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Determination of Total CO, and Total Alkalinity of Seawater Based
on Thermodynamic Carbonate Chemistry
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B AoA AEA Y XA E(Alk,)Y F0)AEIER(TCO,) B4 0] A e Fges delsly] e A
AP 3 AFaolM AxE olitsle s 752 (Batch 132; Alk,;=2229.24+0.39 umol/kg, TCO,=2032.65+0.45
pmol/kg)yS F-A 51T}, -4 A} Tz w9l Folakaleha o) et Hi= 27} 2354.09 pmol/kgd} 2089.60 pmol/kg
o7 AAE 5 g TLLE EE oF 5.6%, FoAFE A oF 2.3%2] xfolS HITH 71Ee] e E S
(Gran Titration)¥} 3 &3~ 34 WPH-S- ZFERRIEF(NaHCO;) 0340 g(Alk, 2023.33 pmol/kg) -&-lo] 2-galo] vl N3-S
sk A3, 71E0] W o R 549 TRARVER S Ho 428 E 5 2193.39 umol/kg(sd=57.15, n=7)°] 3L
£ A7 7 2017.02 pmol/kg(sd=10.98, n=7)2] YL T F FEF BUTE =8, 2558 el St
UEES A7) L2252 55 (recovery yieldys 5743 AEollA] Zgrol| st 782 tjokst 5% W3}
H91(0~4952.39 pmol/kg) ol B <k 100.8%(R?=0.999), d570l] that 7 ELe tlelsl 55 W3l 19 (0~2041.32
pmol/kg)Ulell Al B4 ©F 102.3%(R*=0.999)= LFEFSITE. 3ll8] o Absleka 4 (pCO,)& 57 3= Pro OceanusAte]
PSI-Pro™& ARE3to] SH o alslelA: 75t 2 A5 T8l S4% H,CO, 559 v A3E Al A9, oF 25
7ro] AN A S B8lo] S E o] AbElE A H9E- 427~705 patm?] WEE B3, B Ao 549
H,CO;"0] E 5+ 9.15~15.24 pmol/kg®] WMsHE HTH 749 2947 ALt H,CO," 552 AFAFR)E 0.977
2 Uepgith 2 A7 S 489 sl e AR BF 8l T SeE g Tolatsiekae] o wist 544
Y AH, F R shs dE olF TS YE ol HE ks A3E Bt Tolileeiael A4
T s AES UERlE ol AEEEAES] 3N 552 FFoE AzkE) d Aol AR
EEgke] Sele-28HE #LEul(Clarion-Clipperton Fracture Zone)ollA] TLZ 2| 9} Folikslebio] 794
3 Ay}, F5(0~60 m)Z #]Z(200~2000 m)ol A FLZ =] e s 22} 2422.38 pmol/kg(sd=78.73, n=20)2}
2465.87 umol/kg(sd=57.68, n=103)Z Z ¥ 31, B5 2 AZAF2] Folatstes H v+ 27F 213447 pmolkg
(sd=65.40, n=20)7} 2431.87 pmol/kg(sd=65.02, n=103)C.2 A H It} FLA) L9} Folalstelid] 7 Bx=
Flo] T7VE A3 st Tk AEE R dlom, S E T Ak B oA g Ve A
Avprc) oFgk =2 AES B

e 1x

o
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Abstract — To evaluate accuracy and precision of determination of total alkalinity (Alk;) and carbon dioxide (TCO,)
derived from present study, experiment was applied with CO, CRM (Batch 132, Scripps Institution of Oceanogra-
phy; Alk;=2229.244+0.39 pmol/kg, TCO,=2032.65+0.45 umol/kg). As the result, average concentration of Alk;
and TCO, was 2354.09 umol/kg (~5.6% difference with CO, CRM) and 2089.60 umol/kg (~2.3% difference with
CO, CRM), respectively. For previous method (Gran Titration) by addition NaHCO, to deionized water(Alk;
2023.33 pumol/kg), average concentration was 2193.39 umol/kg (sd=57.15, n=7). Whereas, average concentration was
2017.02 pmol/kg (sd=10.98, n=7) for the present study. Recovery yield experiments of total alkalinity in deionized
water and seawater were implemented by addition of NaHCO;. The recovery yield of deionized water in the range
0 to 4952.39 umol/kg was 100.8% (R?=0.999), and seawater in the range 0 to 2041.32 pmol’kg was 102.3% (R?=0.999).
Comparison of pCO, sensor (PSI CO,-Pro™) with present method showed very meaningful correlation coefficient
(R*=0.977) in the range of 427 to 705 patm and 9.16 to 15.24 pmol/kg throught elapsed time for two weeks. Field
experiment of diurnal variation of total carbon dioxide was accomplished at Sachon harbor in the coastal waters of
East Sea of Korea. Concentration of Alk; and TCO, was increased during night, and decreased during daylight
hours. The results showed mirror type between TCO, and dissolved oxygen, which was attributable to photosyn-
thesis and respiration of phytoplankton. Also, open ocean field study was performed to obtain vertical profile of
Alk; and TCO, in C-C zone (Clarion-Clipperton Fracture Zone), Northeastern Pacific. Average concentrations of
Alk; in the surface mixed layer (0~60 m) and deeper layer below 200 m were 2422.38 umol/kg (sd=78.73, n=20)
and 2465.87 umol/kg (sd=57.68, n=103), respectively. And average concentrations of TCO, were 2134.47 pmol/kg
(sd=65.4, n=20) and 2431.87 umol/kg (sd=65.02, n=103) in the same depth ranges such as Alk;. Vertical distribu-
tions of Alk; and TCO, concentrations tended to increase with depth, and analyzed concentrations showed slightly

higher than those of previous studies in this area.

Keywords: Total alkalinity(F%"22] =), Total carbon dioxide(F©]4Fs}gtAr), Carbonate chemistry(8H1+a 318t
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S o] % SR ARR-C] TR QIS th] T2 olhksheka
T A 571810 2F 400 ppmS: HoMTH(Bala[2013]; Monastersky
[2013]). B2 Ao & AR F7kehs th7] 9 olitkst
0] 2 QAR F skl 28-S ditk alleko® fjlw oitst
BRSPSt o} sljeke] sletx/dulE WA A3
AR A AESNA S AL, HT AER15ske]d
3] (Intergovernmental Panel on Climate Change, IPCC)lX] #IQt
H olaksleba 23] 9 A7 (Carbon Capture & Storage, CCS) 7|
=0 APow FHF oJitsteta FAo] TadAL ATt
(Riebesell[2000]; Riebesell et al.[2000]; Feely et al.[2004]; IPCC
[2005]; Paquay[2013]).

ol A ol ikelRkA AlE 738kl e &8k (H,CO,’, HCOy,
COME2 AAARI S0l E7Fs 7] wiell 54 7Fsgt 4719
Q4 (dissolved inorganic carbon, total alkalinity, fugacity, pH)& &
VN olde] AmE ARG S o] T skl Pl S
e e B Aeiabsel oa) spEo] gom, tEAow
9327 (Back Titration Method, Pauss et al.[1990]), 127
(Potentiometric Titration, Anderson and Robinson[1946]; Gran[1952]),
3 = 2 2 *H (Photometric Titration, Granéli and Anfilt[1977]; Yao
and Byrne[1998]) 5] It} ol&f st W& AU E7} 0.1~0.2%
AT H|w A 22 B2 AlZto] 225 whde] Qth(Grasshoff
et al.[1983)).

A Sl T s} Follsle A vlRE 'Y

)

sFelEEe F5E S5k flal Al 7B 2 e AA

2. M= & ek

100 mL9) sjs=A| B 02N HCI(Merck)S AH&3Fo 2k pH 3.5
B4 AEE A7) 3 7] pHE} ke pHO| 3k w3
g o] 2ol g3l FULE e} FolalelerAS nEdt ek
sFelE9] S eE ARtRtkFig. 1). AR ARG e Al
T 2 ArelA] SA o ® el IAAE ARSERl o Rt

100 mL sample
Measure pH

<~ Add 0.2N HCl

Measure pH
Calculation added [H*]

v

- Insert data (T, S, [H*])

[Alkr] [H*ladded = Aps/ 7 4y

Alkc([H*]? + Ky [H*] + K1 Kp) /(K [HY]? + 2K, K5)

[HCO3] TCO,/(1 + Ky /[H*] + K;K,/[H*]?)

N
>] [TCO,]
N
N

[HCO3] TCO,/([H*]/Ky + 1+ K, /[H*])

—>| [c03] TCO,/(H*12/(K:K,) + [H*]/K; + 1)

Fig. 1. Flowchart of the methods.



sll450] Follsekesl FUHelE

A} AN peo, Ast e 7)E
AARIO] £8507] ] o] el

¢] 5%+ Conductivity/Salinity meter(YSI-
30)¢} YSI 556 Multi-Probe system(YSI 556 MPS)S A28} th,
029 5 =X (pH)= pH meter(Orion 3-star pH benchtop
meter)2} pH % =-(Orion 8157BNUMD Ross Ultra Triode, range
0~14 pH, precision £0.01y& AH8-3F3IT BFEZ 24 AT YA
ok Aol AZ3 Batch1325 ARE-SFI T 3, SIGMA-
ALDRICH A}9] Z8HHPIE H(NaHCO;, Reagent Plus®>99.5%)S
S| 37t ARl ARgsle] FEES ARSIt olw] AREE
ZTe ALTNAE ARSSte] oakstek s AlASIH s

olakslgkA 912 Pro Oceanusile] PSI CO,-Pro™E AME310] &

N

Tolrksleiae] o Wik A A E SA] AR Hel| X5t
AR el 2012 5€ 119 18:00%E] 122 17:007F4] 1AI3F 71
Ao NGl om, Reeg ek Selel-SeuE ddiuiel 9
A5k ejuet @] gt sfjofold EE T =gl Fol
ArgleRAe] o) A S 20129 9€ 8UFH 21974 A
et TR g} Folsheaie] 54 F a9] R (131°W
AAF 129N, 14°N, 16°N 18] 165°N)°1A1 AT FT- el
3 Agdea= 22 HE] A& (Rosette Multl-sampler)oﬂ ‘/]
271 A712} CTD system(Sea-Bird 911 Plus)y= F-251] A&

AT, A1 A2 S 59| L A 37 9
o uh AV AR §A Bt

3. 41 & E9|

3.1 i~ ERIA Sislof CHEE O|2% &
§579] Zoazhe] S(Alk)E 2] (13 7Fo] 4 2] = v (Dickson

[1981]), 2 (2)el 23l AR
[Alk;] = [HCO;] +2[CO;*] + [B(OH), ]+ [OH] - [H'] ey
[Alky] = H" Juggea- Ape/ Ve 2

(Ay,: 1070l activity coefficient)

2 20X AFR FFE AlFG)s 2 A7E T SRR
T BARES AEEI on, 11 BA1AE o Pt (modified
from Davies[1962]).

logyy. = 0z, (I"/(141°°) - 0l) 3

(¢ =1.824-10° (eK)"?, z,,= charge of H")

(I: ionic strength, K: Kelvin temperature, €: dielectric constant,

¢ and o: experimental constant)

o

f1g Bhle] s}t ol Ul

_llN'
o2,
;%
w

91 2ol AL o] 2A7] A& ThEe] A& A8t

1=0.019924-S + 0.5(Cy;,) - Vi, /Vy) 4)
(S: salinity, C,y,: concentration of added HCl, V,: Volume of added
HCI, V¢ Volume of sample)

5\’:6;]_—’ E]-}\]—Oﬂ OI—?]—ﬂE(AlkC)L: Al (5)94_ 7]—0] _JjJ_ [ﬂ ]§ )
(P Sl 2] (0t Be Fez e BUES 7

Sick. ol Ao ek BAHA(BOH),)S) FE 4 (D~(11)e] 2
3l el
Alke=[HCO; ] +2[CO;"] ®)
Alk.= Alk;- [B(OH); ] - [OH] + [H'] (6)
[B(OH);] = [B(OH); ] + [H'] ™
K= [B(OH); ][H}/[B(OH),] ®
=[B(OH),] + [B(OH); ] ©)
B,=1.18107S (10)
[B(OH); 1 = KgB /(K + [H']) (11
A, Fl520] Eo| e (TCO,)S FEi= thae] 2 (12)¢)

(13)0= gog = gl

TCO,=[H,CO}] + [HCO; ] + [CO: ]
TCO,= Alk. + [H,CO’] - [CO ]

(12)
(13)

2 (1311 B ERH(H,CO, ), A (COP e 555 T3] 9
3 gharad o) 13}, 23 dllg)ale o4t

[H,CO; ] <> [HCO; ]+ [H'] (14)
[HCO; ] «>[CO,™] +[H] (15)
Kl = [HCO; J[H')/[H,CO; ] (16)

,=[CO;" J[H')/[HCO; ] 17
[H2C03] TCO,/(1+K/[H+K,Ky/[H) (18)
[HCO; ] = TCO/[H' VK, +1+K,/[H]) (19)
[CO;>] = TCO/(H' /K, Ko)+HH /K, +1) (20)

slel 39E ol K8 4 (18120 WA shekEEe) wEs
Folkaten 1 Aole] WA= 4 (13 tgIsle] Folit

Sfekh FE WANS FES 5 9k
TCO,= Alk. ([H'FHK [H KKV HF2KK) @)
919 42 Askod Bos P vheel 42 Abgaklnt

(Almgren et al[1975]).

pKy=1026/K +5.527 - 1.58:10°S + 1.6:107S? (22)
pK, = 842/K +3.272 - 1.01-10%S + 108? 23)
K,=1373/K + 4.854 - 1.935-102S + 1.35:107? (24)

3.2 £20[2MHH2| 2SE A ()
o]0 BT AFE BEE F Qe B B @
(Stumm and Morgan[1995]). 3FA|4F s8] o] A7) 2= &5
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Fig. 2. Comparison of activity coefficient of hydrogen ion between
previous studies (Strickland and Parsons, extended Debye-Hiickel)
and present study.

S AT B2 3] ofge Aol & ATelxE olHE &
I 7] $18to] SR o= ?OHXJ TARE AFE3IG o,
o] A L] AEE FRlsl] flall 54 Helx] Faolee] &
5 AlI5-E A $E Strickland and Palsons«] Zr(Maita et al.[1984])3}
H|wEkIcHFig. 2). 1 AR} 1 Arellr] &S A1 7} Stirckland
and Parsons®] #k AFC]2] FAFE= 99.8%F R ITE 7] ok &
A Ato]] Al5= ARSESIE Extended Debye-Hiickel 213} Strickland
and Parsons®] At 97.8%2] FAMS Kol & Aol =54 +
20| 8] s Al TAR0] FH 2 APIS Hole 7/4\% <
QI3FAT}. Extended Debye-Hiickel 212] 749~ G ¥is}ol| mp& &=
/\O]gﬂ %E‘: AlE ARKsR=H] $HAI7F Q171 wizel] &2 Aol
A EEE WARE ARSHE Bt Agket e W Folakst
0] F5 ARle] 7bsE Zow Azt

3.3 CO, Certified Reference Material(CRM) S

B AHS AR AT S A Aol A B5E
A Batch 1322 248190, ATF A ok Aol #1838 CO,
CRMS| FUZe =g} Folilsletad] o= 247} 2229.24+0.39
pmol/kg?} 2032.65+0.45 pmol/kge|th. 2 A S B3l S
TR oo} Fo| Atk Ae] et F s 212 2354.09 pmol/kg
7} 2089.60 pmol/kg®] A¥} FhS Ho AT F A dfof AF-40llA

AAe gkt 2 Ao R SR IR Gk 5.6%, olits)
B 23%2] 210]5 HIUH(Table 1).

3.4 Gran Titration Lol H|w
£ A3 %5 (deionized water) 2 Lol ZRHIER (NaHCO;)

0.340 g& U7PO]'01 Azt A&=ol| Gran Titration?} & A1

Table 1. Results of CO, CRM (Batch 132; Total alkalinity=2229.24+
0.39 umol/kg, Total carbon dioxide=2032.65+0.45 umol/kg)

NO Alky (umol/kg) TCO, (umol/kg)

1 2346.70 2073.11

2 2369.00 2101.62

3 2354.53 2088.64

4 2344.49 2082.70

5 2350.22 2086.67

6 2357.35 2090.93

7 2362.17 2100.88

8 2357.30 2092.88

9 2335.60 2079.72

10 2363.51 2098.87
Average 2354.09+10.01 2089.60+9.41
Error (%) 124.85 (5.6%) 56.95 (2.3%)

Table 2. Comparison between Gran Titration and present study

Total alkalinity (umol/kg)

NO. —

Gran Titration Present study

1 2202.48 2008.61

2 2242.00 1999.58

3 2219.70 2013.07

4 2069.40 2028.71

5 2187.88 2028.74

6 2219.32 2015.85

7 2212.96 2024.57
Average 2193.39+£57.15 2017.02+10.98

S 717} 78] Higslo] Sl FUA 0] F 5 Bl wsSIt(Table 2).
=799 U = 2069.40~2242.00 pmol/kg
O] W9 HIE 219339 pmolkg (sd=57.15yS HQ 1, ¥ A7HPHS
Eall S FAYEE 1999.53~2028.74 umol/kgsq W=
ERdlom, I3t 2017.02 pmol/kg(sd=10.98)S BTH FERRIERS
718t Z4earo] o] 22 AT 515 (2023.33 pmol/kg)2} vl
WS u] Gran Titration 165.30 pumol/kg, = 742 6.31 umol/
kg®] Zfo]E 2] Gran Titration®]] 5410k A3 AvbE Wl BEsh,
718 SHHES 171 AFs A7 A7 2 eskar S A
2050 IAIZE A5} 2 QE=] H|Ele] B A AhE o
Z A7) pH meter®} A=-8 AM310] 535 o] 2] 22 ATl &
o] 7Fsd o] itk

3.5 e AUt AY

£ AL 55 (recovery yield)s T3] 8l 25579} 8l
Foll TRMERS F7lslo] 2 s MR 331% S48t A
ol H7hd FERRhERS g3)Eo] H,CO;’, HCO; 78|31 CO,>
O AFHE o] FA =il ole] wet FdAE =S} EOWE}EP
29 F HekE kA ()2 (12). 2550l Z217] ohE 5
257.62 Z18) 31 4952.39 pmol/kg)?] SEMRIEFS H7)s1o] *e"ﬁ
st A3}, AL £} FolAkstekA 5 =5 Fig. 37} Table 301 1+
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6000 1 6000 1
(A) (€2))
& 5000 1 4 5000 1
= i
g 4000 1 = 4000 {
& g
2 3000 { X 3000 1
2 S
% 2000 1 v = 1.045x + 0.1263 S 2000 |
R2 = 0.999 O y= 0.9314x + 108.25
1000 - & 1000 R? =1.000
0 r r . 0
0 2000 4000 6000 0 2000 4000 6000
added NaHCOj; (£ mol/kg) added NaHCO; (¢ mol/kg)
5000 ©) 5000 1 (D)
® 4500 %o 4500
3 4000 g 4000 1
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2 3500 ~ 3500 1
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Z 3000 y = 1.0672x + 2.3498 2 3000 4
R2 = 0.999 y= 10378X + 21528
2500 2500 1 R? =0.9985
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Fig. 3. Result of NaHCO, addition experiment of deionized water and seawater. (A) Total alkalinity of deionized water. (B) Total carbon dioxide of
deionized water. (C) Total alkalinity of seawater. (D) Total carbon dioxide of seawater.

Table 3. Result of NaHCO, addition experiment of deionized water and seawater

added NaHCO; (umol/kg) Alk; (umol/kg) TCO, (umol/kg)
T 0.00 25.172 27413 26.554 99.010 105.095 100.258
d"if;’t‘ezr"d 2547.62 2585.999  2579.263 2582.159 2452.783 2447.250 2451.330
4952.39 5042.466  5039.893 5050.133 4757.680 4755252 4763.137
0.00 2382567 2379717  2376.854 2183511 2183.518 2180.891
510.33 2886.295  2883.929  2844.708 2673.193 2671244  2634.916
sea water 1020.66 3385408  3358.040  3389.750 3160.525 3134.144 3162.622
1530.99 3929.405 3946.523 3956.370 3690.231 3708.175 3708.953
2041.32 4531.676  4492.187 4510378 4271.763 4237.785 4258.564
ERct vkl 2ok, 25 ist 37 A3 A, A A A wAlA B ono ] B53 FEES 100%S o 23ksh= giel),
o Bl Foluskas BE 71871k o] sk A4 ol Aol WA ¢ Gl QAHS 1] BY o B
A R?) B35 0.999¢) 1.000% LFER} w9 sty Fekst A8 T Moosbrugger ef al.[1993]).

A= W)
l5roll Z17) TRE (0, 510.33, 1020.66, 1530.99 18] 31 2041.32 3.6 pCO, =X ZH|ofe| H|m
pmolkg)?] FEXRRIER-S 37150 A3sh Aa) AA] Zmrollx e} B odtofl AREE pCO, AA (PSI CO,-Pro™)= #ou} 2184
PR S o) Folakslekae] 3|72 Aol 71E717F oA moorings: 13l AR 71712 AQ)AE o] 88l FEE I
Lol Z7dskar ARATR?) ¢A] 09995 Hol 2 Aol sie] 9 sfire] ojalsheia ks S7 gt pCo, AlM S47k 2 A
Aol = Agustar g 285 e FAT 5 AATKFig. 3, THHES vlwsh] S5t A3 Q1A el A slgE B
Table 3). TZE AP AA5) oF 2527t AAASHE A5l A8 77t
9 FTE ol 4] 25)F B FEES AR Ay 25 59 pCO, M E B8 FHE olakelekh #94(427~705 patm)2t
o} 3] Bt FEES 27 100.840.7%9)F 102.3£3.8%2] dke 2 A7 B3l 7% H,C0,™Y] 55(9.16~15.24 pmol/kg)oke] 7
=3, A Fig. 49} 2k 319144 Aol UeRd vl 3], yaduo]
- O

. I
FEE (%) = &A% - Blankgh) / ©1 23k - 100 (25) e o AMTAZ KT}
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Fig. 4. Comparison between pCO, sensor and present study.

8.06 16.0
(A)
8.04 15.5
8.02 150 ©
z
8.00 145 &
- } 2
9. ©
a 798 g ;%} 14.0 g
796 { ®o¥. I"!i_, 135 E
.q i..i &
7.94 o 13.0
5O
7.92 12.5
7.90 12.0
18:00  22:00  2:00 6:00  10:00  14:00  18:00
Time
2600 5.8
(B)
] Q Py 5.6
= 2500 ¢ S 4 a E i"*i--x..l.;
o o O 5.4
& © ;{ 3
S 2400 &, & 52 o
S 5.0 g
2 2300 18 A
3 b ’
X 4.6
& 2200
< 4.4
2100 4.2
18:00  22:00  2:00 6:00  10:00  14:00  18:00
Time

Fig. 5. (A) Diurnal variation of pH and temperature in Sachon harbor,
Gangneung in Korea (close circle: pH, open circle: temperature). (B)
Comparison plot between total alkalinity (and total CO,) and dissolved
oxygen in Sachon harbor, Gangneung in Korea (close triangle: total
alkalinity, close circle: total carbon dioxide, open circle: dissolved oxygen).

3.7 S0[AMSIEM US| =X

A Aol 2830 Bl ARIE 729 alellA] 244]
HEet miAE Folatksletao] ARStE AT ATe] oS
pHT #H 4 7.938¢14 Htf 8.026 Atol 2] WigtE Hl=H], A=
(19:24) o] Folli= TAaakal dE(05:17) o Foll= 57 ek d3=
UePATHFig. 5A). T4 =(2341.07~2530.02 pmol/kg)2} Fo)
AFaPebA(2216.37~2387.62 pmol/kg)?] T pHeR= HHHE U&=
olfoll= Ttk dE 01? = AHashe A Belth(Fig. SB).
HAE Tl S8 AR Tosle A s

O o=

o_] 1;]_|

84

—Z
= ke

H] o
(Fig. 5B), ©l:= 2%
F o Waurts[2002]; O

A7} A2 mirror typed] S H=H
FAE0] F e S5l &gt Aow A
r et al[2005]).

A<l
AERF

3Z,
=

L

3.8 SSEIEYS —’é?—

25t g7l 1—1%0}0% —75 el
skl 4
= ARE ;,310}0% T4 60 m U9 EZFE &S (surface mixed
layer)?} 200 m ©]3}2] AS(deep layer) .2 F--510] 2|83t
54 A7E 2R(Fig. 6), B350 T4 T H=> 242238
pmol/kg(sd=78.73, n=20)2.% S =1, U2 TLLHEE ¥
T+ 2465.87 umol/kg(sd=57.68, n=103)°2 Z7J=| A}, Feely et al.
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