35 23
TBR W40l A4 nLWF7|(magnetic stirrer, Corning AH(jit)
model PC-220)5 A3t 2F 100 rppmeZ A|&H o2
BAN ) v

2.2.1. Baseline ¥h3- AH(NOAA-12)

Baseline HF3- A3oll= NOAAS] ¥ 71~(°]5} NOAA-
12)Z o]8315th NOAA-122 F438}7] o|Ae pHS} EC
A=o] Ax)E TBRO| DIW 800 mLE il WE-&l5ich
DIW F] A= 3] Foll TBR Woll Fo} Jd 71¥=
3-way WH(Fig. 12] V3)9} FAPIE o83l A|A 3}
AT} ©]F NOAA-12 300 mLE FAP|S o] &3l F
AR ThFig. 19] V3). ¥k oF 3AIZF =T

222. TEFE 7k ¥k A (CO2-MIX)

Baseline W 23 £8 ©]% TBR W Fo} A=
NOAA-125 FAVPIZ AAslaL, 5% CO, 7F=(°]st
CO2-MIX)E 300 mL FH3A . CO2-MIX= iTE
C05(99.999%)2} 2T N»(99.9999%)2 <F 1:124
HIE2 E3fate] APAolx A3t vk A3 o]
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CRDS ¥4 A3} CO2-MIX9] CO, EEE 7,940+ 29 ppmvy,
§PCE 25.0 £ 0.1%= UETEH AXE CO2-MIXE
U= (multi-layered) 7}~ A& bag(Restek®, USA)l X2
= A

223. AFE 7k~ ¥kg A3 (C02-100)

IFE CO, WS- A= baseline HH2- 23S ot
H3la1, NOAA-12E& AAS 3 100% CO, A% 7H=
(°18} C02-100y= 300 mL Y33t} CRDSE CO, &
T7} 3%E 29shs Al disiAe 40 E7Fs3t
BE2C02-1009] §°C g 222004 AF3 CO2-MIX

& Ak AoE 7Pgsiit

2.3. CRDS 4
MCZ F=49 71=9] CO, =9} §°C= CRDS(G21214,
Picarro, USA)E AAIZE #4813AtkFig. 1). A3 7IkE &
NOAA-125 F713 o= 43l CO, =&} §°CY A
5 =12, CO,=437+10 ppmv, 8°C =-13.7 + 1.6%0)
E ERISISITE CRDS 1] Aol A= 380~500 ppmvE
CO, 549 HF = oL siglov §°C 4 2
F= F 2,000 ppmy o) dolojol §°C AEETT A8
Eoldt) webA 2,000 ppm ©18F AEE AlF9] §°C B
2z7k9) 3Xoll= CRDSS] A=} HIeE 7iotstoiof
El=

MCEHH F29 7k F3(H,0)°] CRDS “&X]9]
o}edeke- = 4= 917 wjiol] TBR VI WHS} CRDS At
olo]] FEAAZEIE RIStttk (Fig. 1). A AZH
= AgANA Zdo] 13 cm FENAE 63 mm)l Drierite™
(W.A. Hammond AHit), 10 ~20 meshyZ ¢ Hojx W&
Ak FEAAZHE T3] TBRY VIelx] CRDS A&
FUT7HAY Zol& oF 117 eme]tt.

2.4. pHS} EC X

HkS- AFo] == F2F pHS} ECE= Hach AlGit )2
HQ40dE o]&ste] S7835dth. 23 & pH 59 1%
o2 I3t A= wASAT CO2-MIX A3 el=
PHC301 A=-(Hach At )2 ARSI, CO2-100 2¥
o= PHC101 = (Hach ANiit)E AHE-3ITE ZF AFo]
AZE 7] Aol pHE FFAEE BASAT 24 1148
1055 FHAJSIR S, pHEF EC #lo] P olFel= 12
Ao S 3Ich B2 2% pHeF EC TS0
WS 25A12 Z7g3I9). ook Mag A 71
A3 ] el BIX]E %A (Center 31 AKjit), Hydro
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Thermometer)2] #tS ¢F 30wt} 71539t &5 2
™, Bokx BleT 7k R wE pHO ECE
PHREEQC(Parkhurst and Appelo, 1999)2 Al2Fst53Th.
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NOAA-12 baseline ¥+~ A3 7} CO2-MIXe} CO2-1009]
13- A3e] pH, EC 54 299} MCE F54 712~
CO, =9} §°C BZ27= A8 A7HE xFo 7 dh=
Tz JeERIITHFig. 2). CO2-MIX AF-S 9A] 52350
ARSI NOAA-125 3AIZE 30% &<t ¥He-AIFAL, CO2-
MIX ¢ & 3A1ZF 158 B¢ =T C02-100
152 NOAA-12Z 107 16350l FHate] 247t 545
SAIZAIL, CO2-100 Y § 3AIZF 458 5<% vk
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3.1. pH, 25, EC9| 5}

CO2-MIXS} CO2-100 ¥ES- A3 A#E 27} Fig. 2a, ¢, €
T3 Fig. 2b, d, foll JERNRITE Fig. 29] a9} boll A
pH ¥3}e] 8 A1) pHe DIWS] £5E Table 1]
YUERNZITE DIWS NOAA-12 7125 F93+ & pHE
5.74(Fig. 2a8] @)9} 5.65(Fig. 2b2] ®@)ollA LA3HA
FAETE NOAA-12 A% ZA®, @)l Cco, &3) Bt
$-S PHREEQC®2] GAS PHASES 719=Z o|&3}o] 4
2kt A3K(Table 1), pH= F ZAM E5F 5872, 57
Ao Hlgl] Z}2} .13, 022 ZUTF T ZJol7) glont
ArFATet 57847 Aol ZA% o= AEn
oyl o]l ztolE vEeRd 4 Qe olfrE VIEshd
olefje} 2t

U3 NOAA-12 A3 Z0A pHE] =} (5.749) 5.65
F 0.1 Zpolys &% o], A3 ARdolA &g o9
%, pH A=< wAe] o3k d3Fd 5 Aok Cox=
257} S SE 83l =0k CO2-100 23] NOAA-
HES- A] Eo] 2% Hi 22,9+ 0.5°CE, CO2-MIX
9] NOAA-12 ¥1&- A] 9] 25+ Bt 24.6+0.3°C
Hlgte] oF 1.7°C Yot wibA oyt o &al= o] pH7}
sl 7FsAdol vt 12y PHREEQCE ©]-8-31
(24.8°C)2} @(23.2°C) AlHS] 70X pHE AlLksh
ZA74(5.87) Ztol7F FERFA] 234 TH(Table 1). 3HA, 4138
A3 & TBRS AIH & A& oL, MC 79 TBR
Utel] gatw]o] gloja] FE3d] AlFS A Kkt
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Fig. 2. Changes in pH and temperature during CO, dissolution are shown in (a) and (b). The temperature was measured using a
thermometer of pH (blue line) and laboratory air (blue dots). Changes in electrical conductivity (EC) and temperature measured by the EC
sensor are shown in (c) and (d). CRDS analysis results for CO, concentration and §'>C of the gas extracted using the membrane contactor
(MC) are presented in (e) and (f). The intervals marked NOAA-12, CO2-MIX, and CO2-100 correspond to reactions with NOAA-12, mixed
CO, gas, and 100% CO,, respectively. Circled alphabets in the figure are explained in Section 3, Results and Discussion.

Wb MC Uil 2453 CO7F CO2-1008] NOAA-12
Aol FFe FAS 7Fse] Aok 18 MCE =
H 7k=0] €O, FE B4 Ay C02-1002] NOAA-12 28
9] CO, FEE 472 ppmv(Table 2014 ©@)Z CO2-MIXS]
NOAA-12 A& 9] CO, F% 488 ppmv(Table 2014 @)dl]

Hla) wit}, web MColl ZF3E COyF $HtaL shefei=

25 Coell 2 pH7F ZAsitar 1) ofde) vix]
Pto @ pH M=) nFo = QlEte] Co2-MIX A¥
C02-100 A& 27 & pH =S o831 th2.44
Az, 22t A9 d BAS st oy, pH A=
WA} A QA= Q13| pHO| A}o]7} ASHA| YERsk
S Itk 28207 NOAA-12 A& pH xpol=
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A= wAe] oJgh dakoletar )

S, Fig. 201 pHe} EC A=l Wgs &7
At Eo 25t A4 Ul 71 Aksrt vERd
AR ME 34 oojAcz L5 Aot} o]2
sl A 2xo] Wit & 2% Wil J3S v)I A
© 2 HQIth PHREEQC ARt 2, oF 1.6%9] 2% 3}
o= CO, &3l Hhgoll & &S T4 b= 3oz 2RI
Ak pHE 7% <F 0.0022] *Fol7} VERM, COypq
9} HCO;™ ©]9] F=o= 717} 1.2:107%, 1.0-10~ mmol/
kgw A5 wj-¢- Z-& xjolut of7|EcHTable 19] ®$}
9] AxF A, CO2-MIX ¥ (Fig. 2a)2] NOAA-12 5
A7} CO2-100 A3 (Fig. 2b)2] CO2-100 FYolA] 7122
Hsh= 7] ke, 59 25w AHZH R sk
rto] FFHAL) o= uwkel] &3 B0 wpEd) o
ko 2 FuEth 34 AoMe AgA Ve B 2
o] gt A7 asht.

Fig. 2¢¢} doll& ECY] WH3lE HERITE DIWE ©]&
gk AR E B8l ECE vl YA HISE s
sl ol= COy7t &3llEo] 8 o] (F= HCO;)°]
Z7¥eF A9 4= JAX|9H, PHREEQC Ak} A3} C02-100
Fdoll osf oF 32 pS/em F7Fske A A Qfstal=
NOAA-12 F¢olt} CO2-MIX FYolAE ECt 284
e} ol ou|lA F7sHA &=t Atk Co, &-3)
Hlkg-o] Paol| T3 o= Hole @, @, ®, O A1A™

T e

B4 - 28

olfoll& ECE dAsH fFAIEolok FlE ECe 9738
3 HIE2 SV ok CO2-MIX 2] ©dlA @A
F(Fig. 2c), CO2-100 AES] @ollX DA (Fig. 2d)llA]
=49 ECe 242 2, 31 pS/em 57131 PHREEQCE
ARe A3k(Table 1)2} DXk}

CO, &3f9ll &g+ EC 57F Z3lehe $7k= pH A=
S 2RE KCI &do] FZEIU7] Wi Aoz wdd
o}, Aol ARg-E PHC301 FA=(CO2-MIX Aol ALy
Z3)<8(3M KCl solution saturated with AgCl; Cat. 28417-
00)y= AFH(refill) 3= H=°]aL, PHC101 H=(CO2-
100 Aol ARE)Ye A (gelol] A do] gaj=loiE W
2ot} 5 Wh)e] A= 25 715 (reference electrode)?l]
A2} (diaphragm)°] UoIA HajHo] A|5Z Fejuhe
ATHHach, 2013). & AgolM= whs A /5 K ==
Cl =5 BAAE goko, &5 DIWE o]85te]
pHE %02 FHs= AFdrE pH AFOZHE
FrEse Adsfde] Jaks aelstedo} gt

32. MCZ F28 712

Fig. 2¢9} Pll= CO2-MIX, CO2-100 ¥F3- 2% A] M
F=9 7129 COo, =9 §°CY CRDS #4143}
ZtzF et} CRDSE oF 1.2%9] 13] #4 2
ZAE}. Fig. 2¢9} 2] CO, 55E YAE (raw data)=
HeRRlAL, §PCe 1 B9t S 13EF eI

fi

i

o)
i

Table 1. Measured pH and temperature at key points of pH changes shown in Fig. 2. These values represent the averages of

measurements taken over a 10-minute period. The table also includes results from GAS PHASES calculations using the geochemical
software PHREEQC. The PHREEQC calculations were performed by incorporating the concentrations of CO, and N,, as well as the

temperature at each corresponding time point

Measured Calculated
Point No.
at Fig. 2 pH Temp. pH COsag) . HCO;~ Naag) EC
O (mmol/kgw") (mmol/kgw) (mmol/kgw) (uS/cm)

@ 5.74 £ 0.002 244
® 5.75+0.000 24.8 5.87 0.004 0.001 0.669 0
© 5.76 255
@ 5.33 £0.006 25.6
® 5.33 £0.005 254 5.21 0.083 0.006 0.662 2
® 5.34+0.006 25.7
5.65+0.006 223
® 5.65+0.006 232 5.87 0.004 0.001 0.693 0
@ 5.64 23.7
@ 4.18 £ 0.005 243
® 4.18 £ 0.005 24.5 4.08 15.353 0.083 0.693 32
D 4.19+0.003 24.6

mmol/kgw” represents molality concentration, where kgw denotes the mass of water
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MCZ F2% C0, 5= NOAA-12 7% Al 2F 700 ppmv
A F7F & A3 A vhe 1A IREE
AABHA FAHTHFig. 2e, f). CO2-MIX2}t CO2-100
7127F FYE olFol| €O, s TV @] T2
sitt. 28U CO, F57} Hla AR A oF 2
A A= 295 = Ao Z HAtKFig. 2e, f). ¥FH NOAA-
12, CO2-MIX 5% ©]F §°C ke wj$- 4AlalA w3ls)
H AUE7}F Ut C02-1008 FH3AS 29 6°CY 4
Ae= ADS] AAXES Co, 57 Hlad eHEE

TR @, @, ©, ®9 1A COo, Bt §°C 3
TFZS Table 291 YERAATE.

3.2.1. MCE 323 C0, ¥ ¥4 3y

NOAA-12 7}2=9] CO, =7} 437 ppmvelal, o] 7|27}
2389 & MC2 F29 7129 CO, E5E CO2-MIX
AR C02-100 Aol A ZH2t 488 2 472 ppmvE LHE}
WICH(Table 2). 3FH CO2-MIXS} CO2-100 FY3 0]
de MCZ F=3 7129 CO, %% 47t 599 ppmv
9} 1.4%(= 13,958 ppmv)E baseline E=ol Hldlo] 7}
SFATE NOAA-125 FU3IS A% 759 COo, 55

o

= 799 Co, =} AR, 7438 CO, =7t
=2 A9 F2% CO, T5= T €Ol HIsl =ZA
st on, 7Has

FulEE dASHA &t &, CO2-
F&o viske] oF 1341(7,940
t}, CO2-1009] 7% 71H)

=2
>
9]
o
NS
=}
kst
8
N
o
[N
ofr
o
3R
[o of

3

CO%} Bhax-13 91 949] AA7H

I\

3

Lo
op

i
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3

pul

(99.9999014 1.4%) 73kt o= 7k~ AR
ztole} MC A-e] 7k Fafe] Mgl e 7121
ghctEc)

712 A 3lx Afolol] oA MCE F=9 7k~
T CO, T/} AREEAE ERIsl7] $18l, PHREEQCE
AREE1] CO,, N9 -8 J(aqueous phase) = ALt
3lATKTable 1). ©] AlteINE TBR F{i=E 7k2r}
CO,9F NY+F X35 392 A 0,8 g
735 8 (Ot BT AAEWNyug)E ASHAIAA
pH7F ZA| Wolxls A3 el diited 0= A9
3}t Table 191 A" ©<F ® 27X, MCE B3l
B2 HIEE 7RI 52 AT CO®l F= A 11.1%,
95.7%= YEPHTHTable 2 @3} ®@). ©]= CRDSE 3%
FZ CO, 5@ 599 ppmve} 1.4%)0l Hlal vf-$-
=2 otk "k MCE 3249 712 F €O, %
Hl&o] YGSIA] R UL 7ho 83l AfolHtl=
MC®] 7k~ AdeAdel o & FEke e Fo=E Helth

=, B A8 ZHoME N, BAKEAE F 28] vl
T CO, BAEAE oF 44)0] TPy} AgshA] ek A
o= AdEn. £ d7e= t2A, PP AEY MCE
AL83F Matsumoto et al.(2013)2] AdoHe =8 7= &
HeolY} NeRt} Ar, Kr, Xed}t 38 BAL =8 7[~7}
O 88402 FE2ES Hugh vl it} MCe] = %
Aeide A 9 I8 AR, S92 259 9% 183
72~ AdEe] Aol JEFS e 4 tH(Mansourizadeh
et al., 2022; Matsumoto et al., 2013). 53+ 72 20|
g #WBEgRle] Fx, 5, Ak} gujo] /dH|d

ol
pa)
o

Table 2. Average CO, concentration and 8'>C values of the gas extracted using the membrane contactor (MC). The time intervals are

shown in Fig. 2e and 2f

) Measured Calculated
Period No. 3 3 - 5 3
at Fig. 2 Co, 50C COxag 8" Ccozag) D 8" Cricos 3 Coic
(%) (%o) (%o) (%0) (%)
NOAA-12 Gas' 437+ 10 (ppmv) -13.7£1.6
CO2-MIX Gas 7,940 £ 29 (ppmv) -25.0+0.1
. 0.43 -14.8 -13.0
+ - + - -
(&) MC 488 £2 (ppmv) 154+22 %) (24.8°C) 0.6 5.7 (pH 5.75)
11.1 -26.1 -25.5
+ - + -
®) MC 599+ 3 (ppmv) 205+1.5 %) (25.4°C) 5.6 17.1 (pH 5.33)
0.05+0.00 (%) 0.42 -14.8 -13.0
- + R
© MC 472 +2 (ppmv) 1.8+ 14 (%) (23.2°C) 30 56 (pH 5.65)
1.40£0.01 (%) 95.7 -26.1 -26.1
- + . -
® MC 13,958 £ 137 (ppmv) 30301 (%) (24.5°C) 42 17.0 (pH 4.18)

Gas” represents the composition of the gas injected into the TBR (tedlar bag reactor), while MC" indicates the values analyzed after the
injected gas has dissolved and was extracted using the MC. D* refers to the difference between the measured and calculated values.
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Fig. 3. Relationship between the CO,, concentration measured
by the MC and the calculated CO,,q concentration.

w2} A5o] 22 4= dtk(Koh et al., 2011; Liu et al.,
2003). Liu et al.(2003)2] Aol A= WEHQ A A
Bujo] ZAgulo] mEbA] AREE WEHle 1=} V)
F710l wEbA CO%l Heids =9 o Avkar AgsiaL
Aot BE] MCE BH3ke =9 % I 7k =
ol == At 93 = Uh(Loose et al.,
2009). WeEpA] $45 AFollx= o]HSt MFES 115t
ARS AABR= Alo] uigAs)it.

$hi, MCE SA® CO, 55 &83l COygs 75
she WS AljtEITE 79U €O, 59 MCE F=
H CO, == ¢33 AT AT, MCE 53+ CO,
EEEL} COyyg T1ol= 23A7E AT}, COyqi= PHREEQC
£ B3l Table 29] ZUR%E, pH)S vIROE AR
o, ALFE COyeot MCE FEH CO, 3% 1H] &
Ae AFET F(C0syg=27.9-In(CO,) - 170.4; R>=
0.998)Z LERATHFig. 3). dlE £, MCE =¥ CO,
SE7F oF 2,000 ppmve W COypq) TEE 2%E T3
ok ol o] #AKS wle] S Aol 7kslaL 9l
o] BAIA fFoJde] Hal, COyg T8 3 N&F 22

2 8 71 % S| Ee3it) o] WS €O, A
FTA EUE Hgsled o B A8 7k 4R
Ao] atEnt

3.22. MCE F2% CO0, 5= 39 ez} ¥4

Fig. 2e9} £-12] CO, &% T Zol|A wkg- 27](1@)
o] CO, =7t ¢F 700 ppmv7IA] F7FATH T FrAsh=
Aol FFERAL, opf (] )E FAE © ARE
e CO, T=7F SHFhs HEo]l Yelth ol ¢
FaRlel] <3t @9} Mo AdFEI ] 7|1g Aoz
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Holtk @ AJHolME CRDSE Y%= FEES VI(Fig 1)
o] dAsh=s HgolA AFA EF (&= CO, F=: 3
~4%)P] FEZ 499 Aog AdHEd. @ ARME
APA7E TBR AN A =] A0 2 Ay &%
7128 A& sl A7 TBRY) mAst 25 2 ¢
3Pt JFS viFh © A9 F37} Fig. a9t bollA] A
A4 A 712 279 AT dRIske Aol ERlEn &=
3k Fig. 2b9] @ AlFAA pHZF =4 YEhd olf+=
3 Al3o] pH Ho[HE #Wdsly] Yol the= =3t Al
ol7] wiolct.

ShH, @ A1 o5 €O, F=2] e © A1 HIs|
AAge g3t FeEHHT. o3 A9 §13C A
M= wekslAl BEEL o2 59, NOAA-12 WHS
z719] §5C gre] v WA YeRg=t, o= pHe HY
=g Al BlE) MCZ FE% €O, 357t o =4 3
Hol| =3t Axtz Bt} Fig 2a9] @9} Fig. 2b9]
AR o]xell pHE &3 Hol| o]8 Ao AdE=
o MCE £33+ CO, T5E o|Rtt 8N =4 b9 @
Al e E=gaqitt. ol MC7t &9 U] 7kE
F=8 o A&7} 7] wEol™, Hales et al.(2004)2]
ATME COyF AME FEZoA g4 2HdslE o
HEgQle] COS &3] w8 HEHE RIS 2 &
AeS AFE vl Uk =, pHy} wEA) AslslE 373
N MCE F=5HE CO= pHY W3ldl Hls =7
(¢F 27/ ¥k R oF Azt

3.2.3. MCE 328 0,9 8"°C ¥4 23}

CO, 83) Wk H¥ol| =LA 7|4V COy &
E4 COypq2] 8°C 3 EREFYLS o|FA dr). & 4
9] pH Z00A 85789 B COypy/t TR0
3 Y HCO; 7F 908 4= UTH(Table 1). ©Jol] o} +
RS2 (1), 3)l tiEF s die] BHzkge on
(TK A &91e) 250 tigh 212 (2), @)= YE}
¥ 4= QI (Clark and Fritz, 1997).

COx= COnag) M
10> In0(€)conagrcone = -373/TK + 0.19 2)
COyp+ H,0 = H + HCO5™ 3)
10> In0(e)scos.cone = 9,552/TK — 24.1 )

71X o= T84 A (fractionation factor)®] L
82 BAEE FH9aH Zol= 10°nae]s) et vl
AT} 2EE st AR ¢ ¢S A8, COxel
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