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PREFACE

This series, the Unesco Technical Papers 1n Marine Scilence,
1s produced by the Unesco Division of Marine Sclences as a means
of informing the scientific community of recent advances 1in
oceanographic research and on recommended research programmes and
methods.

The texts 1n this serles are prepared 1n co-operation with
non-governmental scientific organizations. Many of the texts
result from research activities of the Scientific Committee on
Oceanic Research (SCOR) and are submitted to Unesco for printing
following final approval by SCOR of the relevant working group
report.

Unesco Technical Papers 1n Marine Science are distributed
free of charge to various 1nstitutions and governmental authorities.
Requests for copies of individual titles or additions to the
maliling list should be addressed, on letterhead stationery 1if
possible, to:

Division of Marine Scilences
Unesco

Place de Fontenoy

75700 Paris, France.

The designations employed and the presentation of the material in this
document do not imply the expression of any opinion whatsoever on the

part of the Unesco Secretariat concerning the legal status of any country,
territory, city, or area of its authorities, or concerning the delimitation
of its froniers or boundaries. The ideas and opinions expressed are those
of the authors and do not necessarily represent the views of Unesco.
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Abstract

This report contains the results of the deliberations of the Sub-Panel on Carbon Dioxide of the Joint
Panel on Oceanographic Tables and Standards.

Recommendations are presented for pH scales in seawater. Particular emphasis is given to a new

set of standards that can be used in seawater or seawater-like solutions.

Best fit equations are suggested for the first and second dissociation constants of carbonic acid and
the dissociation constant of boric acid as functions of temperature, salinity, and pressure. In addition
recommendations are presented for the solubility products of calcite and aragonite in seawater as func-

tions of temperature, salinity, and pressure.

Recommendations are presented with respect to future work that will lead to the refinement of the

thermodynamic data base on the carbonic acid system in seawater.

RESUME

Ce rapport contient les conclusions des délibérations du Sous-Groupe sur

le dioxyde de carbone du Groupe mixte d'experts sur les tables et les normes
océanographiques.

Des recommandations y sont présentées en ce qui concerne les échelles du
pH dans 1l'eau de mer. Un accent particulier est placé sur un nouvel ensemble
de normes qui peuvent étre utilisées dans l'eau de mer ou dans des solutions

<\

comparables a 1'eau de mer.

I1 propose des équations donnant les meilleurs résultats en ce qui con-
cerne les premiere et deuxieme constantes de dissociation de 1l'acide carbo-
nique et la constante de dissociation de 1l'acide borique en fonction de 1la
température, de la salinité et de la pression. Des recommandations sont en
outre présentées en ce qui concerne les produits de la dissolution de la cal-

cite et de l'aragonite dans 1l'eau de mer en fonction de la température, de 1la
salinité et de la pression.

Il contient par ailleurs des recommandations concernant des activités
futures qui déboucheront sur le perfectionnement de la base de données thermo-
dynamiques relatives au systeme de 1l'acide carbonique dans 1l'eau de mer.
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Resumen

En este informe se exponen los resultados de los debates del Subgrupo

sobre Dioxido de Carbono del Grupo Mixto de Expertos en Tablas y Normas Oceano-—
graficas.

Se formulan recomendaciones relativas a las escalas de pH en el agua de
mar. Se hace especial hincapié en un nuevo conjunto de normas que pueden uti-
lizarse en el agua de mar y en las soluciones similares al agua de mar.

Se sugieren ecuaciones mas adecuadas para la primera y segunda constante
de disociacion del acido carbonico y la constante de disociacidon del acido
borico en funcion de la temperatura, la salinidad y la presion. Asimismo, se
presentan recomendaciones relativas a los productos de solubilidad de la cal-

cita y el aragonito en el agua de mar en funcidon de la temperatura, la salini-
dad y la presion.

Se formulan recomendaciones con respecto a las tareas que se realizaran
en el futuro para lograr el perfeccionamiento de 1la base de datos termo-
dinamicos sobre el sistema del acido carbonico en el agua de mar.

PeswmMme

IJaHHBIM OOKJIa COINEPXHT pe3ynbTaThbl pa6oTh NMOOrPYINb IO OBY-

OKHCH yrinepona O6beOHHEHHOH TpYIINB IO OKeaHorpapHuecKHUM TabiHuaM U
CTaHOapTaM.

PexOMeHnDauuu npencTaBlieHbl O mkKan pH B MOpckon Bonme. Ocob6oe
BHUMAaHHEe yOensseTcsads HOBOMY HA60pPYy CTAHOApPTOB, KOTOpbEIE MOXHO HCIIONb-
30BATh B MOPCKOH BOIO€e H B CXOOHBIX C MOPCKOH BOOOH pacTBOpax.

[I[pennarawnTcsa Haubollee NpUeMIieMble YpPaBHEHUS QOJsd NepBOH U BTOPOH
KOHCTAQHTBl OUCCOLHAUHUH YI'JIEKHCJIOTBl H KOHCTAHTBl OHUCCOLHALMH OOpPHOH
KHCJIOTBl KaK ¢YyHKUHH TeMIlepaTypbl, COJI€EHOCTH H QOaBJiIeHHsA. KpoMme TOoro,
[IpencTaBlieHbl peKOMEeHOAlUHH, Kacawmuecss NpoaoyKTOB pacCTBOPHMOCTH

KaJbLHTOB M aparOHUTOB B MOPCKOH BOone Kak $yHKLUHH TeMIepaTyphl,
COJIEHOCTH H IaBJI€HHSA.

IlaHbl peKOMeHOalUHH B OTHOmMEHHH 6bynymern paboThl, KOTOpasa IIO-

3BOJIUT 3aHOBO ONpeneNuThb 6a3y TepMOIOHHaAMHUECKHX HOAHHBIX O CHCTeMe
YI'JIEKUCJIOTBI B MOPCKOH BOIe.
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1. Introduction 1

During the 9th meeting in Paris (11-13 September, 1978) the Joint Panel on Oceanographic Tables
and Standards, upon suggestions by its sponsoring agencies, decided that, especially because of the
increased importance of precise evaluations of carbon dioxide speciation in seawater, a sub-group of the
panel should be formed to consider the information available on the thermodynamics of the CO, system
in seawater. Several meetings have been held on this subject: in Miami, Florida on September 21-23,
1981; in Kiel, Germany on August 26 and 27, 1983; in La Jolla, December 11 and 12, 1984. A prelim-
inary report on the deliberations of the sub-panel has been published (UNESCO, 1983). In this report we

present a detailed report on recommendations by the sub-panel addressing several topics of importance to

this problem:
(1) Anintroduction to the thermodynamics of the CO, system;

(2) A section on the performance of calculations using the thermodynamic information;

(3) A section on pH scales;

(4) A section on thermodynamic information on solubility of CO, and on dissociation constants of car-

bonic acid and boric acid;

(5) A section on the information available on the solubilities of various carbonate phases.

The carbon dioxide system in seawater, although of long-standing interest in marine chemistry, has
been a major problem for solution chemists. Until recently thermodynamic information on carbon diox-
ide gas solubility and on the dissociation constants of carbonic acid and boric acid have, to a large extent,
been based on relatively meagre information. Before 1940 two groups of investigators paid attention to
this problem: Moberg and co-workers at Scripps Institution of oceanography (Moberg et al., 1934,
Lyman, 1957) and Buch and co-workers, under the sponsorship of the Intermational Council for the
Exploration of The Sea (Buch, 1933, 1938, 1951; Buch et al., 1932). Investigations of the pressure

dependence of the dissociation constants were only carried out in the late 1960°s (Disteche and Disteche,
1967; Culberson, 1968; Culberson and Pytkowicz, 1968; Culberson et al., 1967).

Solubility product constants for calcite and aragonite polymorphs of calcium carbonate were first
investigated by Wattenberg (1933), and later by Maclntyre (1965), with pressure effects being investi-

gated by Pytkowicz and coworkers (e.g., Pytkowicz and Connors, 1964; Pytkowicz and Fowler, 1967,
Hawley and Pytkowicz, 1969).

Edmond and Gieskes (1970) summarized much of the thermodynamic information available in the
late 1960°s. Since then, however, much more extensive work on the determination of the dissociation
constants has been carried out, particularly by Pytkowicz and co-workers and Dyrssen and co-workers.
The new information has yielded more precise data and much of the work reported here is based on an
evaluation of these recent data. The purpose of this report is to present a critical evaluation of this newly

available information so that it can be used in a uniform manner in research on the CO, system in seawa-

(er.
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3. Thermodynamics of the CO, system

The carbon dioxide system in seawater is governed by the following equilibria:

Ko
CO,(g) = CO,(aq) (3.1)

where K, 1s the solubility coefficient of carbon dioxide in seawater. Subsequently, the dissolved gas

becomes hydrated

Ky
COz(aQ) + Hzo - H2C03 (3.2)

where Ky; ~1073, so that most undissociated dissolved CO, gas is in the CO, (aq) form. In determinations
of dissociation constants one does not differentiate between CO, (aq) and H,CO5; and the sum of their

concentrations is used. This sum is denoted by CO,.

The partial pressure of dissolved CO, is defined by the relationship

[CO,]
P(CO,) = (3.3)
KO
where the quantity in brackets represents the concentration in solution.
Furthermore upon dissociation
K,
CO, +H,0 = H" + HCO3 (3.4)
where K, is the first dissociation constant of carbonic acid.
H")[HCO;3]
K, = : : (3.5)
[CO,]
defining the activity of water to be equal to one.
K,
HCO; = H' + CO4~ (3.6)
where K, is the second dissociation constant of carbonic acid
(HH[CO5”]
K, = : (3.7)
[HCO;3 ]

All quantities in square brackets are stoichiometric concentrations; the ““activity”” of hydrogen (H") is

determined by the pH scale used.

In seawater, estimates of carbon dioxide speciation often rely on estimates of the titration
alkalinity (TA)

TA = [HCO3] + 2[CO$7] + [B(OH);] + [OH ] — [H'] (3.8a)



Here [OH] includes OH™ bound to magnesium, and [H'] includes H* bound to sulphate and fluoride.
Titration alkalinity also includes minor concentrations of other bases (Dickson, 1981; Johansson and
Wedborg, 1982).

TA = [HCO3] + 2[CO$7] + [B(OH); ] + [OH ] + [SiO(OH)3 ] (3.8b)

+ [HPOZF ]+ 2[PO; ] - [H'] = [H3PO,] + - - -

In the speciation calculations only the carbon dioxide contributions to TA, i.e., carbonate alkalinity
(CA = [HCO3] + 2[CO#7)), are considered so that correction must be made for the contributions of
[B(OH); ], [OH ] and [H'] to TA. For this one needs to consider the equilibria

Ks
B(OH); + H,O = B(OH); + H" (3.9
where Ky is the dissociation constant of boric acid, and
Kw
H,O = H" + OH" (3.10)

where K, is the dissociation constant for water.

Finally, in seawater the solubility of calcium carbonate, in either of its polymorphic forms aragonite

and calcite, is often considered. These solubilities are governed by the following equilibna:

Kp(arag)
CiCO, ‘== 'Ca" 007 (3.11)

and

Kep(calc)
CaCO; = Ca**+CO03 (3.12)

where K (i) is the solubility product of aragonite or calcite.

All acid/base concentrations are expressed as stoichiometric concentrations, i.e., disregarding any
speciation or interaction with other ionic constituents. For these reasons it is necessary to specify the
constants not only as a function of temperature and pressure, but also of salinity and the pH scale used in
the determination of the dissociation constants.

4. Calculations of constituent concentrations

Among the primary objectives for the detailed study of the thermodynamics of the CO, system in
seawater are the estimation of the partial pressure of carbon dioxide, and of the carbonate ion concentra-
tion. The former is of importance in studies of CO, exchange between the atmosphere and the oceans,

and the latter in studies of the state of saturation of seawater with respect to calcium carbonate.

Among the commonly measured quantities which are necessary for the above calculations are pH,
titration alkalinity, total dissolved carbon dioxide, and partial pressure of carbon dioxide, or a combina-
tion of at least 2 of these, together with the various constants (Park, 1969; Skirrow, 1965, 1975). For



most of the calculations it is convenient to evaluate the values of the in situ pH and the in situ carbonate
alkalinity (CA = [HCO3] + 2[CO#)).

The total borate concentration
TB = [B(OH)4] + [B(OH),] 4.1)

1S conservative in seawater, i.e., proportional to salinity (Culkin, 1965). Thus, combining (3.8a) and (4.1)

yields
CA =TA — TB/(1 + (H")/Kg) —[OH] + [H"] (4.2a)

in which the terms for [OH] and [H"] are often ignored, especially if the imprecision in TA is greater
than 5x107° mol/kg, thus yielding

CA =TA — TB/(1+(H")/Kp) (4.2b)
Of course
TCO, = [CO,] + [HCO;3] + [CO$] (4.3)

and TA and TCO, are independent of temperature and pressure if expressed in concentration units of

moles per kilogram of seawater (Dyrssen and Sillen, 1967).

From the thermodynamic relationships described in this section and the previous section one derives
(c.f., Skirrow, 1965)

[CO57] = CA/2 + (H')/Ky) (4.4)
and
[HCO;]=CA/(1 + 2 K,/(H")) (4.5)
and thus
CA =TCO, " (1 +2K,/(H")) /(1 + H/K; + Ky/(H) (4.6)

and combining with (4.2b), c.f., Edmond and Gieskes (1970)
(H’A + (HY)*(K,(A-1) + Kg(A-B)) 4.7)
+ (HY)(K;Kp(A-B-1) + K;K,(A=2)) + K;K,Kg(A-B=2) = 0
where A = TA/TCO, ~ 1.5 and B =TB/TCO, ~ 0.18.

If greater accuracies are warranted by the data, a combination of equations (4.2a) and (4.6) will

yield an equation containing the ﬁﬁh power of (H") and K,,.

Equation (4.7) can be solved for the in situ value of (H") using values of K,K, Ky at the appropri-

ate in situ temperature, pressure, and salinity. Hence, CA, [C()fj"‘], and [HCO;3] can be calculated for in

situ conditions.



Classically a combination of pH and TA has been measured at a specified temperature and pressure
(Harvey, 1955), from which, of course TCO, can be computed, and thus equation (4.7) can be applied
subsequently. Other workers have used measurements of P(CO,) and TCO,. With this information the
pH can be evaluated as well as TA. The various combinations of ~measuring parameters and their subse-
quent use in carbon dioxide system calculation have been discussed by Park (1969). We advocate the
determination of TA and TCO, independently, especially because each quantity is of intrinsic interest in

chemical oceanography.

Keir (1979) also suggested a more direct method for the evaluation of the carbonate 10n concentra-
tion from TA and TCO,, but this method also ignores the species OH™ and H™.

Calculations of the degree of saturation of calcium carbonate are based on the evaluation of the in
situ concentration of the product of Ca** and CO$™ concentrations, and the in situ value of the solubility

product:
Q = [Ca®*][COF VK (i) (4.8)
The calcium concentration is approximately conservative (Culkin, 1965).

5. Solubility of Carbon Dioxide

The ad-hoc group discussed the data available on the solubility of carbon dioxide in seawater. It
was decided that the formula provided by Weiss (1974) gives the best representation of CO, gas solubil-
ity as a function of temperature and salinity as measured by Murray and Riley (1971) and Weiss (1974).

+ S[B; + B,(T/100) + B3(T/100)?]

where K, may be expressed either in mol dm™ atm™ (referred to a dm> of solution at the temperature of
measurement and one atmosphere fugacity in the gas phase) or in mol kg™! atm™ (referring to one kilo-
gram of solution). T is the thermodynamic temperature (K) and S the salinity. A; and B, are constants

and are given in the following table:

mol dm™ atm™! mol kg !(seawater) atm™
A -58.093 1 -60.240 9
A, 90.506 9 93.451 7
A 22.294 0 23.358 5
B, 0.027 766 0.023 517
B, -0.025 888 -0.023 656

B, 0.005 057 8 0.004 703 6



6. Symbols for pH and related quantities

In the description of weak acid equilibria various types of pH scales and varnous definitions of
equilibrium constants have been used. These various approaches have been reviewed recently by Dick-

son (1984), whose contribution is attached to this report as Annex 1.

Below we propose four sets of symbols depending on the standard state chosen for hydrogen ions,
and on the concentration units used. Current usage has been maintained as far as is consistent with an

unambiguous set of symbols.

Ref.
The N.B.S.1 pH scale. ag(NBS) pH(NBS) pK’ (2)
The ‘free’ hydrogen 1on con- my pmy PK,, (3)
centration scale (mol/kg-H,0).
The ‘total’ hydrogen ion con- mH(SWS)szH pmy(SWS) pK,;
centration scale (mol/kg-H,0).
The ‘total’ hydrogen ion con- [Hlsws = [H] pH(SWS) pK’ 4)

centration scale (mol/kg-soln).

(1) National Bureau of Standards
(2) Mehrbach et al. (1973)

(3) Bates and Culberson (1977)
(4) Hansson (1973a)

Notes:

(a) The symbol p in pmy, pK etc. retains its usual meaning of -1g X, where X is the appropriate dimen-

sionless quantity. In pmy, strictly the quantity is the ratio my/m°, where m® is assigned the value of
1 mol/kg-H,0.

(b) my(SWS) is a quantity proportional to my and is defined by the equation
my(SWS) =my(1 + Byso, 'Mso, + By Mp) ,
whereas the total analytical concentration of hydrogen ion is given by

T

mH=mH+mHSO4+me+ sciet i

(A similar distinction exists between [H]sws and '[H].)



(c) Ifitis desired to indicate the acid or base to which a dissociation constant refers, it should be done
thus: pK._ (HCO3).

(d) It 1s not necessary to include all of the modifiers for a particular symbol in those circumstances
where there 1s no possibility of ambiguity.

6.1 Standard reference solutions for pH
The titration measurements of Hansson (1973a) have determined values of pH(SWS) for the buffer

Tns (0.005 mol/kg-soln), Tris'HCl (0.005 mol/kg-soln) in fluoride-free synthetic seawater at salinities
from 10 to 40 in the temperature range of 5-30°C. His results lead to the equation (Almgren et al., 1975)

PH(SWS) = 4'5S+,f,559'7 —0.01391S — 0.5523 6.1.1)

where T is the thermodynamic temperature (K). The pH(SWS) scale, together with Equation (6.1.1) is
also useful for pH measurements in estuarine waters between S = 20 to 35 (Butler et al., 1985; Whitfield
et al., 1985). pH scales at lower salinities are discussed by Millero (1986).

Standard values of pmy for two useful buffer solutions in synthetic seawater without fluoride have
been determined as a function of salinity and temperature (Ramette et al., 1977, Bates and Calais, 1981).
Compositions in moles per 1000 g of synthetic seawater for Hansson’s pH(SWS) standard and for the two
pmy standards are as follows:

pH (SWS) Standard:
0.005 moles (0.606g) ““Tris™’
0.005 moles (0.788g) Tris"HCl
pmy Standard A:
0.02 moles (2.423g) ““Tris™’
0.02 moles (3.152g) Tris'HCl
pmy Standard B:
0.02 moles (2.103g) ‘“Bis’’
0.02 moles (2.832g) Bis'HCI
NOTE: Tris = Tris(hydroxymethyl)aminomethane (2-amino-2-(hydroxymethyl)-1,3-propanediol).
Bis = Bis(hydroxymethyl)methylaminomethane (2-amino-2-methyl-1,3-propanediol).

Tns, Tris'HCI, and Bis are obtainable commercially (for example, from Sigma Chemical Co., St.
Louis, MO 63178). Bis'HCI can be crystallized from a concentrated solution of Bis that has been neutral-
1zed with purified hydrochloric acid.

The pmy values for both standard solutions are nearly the same as pK,, for the corresponding pro-
tonated amines, Tris'H" or Bis'H'. Furthermore, the pH is relatively insensitive to changes in the molal-

ity of the buffer components, provided equivalence of the two buffer species (e.g., Tris and Tris-HCI) is



maintained. Thus, the pH values of the 0.005 mol/kg-H,0 and 0.02 mol/kg-H,O Tris buffers are nearly
identical (see also Millero, 1986). The reference values of pmy listed in Tables 6.1.1 and 6.1.I1 have

estimated uncertainties of £0.004 unit.
6.2 Relationship between pm q and pm H(SWS )

The interconversion of pmy and pmy(SWS) is readily carried out when values of the forrmation con-

stants [3; of the species HSO4 and HF are known. Thus,
pmH(SWS) = Pl = log (1 3 ﬁHSQ; Tmso“ + BHF(TmF) (621)
=pmy —A

where A 1s a function of temperature and salinity. From the measurements of Khoo er al. (1977) in
fluoride-free synthetic seawaters, it has been shown (Bates, 1985) that log Byso, for salinities from 20 to

45 and temperatures from 5 to 40°C is given by
log BHSO.; =1121.1/T —45.2167 (622)

+7.4841n T + 0.0011984S — 1.2613x1074S?

where T is the thermodynamic temperature. The standard deviation of fit is 0.0068 in log Bysp,. Combi-

nation of Equations (6.2.1) and (6.2.2) shows that the difference (A) between pmy(SWS) and pmy at a
salinity of 35 has the following values in the range to 5 to 40°C:

t/°C: S 10 15 20 25 30 35 40

A: 0.077 0.088 0.100 0.114 0.129 0.146 0.164 0.185

Millero (1986) has reevaluated this problem and provides information over the range of S = 1-40
and t = 5-40°C (see also Annex 2).

6.3 Experimental measurement of pm . and pm H( SWS)

Values of pmy(SWS) and pmy can be obtained experimentally from measurements of the emf (E)
of the pH cell

Reference electrode | KC1(3.5M or saturated) | | Seawater (X) | glass electrode (6.3.1)

standardized with a standard buffer (S) prepared in a synthetic seawater without fluoride, of a composi-
tion close to that of the ‘‘unknown’’ seawater (X). The operational pH formula then applies:

(Ex — Eg)F

H(X) = "
PH(X)=pHS) = 10

(6.3.2)
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In this equation, F, R, and T are respectively the Faraday constant, the gas constant, and the thermo-
dynamic temperaturc. Matching of the salinity of the standard S with that of seawater X assures that the
residual liquid-junction error is nullified (Bates and Macaskill, 1975).

The synthetic seawater can be prepared from NaCl, KCl, CaClz, MgCl,, and Na,SOy4 according to
recipes given elsewhere (for example, Khoo et al., 1977; Bates and Calais, 1981). Recrystallization of
the NaCl used in preparing the synthetic scawaters is advisable, in order to eliminate traces of acidic and

basic contaminants that might alter the standard values of pmy or pmy(SWS).

TABLE 6.1.1
pmy(S) values for Standard A (Tris buffer)

Salinity < i & 10°C 15°C 20°C Fi 30°C 355C 40°
30 8.798 8.635 8.479 8.330 8.187 3.050 P AT 7.7789
35 8.812 8.649 8.493 8.343 8.200 8.062 7.929 7.801
40 8.826 8.663 8.507 8.357 8.214 8.076 7.943 7.815

TABLE 6.1.11

pmy(S) values for Standard B (Bis buffer)

Salinity i & 10°C 15°C 20°C 25°C 30°C 35°C 40°C
30 9.509 9.341 9.178 9.022 8.873 8.729 8.588 8.453
35 9.574 9.404 9.241 9.084 8.934 8.788 8.647 8.512
45 9.599 9.430 9.267 9.110 3.960 8.814 8.673 8.538

Millero (1986) provides a wider range of standard values for S = 10-40 and t = 5-40°C. These
values can be derived from his Tables 3, 4 and 5 for the Tris buffer (Annex 2).

7. The dissociation constants of boric acid

There are presently only two sets of data on the dissociation constant of boric acid in seawater
media — the data of Lyman (1957) and those of Hansson (1972, 1973b). The Hansson data, although
very limited, are by far the most reliable. Recent independent measurements (Dickson, upublished work)
agree with Hansson’s data at S = 35 to within ~0.015 in pKg. We, therefore, propose that the equation of
Millero (1979) should be used to calculate the borate contribution to the alkalinity. This equation is fitted

to the data of Hansson, and allows a smooth extrapolation to the infinite dilution data of Owen (1934):

In Kg — In K = (0.5998 — 75.25/T)S* - 0.01767 S (7.1a)
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where

In K3 =148.0248 — 8966.90/T —24.4344InT (7.1b)

8. The dissociation constants of carbonic acid

In this section we present an analysis of the data sets available for K; and K, of carbonic acid, as

well as an error estimate based on the discrepancy between these data sets.
8.1 Comparison of dissociation constants

Measurements of apparent (K;) or stoichiometric (K;) ionization constants for carbonic acid have
been made by a number of workers (Buch et al., 1932; Buch, 1951; Lyman, 1957; Mehrbach et al., 1973;
Hansson, 1972, 1973b). The more recent work of Mehrbach et al. and of Hansson i1s more reliable than
earlier studies. We therefore consider only these data here. This comparison is based on a recent paper
by Dickson and Millero (1987). In order to compare the two studies, both data sets were adjusted to a
common pH scale. The details of this adjustment are given in Annex 3.

It was impossible to assess which set of data is ““better’’. Both of the corrected sets of data have
approximately the same precision. (The raw data of Mehrbach et al. for pK{ appear to have a higher pre-
cision than the corrected data.) In addition, it is apparent that the systematic difference between the two

sets of data 1s approximately equal to the precision (~2s).* Even the precision of the final pooled data set

1s of a similar magnitude to that of the independent sets of data (see Annex 3).

The proposed equations were derived from the pooled data, and can be used to estimate pK; and

pK, for seawater from S = 0 - 40 and for temperatures from O to 35°C:

pK; — pK; = (19.894 — 840.39/T — 3.01891n T)S"* + 0.0068 S (8.1.1)
pK, — pK, = (17.176 — 690.59/T — 2.6719In T)S” + 0.0217 S , (8.1.2)

where pK® represents the value at infinite dilution (S = 0):
pK; = 6320.81/T — 126.3405 + 19.568InT (8.1.3)

pK, = 5143.69/T — 90.1833 + 14.613InT . (8.1.4)

The values of 2s for these equations are 40.017 in pK; and +0.031 in pK, respectively. It should be
pointed out that at low salinities these equations would be expected to have larger deviations. Using an
ion pairing model we estimate that in the salinity range S = 0-5, errors are ~0.03 in pK;, and ~0.1 in pK,.
Since the composition of most estuarine water 1s quite variable at these salinities, this larger error is not
necessarily significant. By forcing the values of pK* in seawater to extrapolate to the pure water values,

one can make reasonable estimates for estuarine water. Equations limited to the salinity range S = 20-40

g = (RSS/(m—p))%: where RSS 1s the sum-of-squares of the residuals, m is the number of data points, and p
is the number of fitting parameters.
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do not provide this advantage, and can cause much larger errors in the extrapolated values below S = 20.

Thus, it 1s probable that the precision of the pooled data set represents a reasonable estimate for the
accuracy of the dissociation constants of carbon dioxide in seawater at this time. It is, therefore, useful to
assess what contribution this magnitude of errors contributes to the various derived quantities such as
P(CO,) or [CO3~2']. This information can be estimated from the paper by Dickson and Riley (1978). The
resultant error, due to errors in Kf and Kz* , depends upon the particular combination of analytical parame-
ters used, 1.e., the choice trom pH, P(CO,), TA and TCO, and to a lesser extent upon the specific condi-
tions (i1.e., S and T). Thus for the observable combination pH and CA, i.e., discounting the effect of error
in Kp, the value of [CO,], and hence P(CO,), varies by 1% for each 1% error in Kl* (£0.017 in pKf‘ =4%

in K;). The error in the calculation of [CO$7] is similarly dependent on the error in K5 (+0.031 in pK, =

4]

1+7.4% in Kf ). These errors are approximately the same magnitude as the errors due to the experimental

measurements (except for the very best data, when the errors in the constants would be expected to dom-

inate).

An indication of the extent of the shortcomings of the proposed equations is given in Figure 1. In
this figure P(CO,), calculated using the equations above and data for TA (by titration) and TCO, (by
extraction and manometric determination), is compared with the values of P(CO,) measured directly
(using gas chromatography). The data represent a variety of samples from the North Atlantic covering a
range of temperature and it 1s apparent that there is a systematic discrepancy, the extent of which vares
with temperature. The maximum deviation corresponds to an error of ~0.03 in p(Kf /Kz* ), 1.€., within the

estimated error bounds for the equations.

It 1s thus apparent that the very best analytical measurements are accurate enough to make demands
on the accuracy of the constants which 1s beyond our current knowledge of them. However, the current
data on the constants are probably adequate for a variety of purposes. In the event that more reliable data

for the constants become available it may be appropriate to reconsider these recommendations.

The pooled data are based on the pH(SWS) scale: it 1s thus necessary to employ this scale when
using these constants. It would have been impossible to correct the data to the pH(NBS) scale, as this

would introduce further uncertainties.
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Figure 1. Plot of the deviations between calculated and measured P(CO,) for samples from the North
Atlantic and Hudson Bay as a function of temperature. The TA were measured by the PACODEF (Physi-
cal and Chemical Oceanographic Data Facility of Scripps Institution of Oceanography) (e), and by E.P.

Jones of the Bedford Institute of Oceanography (O), the TCO, data by C.D. Keeling’s group at S.1.O., and
the P(CO,) by R.F. Weiss’s group from S.1.O.
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9. Pressure dependence of dissociation constants

Disteche and Disteche (1967) as well as Culberson and Pytkowicz (1968) measured the effect of
pressure on the dissociation constants of carbonic acid potentiometrically at 25°C. The two sets of results
are in good agreement. Culberson and Pytkowicz (1968) studied the pressure effect over a range of tem-

peratures. The results agree well with those obtained from partial molal volume data (Millero, 1983).

Millero (1979) presented a formula that adequately describes the pressure dependence as a function
of temperature and salinity: |

In (K;*/K."®) = — (AV/RT)P + (0.5AK/RT)P* (9.1)
where
-AV; = a, + a; (S-34.8) + a5t + a5t
-10°AK; = b, + b; (S-34.8) + b,t
and tis in °C.

The constants are summarized below.

Coefficients for equation (9.1) for the pressure

dependence of dissociation constants K, K, and KBJr

Acid ds di ds 10333 bo bl b2 0'(11'1 K*P/K*O)
B(OH); 29.48 -0.295 -0.1622 2.608 2.84 -0.354 - 0.0030
H,COx4 25.50 0.151 -0.1271 -- 3.08 0.578 -0.0877 0.0043
HCO; 1582 0321  0.0219 a3 113 0314 0.1475 0.0042

T The appropriate range of validity is S = 20-40; t = 0-30°C, i.e., the range applicable to >99% of sea-
water.

10. Solubilities of calcium carbonates

The study of the solubilities of calcium carbonates is presently in a state of flux. This 1s due to the
occurrence of metastable, kinetically controlled phases (Pytkowicz and Cole, 1979), to the presence of
conventional single equilibrium states (Plummer and MacKenzie, 1974), to multistate thermodynamics
(Wollast and Reinhard-Derie, 1977; Pytkowicz and Cole, 1979), and to the possible occurrence of surface
coatings of compositions different from those of the bulk phases (Weyl, 1967; Moller and Parekh, 1975).

10.1 Aragonite
Commonly 1t has been assumed that solubility determinations of aragonite in seawater are relatively

easy to carry out because of the lesser interference of Mg2+ 1ons. Surprisingly aragonite solubility pro-
ducts scatter more than those of calcite (UNESCO, 1983). This is a hitherto unexplained effect in
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saturation runs which rcach steady state pH and alkalinity values within a few hours at most. On the
other hand, long term storage depresses the solubility. This 1s probably because aragonite is a metastable

phase, which is converted gradually into a low magnesium calcite (Morse, 1980).

10.2 Calcite

The solubility product of reagent grade calcite has been reasonably well characterized by several
observers (UNESCO, 1983). The solubility data at higher pressures, however, reveal discrepancfies which
may be due to some irreversibility of pH measurements during compression and decompression (Pyt-
kowicz and Fowler, 1967). Ingle (1975), however, did find little hysteresis, so that pressure work

deserves further attention. The partial molal volume approach of Millero (1983) can provide answers for

pure phases.

The inorganic precipitation of calcite occurs only in special circumstances, such as when calcareous

cements and overgrowths are formed, during evaporation of closed basins, and in interstitial waters of

sediments rendered highly alkaline as a result of sulfate reduction processes.

Rapid precipitation of calcium carbonate can lead to a rate controlled metastable Ca,Mg,_.(CO;)
bulk phase or surface phase. The metastability of such solids can persist for long periods, especially
when solid diffusion, rather than redissolution is the mechanism involved in progress to equilibrium.
Laboratory experiments often lead to the formation of low Mg-calcites (with >2 mol% Mg), whereas
naturally produced calcite in the ocean (i.e., calcareous skeletons of foraminifera and nano-plankton) are
usually very low Mg-calcites with Mg/Ca molar ratios of <50 x 107%, or <0.5 mol% Mg. The exact

equilibrium Mg/Ca ratio in stable Mg-calcite in the ocean i1s as yet unknown, and the subject of further
investigation.

10.3 Solubility products of aragonite and calcite

Below we summarize some of the thermodynamic information available on solubility products at
25°C and S = 35 (Morse et al., 1980; UNESCO, 1983).
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Summary of calcite and aragonite solubility products at
25°Cand S =35

Kp(calc) K,p(arag) K (arag)/Ky(calc) pKgp(cale) pKgp(arag)
Source mol’kg™2x107) (mol*kg *x10’)
MaclIntyre (1965) 4.57(£0.27) 7.33(30.31) 1.63(x0.17) 6.34 6.13
Ingle et al. (1973) 4.60(x0.10) -~ 6.34 -~
Bemer (1976) 8.11(x0.23) -- -- 6.09
Plath (1979) 4.70(10.10) 8.69(1+0.49) 2.05 (#0.15) 6.33 6.04
Morse et al. (1980) 4.39(1+0.20) 6.65(+0.12) 1.53(30.10) 6.36 6.18
Plummer and Sundquist 4.60 6.66 1.45 6.34 6.18
(1982)
Mucci (1983) 4.30(1£0.20) 6.65(30.12) 1.5530.10) 6.37 6.18
We suggest that the following values are the preferred values:
pK(calc)=6.3510.02 (10.3.1)
PK,(arag)=6.1710.02 (10.3.2)

Mucci (1983) gives the following equation to describe the ratio of the thermodynamic solubility
products of aragonite and calcite

log (Kg(arag)/Kgy(calc)) = 0.0385 + 63.974/T (10.3.3)

and for aragonite

log K¢ (arag) =—171.945 — 0.077993T + 2903.293/T + 71.595 log T (10.3.4)

where T = (t + 273.15) K.

Mucci (1983) selected the following equation to represent the temperature and salinity dependence
of the stoichiometric solubility constants of calcite and aragonite in seawater

log Kg(i) — log KS() = (b, + byT + byT)S*> + C,S +d,S'? (10.3.5)
with the following values of the constants:
solid b, b, 10° b, C, d10° c

calcite -0.77712 2.8426 178.34 -0.07711 4.1249 0.010

aragonite -0.068393 1.7276 88.135 -0.10018 5.9415 0.009
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The pressure dependence of the solubility product can be described by the following formula (Mil-
lero, 1979)

In(Kp ()/Ke2(0)) = — (AVY/RT)PH0.5AK/RT)P* (10.3.5)

where for calcite
—-AV,=48.76 — 0.5304t (10.3.6a)
~10°AK_=11.76 — 0.3692t (10.3.6b)

For aragonite one must assume that AV, ~2.8cm’mol™! lower than AV, and that AK, ~AK.

Further measurements are needed to resolve whether this is an allowable assumption (Millero, 1979). In

addition little information is available on the effect of salinity.

11. Suggestions for future work

Though for many purposes the themmodynamic information contained in this report will be

sufficient, various improvements can still be made. Below we summarize some of these needs.

11.1 pH buffers

Though the buffer solutions described in Scction 6 will help set the stage for the more convenient
measurement of pH using buffers in seawater-like solutions, the values of the buffers only cover the
higher range of normally measured pH in seawater (pH = 8 - 9). A search for a third standard of pmy(S)
= 7 or 7.5 would be most useful. A 1:1 buffer composed of 2-aminopyridine and its hydrochloride may
prove suitable for this purpose. The pmy of this buffer in seawater of salinity 35 has been found to range

from 7.3 at 5°C to 6.9 at 25°C (Erickson, 1980). More work on this proposed buffer is necessary.

11.2 Dissociation constants

As was pointed out in section 8, the overall precision of either the individual data sets or the pooled
data sets leave room for improvement. Further work, especially over the normal seawater range of salini-
ties (S = 30 - 40) and temperatures (t = 0 - 30°C) should be carried out. At present such efforts are under-
way in at least two laboratories (A. Poisson, University of Paris and A. Dickson, Scripps Institution of
Oceanography). We propose adoption of the present pooled data set, with the proviso that in a few years
from the publication of this report, improvements to the suggested formulae may be warranted. Mean-
time overdetermination of parameters, as demonstrated in Figure 6.1, will also help in any future

refinement of the thermodynamic information.
11.3 Solubility of calcium carbonate

Much progress has been made in the measurement of the solubility products of calcite and aragonite

(Mucci, 1983). However, further research is still called for, especially with respect to the pressure depen-
dence of the solubility products.
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