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I. Introduction 

During this extensive series of equilibrations on a single 

sample of seawater, occupying virtually the entire month of March, 

1977, precisions of approximat~~y one part per thousand in PCO were 
2 

consistently obtain~d for the first time in the history of the SIO 

co2 Project's investigations. This report presents the data of the 

experiment in detail and discusses experimental procedures and 

methods of calculation of the results. 

II. Experimental Procedures 

The basic procedures and apparatus used were the same as those 

used in the series of equilibrations on pure water-sodium bicarbonate 

mixtures reported in Keeling and Guenther [1977]. The equilibration 

vessel, as depicted in the aforementioned paper, consists of two one-

liter pyrex flasks joined together by an 8 mm Westef 0-ring stopcock. 

An identical stopcock closes off the upper, or gas bulb and a 14 rom 

s tandard taper joint allows the apparatus to be a ttached to the extrac-

tion vacuum line. An arm on the gas bulb can be f rozen in liquid 

nitrogen to transfer co2 into the apparatus. The bottom or solution 

bulb contains an egg-shaped magnetic stirring bar. The apparatus was 

volume ca librated on 4 - 8 November, 1976 by we i ghing wa ter. The tota l 

volume of the apparatus is 2188.73 cc and the gas bulb volume is 

1101.26 cc. 

The extrac t ion vacuum line , a lso as depi c ted i n Keeling and 

Guenthe r [1977], i s a modifica tion of the Wong [1970] extraction line . 
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The co2 is frozen in liquid nitrogen under slow pumping and then 

separated from residual water vapor by repeated dry ice sublimations 

before transfer into a sample tube. The extract is then brought 

to the manometer vacuum line and transferred into the appropriate 

manometric chamber for measurement. For details of the manometric 

measurement procedure see Guenther and Keeling [1976). 

A. The Seawater 

The experiment was performed on North Atlantic surface sea-

water from a single ampoule of I.A.P.S.O. standard seawater pre-

pared by the Institute of Oceanographic Sciences, Wormley, Godalming, 

Surrey, England. The ampoule is from batch P70, 18/9/1975, with 

a specified chlorinity of 19.375°/oo• The collection, preparation and 

standardization of this seawater is described by Wilson [1975). 

The collected seawater is brought to a nominal salinity of 35°/oo 

by dilution with distilled water. Representative ampoules from 

the batch are then standardized by silver nitrate titration: thus 

the specified chlorinity. Using the standard relationship cited by 

Wilson [1975), 

the salinity of batch P70 comes out to be 35.002°/ 00 

(1) 

The seawater was transferred frotn the ampoule into the equilibrator 

solution bulb carefully so as to minimize loss or gain of co2 from the 

room, although this was not strictly necessary as will be seen. The 

solution bulb was first flushed with co2-free nitrogen gas for about one 

• 
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hour. The ampoule was then broken at both ends and the seawater 

allowed to flow by gravity through a glass tube into the bottom of 

the solution bulb. Hot all of the seawater in the ampoule was trans-

ferred as the upper layer may have exchanged with the room air. The 

solution bulb was then sealed onto the gas bulb apparatus with 

Apiezen black wax while flushing the connection with nitrogen. 

The amount of seawater was determined by weighing the apparatus 

first empty (containing air) and then with seawater (containing 

nitrogen and air). The uncorrected weight found was 238.080 g. 

This was corrected for buoyancy to 238.321 g using the densities 

of air, seawater and balance weights. 

Just before sealing the solution bulb the seawater was poisoned 

with about .0009 g mercuric chloride, or about 4 mg/liter. According 

to R. Weiss [nrivate communication) an amount of one mg mercuric 

chloride per liter of seawater is adequate. This amount of HgC12 does 

not affect the salinity significantly. 

Fine, Wang and Millero [1974) cite the following expression 

for the density of seawater as a function of temperature and salinity: 

~ + HT aO + CT oO 
2 

aT 

00 -9.344586324 X 10-2 + 0.8148765775 

. - -4.8249614 X 10-452 
+ 6.76786136 X l0-6s3 

AT (4.53168t ~ 0.545939t
2 

- 1.98248 X 10-3t 3 
(2) 

~ 

-1.438 X 10-7 t 4) (t + 67.26)-l 

BT 1- 4.7867 X 10-3t + 9.8185 X 10-5t 2 

- 1.0843 X 10-6
t
3 

cT = 1.803 x l0-5t- 8.164 x l0- 7t 2 + 1.667 x 1o-8t 3 
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where tis in °C and S in °/oo• The specific density o is related to 

the density p by o = (p - 1) 1000. 

Using equations (2) tha density of the seawater at 20.00°C 

is calculated to be 1.02478 kg/liter. 

Lyman and Fleming [1940] give relationships used to calculate 

molal quantities fo r seawater. The ionic strength as a function 

of chlorinity is given by : 

~ = .00147 + .03592(1°/oo + .000068(Cl 0
/ 00 )

2 

The seawater of this experiment has a molal ionic strength of 0.7229 

moles/kg water using the above relation. The weight of total salt 

per kilogram of seawater as a function of chlorinity is given by: 

E = 0.073 + 1.8110Cl 0
/ 00 

The weight of pure water substance per liter of seawater is obtained 

from (4) as: 

gH20/liter SW(t 0 c) = (1000- EClo/
00

) • PtoC 

A liter of the seawater of this experiment (chlorinity of 19.375°/oo 

and temperature of 20.00°C) is found tQ contain 988.75 grams of pure 

water substance. 

B. Degassing the Seawater 

Immediately after being weighed, the equilibration vessel 

containing the seawater sample was attached to the extraction line, 

and the gas bulb was pumped to a vacuum of one millitorr or less 

with the stopcock connecting the bulbs closed. The solution bulb 

containing the seawater was then frozen in a dry ice slush. Complete 

freezing required about for t y- f i ve minutes. The gas in the solution 

(3 ) 

(4) 

(5) 

• 

.. 
• 
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bulb was then vacuum extracted in t he usual way through a dry ice 

trap f or water and through a liquid nitrogen trap for co
2

• When 

the solution bulb had been pumped to a vacuum near one millitorr, 

the connecting stopcock was again closed and the solution bulb thawed. 

The initial phase of this thawing must be done quickly in a bath of 

warm water to melt the outside layer of ice or the ice may expand 

and crack the vessel. After the seawater was completely thawed it 

was stirred briefly and then refrozeu. When it was completely 

refrozen, the amount of gas remaining could be tested by opening the 

equilibrator to a portion of the vacuum line containing a vacuum 

gauge. These pressures were as follows: Extraction One, near 

a tmospheric (not measured); Extraction Two, 0.8 mnt Hg; Extraction 

Three, 60 millitorr. It wa s apparent throughout the remainder of the 

experiment that very little noncondensible gas r emained in the system 

after this treatment. 

The co
2 

trapped during the degassing procedure was transf erred 

back into the equilibra tor without measurement. I t wa s f ound tha t 

no discernible water had been trapped during the degassing procedure, 

probably because the seawater was complete ly f rozen before ex traction. 

The procedure could be expedited by not f r eezing so complete ly and then 

t ransferring a ny wa t er lost (a nd trapped ) back i nto the equi l i brator . 

Addition ££ co2 Gas 

The amount of co
2 

in the seawater equi l i brat i on sys t em was inc r eased 

by adding an a liquot of co
2 

gas at the beginning of the experiment , 
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prior to the first equilibration. The amount added was sufficient 

to boost the initial pre-equil ibration PCO to greater than 16000 
2 

micro-atmospheres. 

An accurate determination of the co
2 

to be added was made by 

running an assay on a weighed quantity of sodium carbonate. The salt 

was Baker Ultrex anhydrous Na
2
co

3 
that had been heated to 270°C in 

September 1976 and since stored in a dessicater above Mg(Cl0
4

)
2

• A 

weight of 0.144355 g of this salt was transferred into the extraction 

vessel attached to the extraction vacuum line. After the vessel was 

evacuated the salt was acidified with 0.4H H
3

Po
4 

and the co
2 

gas 

extracted and then measured manometrically in the usual way. A 

quantity of 1.3618 x 10-3 moles of co
2 

was found, corresponding to 

an assay of 99.98
8

% of the Na
2
co

3
• 

The assay co
2 

was then transferred by sublimation into the gas 

bulb of the equilibration assembly before beginning the first 

equilibration of the experiment. 

D. Running the Equilibrations 

An equilibration was begun by opening the connecting stopcock 

between the bulbs, immersing the assembly in the constant temperature 

water bath and starting the (air-driven) magnetic stirrer to power 

the stirring bar in the solution bulb. 

For the first three equilibrations (Equil. No. 3.0, 3.1 and 3.2) 

the solution bulb was momentarily cooled in dry ice to condense water 

vapor before opening the connecting stopcock so that seawater or 

.. 

, 
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condensed water in the stopcock region would not spurt into the 

evacuated gas bulb. This possibly complicating step was removed from 

the procedure beginning with Equil. No. 3.3. At the same time the 

procedure was also changed so that the water removed from the system 

during extraction was transferred back into the gas bulb, thus mostly 

equalizing the pressure differential. 

The constant temperature water bath was regulated to 20.00 ± .Ol°C. 

Water cooled to about 19.5°C was flowed through a copper coil immersed 

in the bath for cooling purposes. Regulation was accomplished by 

controlling the power to a low-wattage (25W) immersed light bulb with a 

differential microset mercury thermoregulator having a sensitivity 

better than ± O.Ol°C. 

Temperature was measured with a Beckmann thermometer calibrated 

by Walt Bryan at S.I.O. in February, 1974. On 17 March 77 five other 

high precision thermometers were tested versus the Beckmann and found 

to agree very well indeed (within a few hundredths degree in the 

worst case). The recorded temperature was that recorded just bef ore 

ending the equilibration. It differs from 20.00°C only for Equil. 

No. 3.9 (20.01°C) 

The stirring rate could be regulated between a very slow rate and 

a very fast rate where much cavitation and disturbance of the surface 

took place. In fact until Equil. No. 3.8 a quite fast stirring rate 

had been used throughout the equilibration studies. This speed 

was such that the stir~ing bar at the bottom of the solution was 
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exposed to the gas phase: a whirlpool-like funnel was formed in 

the center of the solution. Concern with possible supersaturation 

effects led to slowing the stirring rate down severely beginning 

with Equil. No. 3.8. The rate was on the order of only 1-2 complete 

revolutions of the stirring bar per second. Due to off center 

alignment of the st_:_rrer, a slightly a symmetric "sloshing" was 

usually present as well. In any case the seawater was kept moving to 

eliminate diffusion effects within the solution while keeping the 

gas/liquid interface essentially flat. This slow rate was continued 

throughout the rest of the experiment apparently resulting in the 

great improvement in the precision ·of repetitive runs from Equil. No. 

3.8 onward. 

On repetitive equilibrations, where both the water (after Equil. No. 

3.2) and the co
2 

was transferred back into the gas bulb for a rerun, an 

equilibration time of about fifteen hours (overnight) was considered 

(and shown to be) more than enough. In cases beginning farther from 

equilibrium, especially after the initiation of slow stirring, a time 

of forty hours (over two nights) was deemed necessary. 

The equilibrations were ended by closing the connecting stop

cock, stopping the magnetic stirrer and removing the assembly from 

the bath. 

E. Extraction and Measurement 

The equilibration assembly was attached to the extraction line 

using Apiezon grease, and the line was evacuated up to the gas bulb stop

cock for about one hour before beginning the extraction. During the 

.. 

, 
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vacuum extraction the water was frozen out of the gas stream in a 

thimble trap cooled to dry ice temperature, and then the co2 was 

frozen out in a spherical trap cooled to liquid nitrogen temperature. 

The trapped co
2 

was separated f rom residual water vapor by two dry 

ice sublimations on the extraction line during transfer of the sample 

to a sample tube and then by three more dry ice sublimations during 

transfer from the sample tube into the small manometer sample column. 

After the extractions of Equil. No. 3.0 and 3.1 the water remaining 

in the extraction line was transferred to a pre-weighed, evacuated 

sample tube and then weighed and discarded. This amount was 0.023 

grams in both cases. After Equil. No. 3.2 and subsequent equilibra-

tions, however, the water in the line was transferred back into the 

gas bulb. Thus, the amount and salinity of the seawater remains 

constant after Equil. No. 3.2. The value of the salinity was not 

adjusted for the small loss of water after Equil. No. 3.0 and 3.1, 

about one part in five thousand. This correction would have a neg-

ligible effect on the various salinity dependent parameters. For 

example, the effect of a 1/5000 increase in Cl0 /oo on K
1 

is only 

1/10000. 

The sizes of the extracted gas bulb samples varied over a considerable 

-4 -5 range, from about 7 x 10 moles to about 2 x 10 moles, requiring the use 

of three different chambers of the small manometer, the nominally 64cc, 

16cc and 4cc chambers. The volume of the 4cc chamber had been calibrated 

directly (see Guenther [1976]). The volumes of the other two chambers 

were adjusted from preliminary volume ratio values by the results of 
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the extensive set of Na
2
co

3 
assays performed in the work reported by 

Keeling and Guenther (1977]. 

In all cases two separate manometric measurements were made for 

each co2 extraction. The sample was then transferred into a sample 

tube to be either stored or transferred back into the equilibrator 

gas bulb. The extraction from Equil. No. 3.0, after measurement in 

the manometer, was inadvertantly contaminated with room air, while fro-

zen in liquid nitrogen and before transfer back into the equilibrator . 

The contamination was only brief but it is not possible to predict 

exactly how much co
2 

from the room may have frozen in the tube. 

Assuming as an upper limit a pressure of 1000 ppm co
2 

in the room 

air, and given a volume of 65 cc for the sample tube, an estimate of 

-6 
2.7 x 10 moles of contamination is deduced. This is about 0.4% of 

the size of the extraction after Equil. No. 3.0 and about 0.2% of the 

amount of co 2 added at the beginning of the experiment. The non

condensable gas from the contamination was pumped away. As it turned 

out, the method of calculating "backward" which is applied to the 

experiment makes this contamination inconsequential. Also the first 

six runs or so are suspect because of the fast stirring effects, as 

can be noted in the fact that less co
2 

was found in the Equil. No. 3.1 

extraction after the contamination of the system with room co
2

• 

F. Total co
2 

Determination 

After the final Equil. No. 3.17, the total inorganic carbon re-

maining in the system was determined by acidifying the seawater, 

extracting the co 2 evolved and measuring the amount of co
2 

in the 

manometer in the usual way. 

• 
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III. 

A solution of approximately 0.4M H
3
Po

4 
was prepared on 17 

September 1976 by adding 42 cc of ~ & ! reagent grade 86% H
3
Po

4 
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to about 1 3/4 liters commercial distilled water in a two-liter flask. 

The solution was boiled vigorously for about two hours, after 

which time there was very little or no gas apparently remaining. 

An assembly with a 4 rom 0-ring stopcock was then blackwaxed to the 

flask and the stopcock closed after steam hau passed through the 

assembly for several minutes. The 0.4M H
3

Po
4 

solution was thus made 

gas free. That very little gas was in the H
3
Po

4 
solution at the 

time of the experiment was evidenced by the "hammering" of the acid 

solution in its flask and by the absence of detectable non-condensable 

gas during the total co
2 

extraction. 

About 100 cc of the H
3
Po

4 
solution was transferred under vacuum 

conditions, first into a pipette and then into the previously evacuated 

gas bulb of the equilibrator assembly. The acid was then flowed into 

the solution bulb where it was mixed well with the seawater. The 

evolved co
2 

gas, extracted in the usual way, was separated from water 

vapor, and then was measured in the manometer. The acidity of the 

remaining solution was checked with pH paper immediately upon dis

assembling the apparatus and was found to be less than pH 4, indicating 

that a sufficient excess of acid was present to convert all the dis

solved inorganic carbon to co 2 gas. 

Calculations and Results 

A. Table 1. Equilibration Experimental Data 

The basic experimental conditions for the eighteen equilibrations 
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are sunnnarized in Table 1. The weight of the seawater remains constant 

from Equil. No. 3.2 on, reflecting the change in procedure whereby 

the water removed from the gas bulb during extraction was transferred 

back into the gas bulb rather than into a sample tube for weighing. 

The time of equilibration is entered to the nearest hour. The 

remark co
2 

OUT means that the co2 extracted from the gas bulb 

after an equilibration was removed from the system, i.e. not 

transferred back into the gas bulb for the next equilibration~ An 

equilibration immediately following one noted with a co
2 

OUT thus 

began with no co2 in the gas bulb. Also in the remarks column 

is noted the change in stirring rate from fast to slow and the 

change in which the procedure of co.oling the solution bulb prior to 

opening the connecting cock to begin an equilibration is discontinued. 

B. Table 2. Manometric Experimental Data 

The original experimental data for the measurements made on 

the precision constant volume manometer are presented in Table 2. 

In two cases, Equil. No. 3.4 and Equil No. 3.10, measurements on a 

single sample were made in two adjacent manometric chambers in order 

to check the volume ratios. In both cases the measurement in the 

smaller chamber is used to calculate the value for that equilibration. 

The meniscus corrections listed were determined on 27 September 1976. 

Of the listed chamber volumes, the nominally 4 cc was determined in 

1974 (Guenther [1976]) with reference to calibrated plenums, and the 

nominally 16 cc and 64 cc chambers were determined in 1976 by a best 

fit of the 1976 ~rk on Ultrex Na
2
co

3 
assays. 

, 
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The number of moles of co2 is calculated from the experimental 

data and the volume of the manometric chamber using the virial 

equation of state, as detailed in Manometer Report IV (Guenther [1976]). 

An estimate of the precision of the manometric measurements 

can be made by calculating the relative error of a single measurement 

in the set of paired measurements; 

where 

·(~ ~)~ im/ 'n --N - N 
a f 

a 
is the overall average relative sigma. 

n 

d is the deviation of an individual measurement from the 

mean of a pair of measurements 

n is the mean of a pair of measurements 

N is the total number of measurements a 

Nf is the total number of pairs, or samples 

For all 22 pairs of measurements listed in Table 2 the (o/n) is 

-4 calculated to be 2.1 x 10 or about one part in five thousand. 

C. Table 3. Calculation of Reo and .!co 
2 2 

The partial pressure of co2 gas in the system in atmospheres is 

calculated from the number of moles in the gas bulb, determined in 

the manometer, using the virial equation of state, 

(6) 
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(7) 

where 

Pco partial pressure of co
2

, in atmospheres 
2 

nGB number of moles of co2 found in gas bulb 

VGB = vclume of gas bulb (1101. 26 cc) 

R gas constant, 82.056 atm cm
3
rK mole 

T = temperature, 293.16°K 

3 2nd virial coefficient, taken to be -127.98 CT•l /mole 

at 20°C (Sengers, et al. [1971]) 

The partial pressures in the experiment were low enough that the 

difference between the above calculation and a perfect gas calculation 

is only one part in fifteen thousand for the highest pressure, that 

in Equil. No. 3.0. A small additional departure resulting from the 

presence of water vapor is neglected. 

The concentration of total inorganic carbon in seawater, T is co
2 

calculated by a stepwise procedure with the intermediate steps tabulated 

in Table 3. 

Dividing the weight of seawater by the density yields the volume 

of seawater, 232.51 ml, which is then subtracted from the total volume 

of the equilibrator assembly to obta in the volume of the gas phase, 

1956.22 cc. The number of moles of co2 in the gas phase, nGP' is 

obtained from the number of moles in the gas bulb assuming gas pro-

portionality, i.e.: 
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n~ 
(8) 

The total moles of inorganic carbon in the system is obtained 

directly from the total carbon determined at the end of the experiment 

and the individual nGB's. When an aliquot of co
2 

gas was removed from 

the system (Co2 OUT) as in Equil. No. 3.17, the nGB is added to the 

total carbon to determine the total carbon for that equilibration. Thus 

the entire series of equilibrations is calculated from the end back 

to the beginning, adding the co2 OUT in each case to obtain a new 

value for the total number of moles of carbon in the system. 

The number of moles of carbon in the seawater is then obtained 

by subtracting the number of moles in the gas phase from the total 

number of moles. Teo in mmol/kg Sw is obtained by dividing the 
2 

millimoles of carbon in the seawater by the weight of seawater, 

.238275 kg. This weight is used for all the equilibrations, even 

Equil. No. 3.0 and Equil. No. 3.1, where it is one part in four 

thousand in error. 

The molar Teo , in mmol/liter of seawater at 20°C is obtained by 
2 

multiplying the gravimetric concentration by the density. The molal 

Teo in mmol/kg of water is obtained by dividing the molar Teo by the 
2 2 

weight, in kilograms, of pure water substance in a liter of seawater 

at 20°C, 0.98875 kg. This molal conversion is by the Lyman and Fleming 

[1940] formulation. See section II A for details. 
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D. Table 4. Sununary of Rco
2 

and .:!{;
02 

Results of replicate equilibrations are averaged together in this 

table to yield a summary of the diffe rent points in the "gas titration" 

of the seawater. Sigmas for the PCO and molar Teo numbers are 
2 2 

obtained by the normalized (n-1) method. 

E. Derivation of Expressions for Calculation E!_ !5_
2 

and Buffer Factor 

The carbonate system in seawater can be described by the expressions 

for the total inorganic carbon concentration, TCO , or 
2 

c 

for the alkalinity, 

for the apparent equilibrium quotients, 

K [ C0
2

] /P 
0 

Kl [H+][HC0
3
-]/[C0

2
] 

K2 [H+][co
3

=]/[HC0
3
-] 

~ [H+][H2Ho
3
-]/[B(OH)

3
] 

(9 ) 

(10) 

(ll) 

(12) 

(13) 

(14) 

,. 

K [H+][OH-] w (15) ... 

- J 
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and for the total borate concentration, 

where brackets denote the concentration of the designated ion 

including possible ion pairs, [C02] includes hydrated co2 , [H2co3], 

and P is the partial pressure of co2 gas, PCO • 
2 

Introducing the quantities, 

X - / K
1 

K
2 

/ [ H+] 

K- !£ 

and substituting from equations (11) to (16), one obtains rear-

rangements of (9), (10) and (19), 

W(X) 

A = K P(KX + 2X2) + W(X) 
0 

c = K P(l + KX + x2
) 

0 

liYS 
l + K X 

B 

+ 

Using the above relationships, 

2C - A K P(2 + KX) - W(X) 
0 

liYS 
X 

(16) 

(17) 

(18) 

(19) 

(20) 

(21) 

(22) 

(23) 



and rearranging, 

From equation (20), 

Squaring equation (24), 

2C - A + W(X) - 2K P 
K p 

0 

A - C - W(X) + K P 
K p 

0 

and substituting equations (18) and (25), one obtains: 

Simplifying, 

(2C - A+ W(X) - 2K P) 2 

K 2p2 
0 

(2C - A+ W(X) - 2K P) 2 

P(A - C - W(X) + K~ 
0 

Introducing the quantities, 

A' = A - W(X) 

C' C - K P 
0 

one obtains the working relationships, 

(2C 1 - A1 )
2 

p (A I - C I ) 

Page 18 

(24) 

(25) 

(26) 

(27) 

(28 ) 

( 29) 

(30) 

(31) 
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and 

- ~'-c' X- K p 
0 

(32) 

Substituting the definition of ~ from equation (31) into equation 

(22) to eliminate K
2 

yields 

W(X) B l'w ~X Kl ~ 
+ -

Kl~ Kl li( ~X 
1 + 0 

(33) 

KB/i X 

Rearranging (31) and substituting (30), one obtains 

4K )] + P[~(A' - C) + 4K (2C -At)] - (2C - A')
2 

0 0 
0 (34) 

a quadratic equation in P. By evaluating the coefficients of P 

and then solving for P with the quadradic solution, 

- b ± v-{)2 - 4ac 
2a 

(35) 

one obtains a calculated value of P in terms of a given C, A and ~. 

F. Calculation of~' ! and Buffer Factor 

Programs were written for a Texas Instruments (T.I.) programmable 

calculator to define the seawater system using the input data of total 

inorganic carbon concentration, C, and the partial pre·ssure of co
2 

gas, 

P. The first program calculates ~ for every paired C and P assuming 

an alkalinity, A. The program calculates K P; C' from equation (30); 
0 
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~X, using initial trial values of ~ and X; W(X) using equation 

(33); A' from equation (29); finally a new X using equation (32), 

and a new~. using equation (31). The program then repeats itself 

with the new X and ~ values, iterating until the ~ value converges 

to a specified degree (e.g. to a ppm). A value for~ is obtained 

in this way for each of the five paired C and P values and for various 

values of A. The value of A found to produce the least scatter in 

the ~'s for the five cases is taken to be the alkalinity of the seawater. 

With the alkalinity and ~ determined by the above method, another 

program is used to determine the buffer or Revelle factor by numerical 

integration. For any given C value, the corresponding P is calculated 

by solving for Pin equation (34 ) . The program begins in the same 

\vay as previously, calculating K P (using initially a trial value of P), 
) 

C 1 , ~X (using initially a tria._ value of X), \v(X), A 1 , and a new X. 

Then the program calculates the ,uadratic coefficients ua, b, and c" 

and solves for a new value of P ( see equations (34) and (35)). The 

program then repeats itself with the new X and P values, iterating 

until P converges to a specified degree. In this way values of p can 

be obtained for C values approximately 1% apart. Numerical integration 

yields the buffer or Revelle factor: 

R 
(Pl P2)/ p 

(Cl - c
2
)/ C 

(36) 

where P and C are the averages of p d p d 
1 an 2 an c1 and c

2
, respectively. 
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G. Table 5. Values of Constants 

Values of the various constants and parameters used in the 

calculation of ~. A and the buffer factor are given in Table 5 

along with equations for their temperature and salinity dependencies. 

H. Table -6. Calculation of ~ and A 

Table 6 presents the results of calculating the quantity 

~ = K
1

K
0

/K
2 

for several values of A using the T.I. calculator 

program. Six different values of alkalinity from 2.3830 to 2.3840 

m mol/liter are tried, with 2.3833 yielding the lowest scatter in 

~. about 1.5 parts per thousand, among the five experimental points. 

Values of parameters used are as in Table 5. 

I. Table 7. Calculation of Buffer Factor 

Using the~ and A found in the first calculation, 46.758 and 2.3833 m 

mol/liter respectively, as shown in Table 6~ the Revelle factors or buffer 

factors for each point, as calculated by numerical integration, are 

surnrnerized in Table 7. 

given value of Teo • 
2 

The T.I. program calculates a PCO 
2 

The five experimental values of Teo 
2 

for a 

are used 

along with the (a) values 1% smaller than each of the points to 

calculate Revelle factors for each level of Teo using equation (36) 
2 

for numerical integration. 
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IV. Discussion 

A. Precision of Replicate Equilibrations and Stirring Speed Effects 

Inspection of the results summarized in Table 4 reveals the out-

standing change in the precision of replicate equilibrations occurring 

after the institution of a slow stirring speed. Prior to that time 

(with Equil. No. 3. 8) the precision only approached one part per 

thousand in equilibrations with high PCO 
2 

Some equilibrations 

with co2 iri pure water carried out prior to this experiment showed 

this, and Equil. Nos. 3.1, 3.2 and 3.3 in this experiment also dis-

play g,ood p.recision. · ·However, note that i!:quil .. No. 3.0, which should 

have had enough time to reach equilibration, has a very different PCO • 
2 

The values obtained for Equil. No. 3.5 and No. 3.6, as compared to 

Equil. No's. 3.7, 3.8 and 3.9, exemplify the large scatter obtained 

during fast stirring. Equil. No. 3.6 had a very long equilibration 

time as well. 

If supersaturation of co
2 

gas in the solution is occurring, one 

might expect the amount of supersaturation to be very sensitive to 

the actual stirring speed at high speeds. Equil. Nos. 3.1 to 3.5 all 

had the same fast rate of stirring, as well as could be managed. The 

magnetic stirrer is powered by an air pressure pump and all valves were 

left unchanged so as to keep the rate constant. For Equil. No. 3.6 the 

rate was increased slightly and the results can be accounted for by 

supersaturation. The rate was slowed down a bit for Equil. No. 3.7, 

and this experiment agrees well with the next two after institution 

of the much slower rate of stirring. It is possible that a steady-state 
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excess of co2 in the seawater could be eliminated after only 

a slight slowing of the stirring speed if cavitation and turbulent 

mixing of the gas and liquid phases are substantially lessened~ 

In any case, it is clear that fast stirring rates yield imprecise 

results as compared to slow rates. 

A number of authors of papers dealing with gas solubility have 

commented on supersaturation effects. Murray and Riley [1971] claim 

that they checked for supersaturation by changing the rate of stirring 

and found no effects up to the "highest rate obtainable." However 

they did worry about supersaturation due to hydrostatic head by inserting 

the co2 bubbler no more than 0.5 em below the surface of the liquid. 

Macinnes and Belcher [1933], however, apparently found supersaturation 

effects in their preliminary experiments and used only a gentle rocking 

motion to reach equilibration. An extensive discussion by Cady, 

Elsey and Berger [1922] regarding the solubility of Helium in water 

concludes that previous workers obtained erroneous results due to 

violent agitation or shaking of the water with the gas. They note that 

the effect of even a small increase in pressure is easily noticed in 

gas solubilities, and that it is much easier to get a gas into solution 

than it is to get it out again. In other words the steady-state 

supersaturation produced is not readily reversible. The results 

of the experiment reported herein seem to support the view that 

supersaturation is indeed a very important problem to worry about when 

equilibrating co2 gas with seawater. 
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B. Attainment of Equilibrium 

There is some evidence in the results reported in Tables 3 and 

4 that equilibrium is not quite reached after the first equilibration. 

For the three groups of equilibrations Nos. 3.11, 3.12, 3.13 and 3.14, 

3.15 and 3.16, 3.17 the second run is always higher than the first on 

the order of one part per thousand. There are too few data to prove 

whether this variation is a systematic effect or just an accidental 

reflection of the inherent precision of the experiment. Further work 

should clear this up, but in any case a precision of one part per 

thousand in PCO equilibration is already very satisfying. 
2 

C. Results ~ Presented in Tables .§. and !_ and Figures ! and 1_ 

The values of ~ calculated for the five experimental points using 

the six different values of alkalinity are plotted in Figures 1 and 2. 

Figure 1 shows clearly the sensitivity of ~ to a small change in A. 

A change of 1 part in 2000 in the value of A results in a definite 

shift of ~ for the five points from a downward slope to an upward 

slope. In Figure 2 the values of ~ for A = 2.3833 m mol/liter are 

plotted and compared with plots for values of A slightly smaller and 

slightly larger than 2.3833. Not surprisingly, the plot with the 

lowest scatter is also the one with the least slope. 

The Revelle factors presented in Table 7 are not greatly different 

than factors calculated directly from data of Buch (Buch et al. [1932], 

Buch [1938] and Buch [1951]) and Lyman [1957]. These calculations are 

discussed in detail by Keeling [1973]. Note that the Revelle factor 

.-
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begins to fall in value after reaching a maximum somewhere near 2000 

ppm in PCO • A more detailed calculation of the maximum and comparisons 
2 

to Lyman and Buch will be accomplished with a computer analysis 

elsewhere. 

The calculation procedure was rerun to test the effects of 

changing the values of the parameters K
1 and KB. Using Buch's 

value of Kl' 9.84361 X 10-7 
' as calculated from the equation listed 

in Table 5, ~ is calculated to be 47.199 while the alkalinity giving 

the lowest scatter in ~ remains 2.3833 m mol/liter. The Revelle 

factors remain unchanged, at least to the number of significant 

figures shown in Table 7. An approximately 2% downward change in 

K1 , thus results in an upward change in ~ of about 1%. Calculation of 

K
2 

from equation (31), using Lyman's value of K
1

, yields a K
2 

-10 of 7.136 x 10 , while using Buch's value of K
1 

yields a K2 of 

6.928 x 10-lO or about 3% lower. The parameter K
2

, really the value 

determined in this experiment, is seen to be very sensitive to the 

chosen value of K
1

• 

Similarly, an approximately 2% upward change in the value of y~ 

causes~ to come out 47.255, again about 1% higher. The effect on 

K
2 

in this case is such that it is lowered by about 0.3%. The best 

value of A remains unchanged as well as the Buffer factors. 

-10 The value of K
2

, 7.136 x 10 mole/liter, calculated from the 

experi mental data using Lyman' s K1 and ~· agrees f airly well with 

10 -10 Lyman's K
2

, 7 .191 x 10- , but rather poorly with Buch's K
2

, 8.626 x 10 • 
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The Lyman and Buch K
2
's are calculated using the equations included in 

Table 5. Using Buch's K
1 

as a parameter in the calculation of ~,as 

discussed above, serves only to worsen the agreement with the Buch 

In summary the results of the calculation procedure show that 

determination of K
2 

by this experiment is very sensitive to the chosen 

alkalinity value and to the assumed value of the first ionization 

constant K1 • The value of K2 is seen to be less sensitive to the 

value of ~· The buffer factor is quite insensitive to either K1 or 

~· 

' 
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Table 1. Equilibration Experimental Data 

Weight Temperature Approx. ·Time 
quilibration Date Equilibration Seawater (CT Bath) of Equilibration 

No. Began .w_ (oC) (hour) Remarks 

3.0 2 Mar 77 238.321 20.00 38 Fast stirring. 

3.1 4 Mar 77 238.298 II 63 II II 

3.2 7 Mar 77 238.275 II 15 II II 

3.3 8 Mar 77 II II 16 II II 

3.4 9 Mar 77 II II 14 II II 

3.5 10 Mar 77 II II 17 II II 

3.6 11 Mar 77 II ,, 
65 II II 

3.7 14 Har 77 II II 16 II II 

3.8 15 Mar 77 II II 16 Slow stirring 

3.9 16 Mar 77 II 20.01 15 II II 

3.10 17 Mar 77 II 20.00 16 II II 

3.11 18 Mar 77 II II 64 II II 

3.12 21 Mar 77 II II 15 II " 

3.13 22 Mar 77 II II 15 II II 

3.14 23 Mar 77 II II 40 II II 

3.15 25 Mar 77 II II 16 II II 

3.16 26 Mar 77 II II 40 II II 

3.17 28 Mar 77 II II 16 II II 

. 
I 

So1ution··bulb ··cooled in 
II II II II 

II II II II 

Solution bulb no longer 

C02 OUT 

co2 OUT 

co2 OUT 

co2 OUT 

co
2 OUT 

C02 OUT 

dry ice 

" 11 Contaminatio 
II II 

cooled. co2 OUT 



Equilibration Volume Vacuum 
or of Column Sample Column 

Experiment Chamber Height Height 
Number (cc) (mm) (mm) 

Assay 21 63.277 625.617 232.588 

" 625.717 232.S90 

3.0 " 432.676 232.600 

" 432.626 232.599 

3.1 " 423.113 232.616 

" 423.109 232.619 

3 . 2 " 423.204 232.612 

" 423.188 232.616 

3.3 " 423.34~ 232.626 

" 423.426 232.634 

3.4 15.973 683.008 314.078 

" 682.818 314.076 

63.277 325.784 232.568 

" 325.794 232.586 

3.5 15.973 497.589 314.092 

" 497.518 314.069 

3.6 " 490.831 314.091 

" 490.837 314.108 

3.7 " 497.954 . 314.065 

" 497.908 314.078 

3.8 " 498.916 314.093 
,·, 498.935 314.073 

"' 

Table 2. 

Meniscus 
Correction 

(mm) 

-,.014 

" 
" 
" 
" 
" 
" 
" 
" 
" 

+.024 

" 
-.014 

" 
+.024 

" 
" 

" 
" 
" 
" 
II 

Manometric Experimental Data 

Temperature Ca:lct\1Ett -ed Number of Moles 
( o C) Single set Average 

19.14 1. 36178xl0-3 1.36180xlu -3 

19.20 1. 36183 

19.10 6.92362x10- 4 6.92340xl0-4 

19.05 6.92318 

19.04 6.59310 6.59310xl0-4 

19.03 6.59310 

19.56 6.58401 6.58438xl0-4 

19.50 6.58474 

19.08 6.59995 6.60080xl0-4 

19.11 6.60166 

19.89 3.21778 3.21835xl0-4 

19.70 3.21835 

19.55 3.21782 3.21786xl0-4 

19.52 3.21789 

19.01 1. 60356 1. 60330x10-4 

19.03 1.60303 

18.73 1. 54601 1. 54608x10-4 

18.69 1. 54614 

18.75 1. 60851 1.60828xl0-4 

18.74 1. 60805 

20.19 1.60830 1. 60852xl0-4 

20.17 1. 6087 5 

Remarks 

co2 added to seawater 

Value used for this equilibratio1 

' I 

'"d 
ell 

OQ 
(!) 

N 
co 
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Table 2. Manometric Experimental Data (contd.) 

:quilibration Volume Vacuum 
or of Column Sample Column ~eniscus 

Experiment Chamber Height Height Correction Temperature Calculated Number of Moles 
Number (cc) (mm) (mm) (mm) (oC) Single set Average Remarks 

3.9 15.973 498.559 314.126 +.024 19.85 1. 60687xl0-4 1. 60708xl0-4 

II 498.578 314.090 II 19.86 1.60729 

3.10 3.7974 77 5.333 375.296 -.368 19.90 8.28824xlo-5 8.28594xl0-5 Value used for this equi libration 

" 775.102 375.258 " 19.92 8.28363 

15.973 409.268 314.086 +.024 19.94 8.28585 8.28736xl0-5 

" 409.328 314.108 II 19.95 8.28886 

3.11 3.7974 601.373 375.271 -.368 19.99 4.67399 4.67254xl0-5 

II 601.234 375.256 II 20.01 4.67108 

3.12 II 601.318 375.277 II 19.65 4.67846 4.67943xl0-5 

II 601.471 375.288 II 19.71 4.68040 

3.13 II 601.280 375.302 II 19.57 4.67851 4.67918xl0-S 
II 601.388 375.288 " 19.64 4.67986 

3.14 II 519.442 375.280 · " 19.38 2.98221 2.98218xl0-5 

II 519.526 375.305 II 19.50 2.98214 

3.15 " 520.022 375.264 II 20.34 2.98423 2.98472xl0-5 

" 520.080 375.264 II 20.36 2.98522 

3.16 II 478.123 375.328 II 20.00 2.11892 2.11936xl0-5 

II 478.128 375.287 II 20.01 2.11980 

3.17 II 478.192 375.294 " 19.95 2.12144 2.12136xl0-5 

" 478.268 375.274 " 20.23 2.12128· 

co2 
63.277 382.125 232.606 -.014 20.51 5.14589xl0-4 5.14505xl0-

4 Total co2 remaining in '"d 
Pol 

OQ 

" 382.076 232.606 II 20.51 5.14421 system (after acidification) (l) 

N 
\C 



Table 3. Calculation of Reo and .!'.co 
2 2 

Pco Moles Carbon Total Moles Carbon 
Teo Teo Teo Equilibration ( . 2 in Moles Carbon in m1.cro 

nGB m mol7kg Sw 2 2 No. atmosEheres) Gas Phase in S:lstem Seawater m mol/ £ at 20°C m mol/kg H2Q 

3.0 6.9234xl0 -4 15122 1. 2298xl0 -3 1.8378xl0 -3 6.080lxl0 -4 2.5517 2.6149 2.6446 

3.1 6.5931 14401 1.1712 1. 8378 6.6668 2.7980 2.8673 2.8999 

3.2 6.5844 14382 1.1696 1. 8378 6.6823 2.8044 2.8739 2.9066 

3.3 6.6008 14418 1.1725 1. 8378 6.6531 2.7922 2.8614 2.8940 

3.4 3.2184 7030.0 5. 7170xl0 -4 1.1778 6.0607 2.5436 2.6066 2.6362 

3.5 1. 6033 3502.2 2.8480 
. -4 

8.5593x10 5. 7112 2.3969 2.4563 2.4842 

3.6 1. 5461 3377.2 2.7464 8.5593 5.8128 2.4396 2.5000 2.5284 

3.7 1.6083 3513.1 2.8569 8.5593 5.7024 2.3932 2.4525 2.4804 

3.8 1. 6085 3513.5 2.8572 8.5593 5.7020 2.3930 2.4523 2.4802 

3.9 1. 6071 3510.5 2.8548 8.5593 5.7045 2.3941 2.4534 2. 4813 

3.10 8.2859xl0 -5 1810.0 1.4719 6.9522 5.4803 2.3000 2.3570 2.3838 

3.11 4. 6725 1020.6 8.3000xl0 -5 6.1236 5.2936 2.2216 2.2766 2.3025 

3.12 4.6794 1022.2 8.3122 6.1236 5. 2924 2. 2211 2.2761 2.3020 

3.13 4.6792 1022.1 8.3119 6.1236 5.2924 2. 2211 2.2761 2.3020 

3.14 2.9822 651.43 5.2974 5.6557 5.1259 2.1513 2.2046 2.2297 

3.15 2.9847 651.98 5.3019 5.6557 5.1255 2.1511 2.2044 2.2295 

3.16 2.1194 462.96 3.7648 5.3572 4.9807 2.0903 2.1421 2.1665 

3.17 2.1214 463.40 3.7683 5.3572 4.9804 2.0902 2.1420 2.1664 

Teo 5.14505 
2 

'"d 
tll 

()Q 
(D 

w 
0 

,, ... 



Table 4. Summary of ~O and !co 
2 2 

Average Average Average Average 
Peo Teo Teo Teo 

Equilibration No. (micro atmo;pheres) 2 2 2 
(] (m mol/liter 20°e) (] (m mol/kg SW) (m mol/kg H2Q 

3.0 15122 2.6149 2.5517 2.6446 

3.1, 3.2, 3.3 14400 18, .12% 2.8675 .0062, .22% 2.7982 2.9002 

3.4 7030.0 2.6066 2.5436 2.6362 

3.5 3502.2 2.4563 2.3969 2.4842 

3.6 3377.2 2.5000 2.4396 2.5284 

3.7, 3.8, 3.9 3512.4 1. 6, .05% 2.4527 .0006, .02% 2 .3934 2.4806 

3.10 1810.0 '2.3570 2.3000 2.3838 

3.11, 3.12, 3.13 1021.6 .90, .09% 2.2763 .0003, .01% 2.2213 2.3022 

3 .14, 3.15 651.70 .39, .06% 2.2045 .0001, .01% 2.1512 2.2296 

3.16, 3.17 463.18 .31, .07% 2.1420 .0001, .003 % 2.0902 2.1664 



Table 5. Values of Constants and Other Parameters 

Parameter Note 

Value for Cl = 19.375°/oo or S = 35.002 °/ 00 

and temperature = 20~00°C (Molar units) 

K 
0 

B 

Notes 

1 

2, 6 

3 

4 

5 

3.3206 x 10-2 moles/£ atm 

1.004427 x 10-6 moles/£ 

1.9056 x 10-9 moles/£ 

6.6834 x l0-15 (moles/£) 2 

-4 4.119 x 10 moles/£ 

1 The following equation ~epresents · the _ data of Mu~ray-and R~ley - [1971] as interpret~9 by Weiss __ Ll974 ] : 

ln K = -58.0931 + 90.5069 _[
100

] 
o TaK 

[ 
TaKJ + 22.294 ln 
100 

+ o- { [ToKJ [ ToKJ S / 00 .027766 - .025888 lOO + .0050578 lOO 

2 The experirnental work of L~nan [1957] as· represented by Edumnd and Gieskes [1970], is given by: 

3 

3..--~-
pKl = 3404.71/ToK + .032786 T0 K- 14.7122- .19178 1Cl 0

/ 00 

The experimental work of Lyman [1957] as represented by Edmund and Gieskes [1970], is given by: 

3r--:-:::-:--
pKB = 2291.90/ToK + .01756 T0 K- 3.3850- .32051 1Cl0

/ 00 



(Notes contd.) 

4 

5 

6 

Table 5. Values of Constants and Other Parameters (contd.) 

Obtained by linear interpolation from the table of Harvey [1955] (p. 160). Variation with 

salinity was neglected. 

From the B/Cl 0 /oo ratio of .00002126 moles/ £/(g/kg) from unpublished data of Greenhalgh and 

Riley as quoted in Riley and Chester [1971] (p. 81). The original dimensionless ratio of 

.00023 was converted (Keeling {1973], p. 297) using an atomic weight of 10.81 and disregarding 

difference between 1 kg and 1 liter for seawater. 

For comparison purposes, the following constants, as interpreted by Edmund and Gieskes [1970] 

are given by: 

Buch pKl 3523.46/ToK - 15.65 + .034153T - .074709 1Cl 0 /oo - .0023483 Cl 0
/ 00 

Buch pK2 2902.39/ToK - 6.498 + .02379T 0 K - .45322 1Cl 0 /oo + .035226 Cl 0
/ 00 

3 
Lyman pK2 2902.39/ToK + .02379T 0 K - 6.4710 - .4693 1Cl0 /oo 



Table 6. Calculation of ~ and A 

Point Equilibration Pea Teo 
=I 2.3830 

Calculated ~ for Various Alkalinities 
2.3840 lm moljliter No. (~ atm) 2 Nos. (m mol/ll.ter) A 2.3832 2.3833 2.3834 2.3835 

1 3.7, 3.8, 3.9 3512.4 2.4527 47.181 46.878 46.728 46.579 46.431 45.704 

2 3.10 1810.0 2.3570 47.110 46.940 46.855 46.771 46.687 46.271 

3 3.11' 3.12, 3.13 1021.6 2.2763 46.910 46.802 46.748 46.694 46.641 46.374 

4 3.14, 3.15 651.70 2.2045 46.908 46.828 46.788 46.749 46.709 46.512 

5 3.16, 3.17 463.18 2.1420 46.768 46.702 46.670 46.638 46.605 46.444 

~av 46.975 46.830 46.758 46.686 46.615 46.261 

(J .167 .089 .069 .079 .110 .324 

% (J .36 .19 .15 .17 .24 .70 



.. 

Point 
~ 

1 

2 

3 

4 

5 

Table 7. Calculation of Buf fer Factor 

Teo Pco (Calc.) 

(m mol/ltter) r~ atm) Revelle Factor 

2.4527 3512.0 15.68 

(a) 2.4282 2999.6 

2.3570 1811.4 17.07 

(a) 2.3334 1524.8 

2.2763 1021.5 14.84 

(a) 2.2535 879.5 

2.2045 651.95 12.47 

(a) 2.1825 575.20 

2.1420 462.63 10.87 

(a) 2.1206 414.75 

' I 



47.000 

46.800 

46.600 

cp 46.400 

46.2.00 

46.000 

45.800 

A= 2.3830mmolllifer 
cJ> = 46.975 
(}" = 0.167 

• • 
/·~~ 

A = 2.3833mmolllite~ 
cP =46.758 

(T = 0.069 /......._______· 

/. 
• • · A = 2.3840 mmo/1/lfer 

cP = 46.261 

(}" = 0.324 

• 
45.600 L-------'---__.__ _ ____J, __ ___j__ __ _L___~ 

Pco JL atm 3512.4 1810.0 1021.6 651.70 463.18 
2 

Teo mmol/liter 2.4527 2.3570 2.2763 2.2045 2.1420 
2 

Figure 1. Variation of ~ with A - No. 1 
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47.000~----~----~----~----~----~-----

46.900 

46.800 

<P 46.700 

46.600 

46.500 

A = 2.3833 mmo/1/iter 
<P = 46.758 
(}" = 0.069 

A = 2.3834 mmo/1/iter 
• <P = 46.686 

(}" = 0.079 

Pco fL atm 3512.4 1810.0 1021.6 651.70 463.18 
2 

Teo mmol/liter 2.4527 2.3570 2.2763 2.2045 2.1420 
2 

Figure 2. Variation of ~ with A - No. 2 
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Appendix: Computer Analysis of Data 

The computer analysis (b y PROGRAM SEAPHI written by Bob Bacastow) 

differs slightly f rom the more manual analysis in t reatment of the 

data. A sigma based on the experimental precision is ascribed to 

each PCO data point. This sigma is determined f irs t by calculating 
2 

the average relative sigma in PCO f or Equil. Nos. 3.7 to 3.17 
2 

using equation (6). The average relative sigma, .00068 or one part 

in 1469, is then multiplied by the average PCO for each set of 
2 

repetitive equilibrations and divided by the square root of the 

number of runs made to obtain the experimental sigma for each 

average PCO • The program determines X to a part in 10
7 

in the 
2 

iteration and then minimizes the chi square to find the best ~ and 

A to fit the data. The buffer or Revelle factors are found by 

numerical integration between points .000001 mole/liter higher and 

lower than each of the experimental total C0 2 points. 

Appendix Table 1 is the computer printout for the base run on 

the computer using Lyman's K
1 

and KB (as interpreted by Edmund and 

Gieskes [1976]) Weiss's [1974] interpretation of K , Harvey's [1955] 
0 

~and the borate concentration as obtained by Keeling [1973]. There 

are slight differences in ~ and borate from the value s listed in 

Table 5 due to recalculating by Bob Bacastow. Also, the manual 

- 2 calculations used a slightly different value of K , 3.322 x 10 , 
0 

obtained from the table in Weiss [1974] rather than f rom his equation. 
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Appendix Table 2 presents the effects of changing each of the 

five parameters, one at a time, on the results. Each of the para-

meters was lowered by 2% in order to compare similar changes: this 

change was chosen because lowering the K
1 

by 2% gives almost exactly 

the K1 determined by Buch (Buch et al. [1932], .Buch [1938] and Buch 

[1951]). It is seen that K has by far the largest effects on A 
0 

and BUF and a similar effect as K
1

, ~ or B on Phi. An interesting 

result is the effect of the variation in K on the Chisquare, in-
o 

creasing it tremendously. An obvious possibility is to fit the data 

also to K • There are five data points fit to two parameters, ~ 
0 

and A, leaving three degrees of freedom. The borate concentration 

B has the next largest effect on the calculation overall. K1 and 

~ have similar effects, although in the opposite direction, on ~, 

implying, as discussed in this report, a greater effect by K1 on 

the determination of K2• 

A 2% change in K has essentially no effect on the calculation w 

results,. as expected. However, the K of seawater, defined as the ion 
w 

product 

where 

K = (H+) [OH-] w 

a is the activity of water w 

K0 is the thermodynamic ionization constant of water w 

fH is the activity coefficient of hydrogen ion 

fOH is the activity coefficient of hydroxide ion 

H+, OH- include all forms including ion pairs 

(37) 
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is not known very well. Recent estimates, based upon potentionmetric 

titration data by Culberson and Pytkowicz [1973] and Dyrssen and Hansson 

[1972] are considerally lower in pK than the value used in the 
w 

calculations reported here. Therefore, in Appendix Table 2, K is 
w 

also varied by lowering the pK a full unit, which amounts to 
w 

raising the K by 9l,O%. This value of K is not inconsistent with 
w w 

the recent estimates. It is seen that this change has a profound 

effect on the calculated quantity ~ and some effect on BUF and A 

(although not nearly as much). One can say that the determination 

of K
2 

to high accuracy must mvait a better knowledge of Kw in seawater . 

Appendix Table 3 is the computer printout detailing the results 

of fitting the data to ~. A and K simultaneously. It can be seen 
-- 0 

in comparison with Appendix Table 1, that the chi square per degree 

of freedom is not increased very much and that in fact the errors on 

the PFIT are improved considerally for the high-PCO data points 

2 -4 
where the K is most important. The error on K , .80 x 10 moles/ 

0 0 

£.atm., is comparable to the error, cited by Weiss [1974], in the 

-4 Murray and Riley [1971] data, 1.4 x 10 moles/£. atm. The value 

found for K differs from the literature value by about the error on 
0 

K , indicating that this one experiment has determined K about as 
0 0 

well as it had been known. Better results should be obtained by 

equilibrations with much higher PCO , up to 30,000 ppm or more. 
2 

The fit to the three parameters results in sizeable changes in 

-. 
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the determined ~, about one part in a thousand lower, and in the 

determined BUF's, about a part per thousand for the highest-PCO 
2 

experiment, again not surprising because of the importance of K 
0 

in describing that particular system. 

A copy of the listing of the Fortran program SEAPHI is included 

in the Appendix. 



Appendix: Computer Analysis of Data (Continued) 

PROGRAM SEAPHI was run including the high-PCO data point 
2 

obtained by averaging the replicate Equil. Nos. 3.1, 3.2 and 
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3.3, which agree well with each other, having a sigma of 1.2 parts 

per thousand. This point, however, does not fit with the other 

five data points and the program iterations do not converge. 

Further investigation reveals that a fit can nearly be obtained 

if ~ is made very large and the alkalinity negative. Using a 

-3 
reasonable~ and A (46.377 and 2.38 x 10 respectively), the PCO 

2 
calculated by the program comes out much higher, 15030 ppm, than 

the measured PCO , 14400 ppm. This result can be explained by the 
2 

phenomenon of supersaturation. It turns out that the very first 

equilibration, Equil. No. 3.0, yields a result much closer to the 

predicted value. 

A modification of SEAPHI was made with the assistance of the 

Antioch student Nancy Phillips. This program, named BUFFACTOR, 

calculates PCO and the buffer factor for any Teo , using the values 
2 2 

of~ and A, 47.3609 and 2.3833 respectively, found by SEAPHI and the 

same K
0

, K1 , B, ~· and ~ used in the computer analysis. The progr am 

output was arranged to print out tables of these quantities between 

specified end points and with specified steps in Teo • Appendix 
2 

Table 4 is the listing of the output of BUFFACTOR for Teo between 1.0 
2 

and 4.0 m mol/liter with a step of .01 m mol/liter. Other runs were 
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made with fine steps of .0001 m mol/liter around the regions of 

minimum and maximum buffer factor and the assumed pre-industrial 

PCO level, 290 ppm, in order to define those regions more precisely. 
2 

Appendix Figure 1 is a plot made from the values in Appendix 

Table 4. The P(PCO ) and EC(TCO ) are ratioed to the preindustrial 
2 2 

values, 290 ppm and 2.0454 m mol/liter respectively, obtained from 

BUFFACTOR. The experimental data points are located on the curve 

by circles. The pairs of lines adjacent to the data points represent 

fifty t±mes the experimental standard deviations. 

Appendix Figure 2 plots the buffer factor versus Teo for 
2 

the range of Teo covered in Appendix Table 4. Since the buffer 
2 

factor is a form of slope, Figure 2 shows a . different kind of 

detail than Figure 1. The experimental data points are again repre-

sented by circles. Figure 2 :J;·epresents the predicted behavior 

of the studied seawater system if a "co
2 

gas titation" were carried 

out over a very extended range. The region where the buffer factor 

minimizes is nominally where all the dissolved carbon has been 

converted into the form of carbonate. If the system contained only 

carbon this minimum would be expected to occur at one-half the 

alkalinity or at a Teo of 1.19 m mol/liter. See section III E of 
2 

this report. This point is offset, however, by the hydrolysis 

contribution, and in real seawater by the borate contribution, both 

of which are highest in the alkaline region. The broadness of the 
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buffer factor minimum reflects the chemistry of the three systems 

in the alkaline region. The bu f fer factor maximum is when the 

dissolved carbon in the system is all in the form of bicarbonate. 

Since this region is much more acid, where W(X), the borate and 

hydrolysis ~ontributions, is much smaller, it is not surprising 

that TCO at the maximum is very close to the alkalinity in value 
2 

and that the peak is quite sharp. Moving to higher Teo values the 
2 

bicarbonate is converted to dissolved co
2 

gas, and the buffer factor 

decreases, asymptotically approaching 1.0 at the theoretical extreme. 

Appendix Table 4 also lists Wx so that its changing contribution 

can be followed. 

A listing of the computer PROGRAM BUFFACTOR is included also 

in the Appendix. 
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Additional References for Appendix 

Culberson, C. H. and Pytkowicz, R. M. 1973. Ionization of water in 
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Dyrssen, D. and Hansson, I. 1972. Ionic medium effects in sea water -

a comparison of acidity constants of carbonic acid and boric 

acid in sodium chloride and synthetic sea water. Mar. Chern., 1, 

137-149. 
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Appendix Table 2. 

Chi Square 
Change per degree 

Parameter Value from Base Run of freedom 

BASE RUN 1.386 

(Parameters Below Changed one at a time) 

t = down t = up 

K 3.25417 X 10-2 2% ,. 20.272 
0 

Kl 9.84336 X 10-7 2% I 1.441 T 

1. 86 7 51 X 10-9 2% t 1.342 

B 4.13659 X 10-4 2% t 1.901 

K 6 • 55908 X 10-lS 2% + 1.394 
w 

1 pK unit 

10-14 
or 

K 6.6988 X 900% t 10.842 
w 

Effects of Parameters on• ~, A and BUF - --- --- -

Phi 

[\KOJ Phi A 
% Change Alkalinity % Change 

47.3609 2.3833405 

46.8676 1.04 • 2.3861 .12 t 

47.8143 .96 t 2.3833539 .00056 + 

46.9256 .92 t 2.3833303 .00043 t 

46.8154 1.15 • 2.3834144 .003 + 

47.3551 .01 + 2.3833420 .00006 + 

50.1112 5.81 + 2.3827 .03 

. , 

BUF at 
Points 1 and 5 

15.245308 

11.107758 

15.398 

11.059 

15.244865 

11.108977 

15.245740 

11.106658 

15.242 

11.117 

15.245251 

11.107988 

15.274 

11.011 

BUF 
% Change 

1.00 t 

• 44 ... 

.0029 + 

.on t 

.0028 + 

.010 t 

.02 ,. 

.08 + 

.0004 + 

.002 t 

.19 t 

• 87 ... 
"d 
Ill 

()Q 
(!) 

VI ...... 



Appendix Table l· Fit to !, ~ and K0 (PROGRAM SEAPHI Printout) 
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-- - P CO -2 

Ap,pendix Table 4. Variation of BUF with co
2 

Content 
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Appendix Figure 1. co
2 

partial pressure vs. total inorganic carbon 

for seawater equilibration. Each is divided by its assumed pre-

industrial value, 290 ppm and 2.0454 mmol/liter, respectively. Circles 

represent experimental data points. The curve is best fit thermo-

dynamic function ( see text). Separations of line s adjacent to data 

points represents fifty times the experimental standard deviations. 
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Appendix Figure 2. Buffer Factor as function •of co2 content for 

seawater equilibration. Circles indicate experimental data points. 
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