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Two topics are included in this thesis: (1) The application of

linear free energy relationship (LFER) to marine chemistry is

discussed and (2) winter carbonate data collected in the northern

North Atlantic Ocean, mainly the Norwegian and Greenland seas, are

analyzed. First, the occurrence of LFER has been confirmed by the

stability constant data reported in the cited literature. Comparison

of LFERs was made between the condition of zero ionic strength and

that of 0.7 ionic strength which is considered similar to the

condition in the marine environment. The application of LFERs yielded

estimates of some undetermined stability constants, especially for

carbonate and bicarbonate complexes and ion pairs, and adjustments to

some data reported in the literature needed to be made. The goals

achieved in the present work were: (1) to provide the evidence of

LFERs in seawater in terms of the logarithms of stability constants

(thermodynamic and stoichiometric at 0.7 ionic strength) at 25°C and 1
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atmosphere; (2) to analyze the reason that the separate LFERs form and

indicate their appearances occur only when log KMF and log '<MF at 0.7

ionic strength are correlated with other logarithms of stability

constants; (3) to suggest the separate LFERs are dependent on the type

classification of metal ions according to Lewis' theory; (4) to

provide the improved stability constants and compare them with the

reported values from literature and to predict unknown stability

constants, mainly for carbonate and bicarbonate complexes and ion

pairs.

Secondly, excess CO2 penetration in the northern North Atlantic

Ocean in winter has been revealed based on carbonate data. The direct

cabonate data in wintertime were collected on the HUDSON 82 cruise to

the Norwegian and Greenland seas. The results indicate that the whole

water column in the two seas has been contaminated by anthropogenic

CO2, more so in the Greenland sea than in the Norwegian sea and more

in the western basin than in the eastern basin. Observations of the

apparent oxygen utilization and tritium data support this conclusion.
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Background

Prior to my arrival at the Oregon State University, I had been

instructed by my mentor at the Shandong College of Oceanography to

work on the thermodynamics of seawater and to return there to teach

after obtaining advanced degrees. I have felt, however, as have

others, that what Shandong College of Oceanography lacks dearly is the

ability to analyze field data. Without such ability it is impossible

to transfer the existing laboratory-confined marine sciences program

to a balanced laboratory and field oceanography program (National

Academy of Sciences, 1980; Chen, 1984; 1985). Consequently, I have

divided my research into two topics: the Application of Linear Free

Energy Relationship in Marine Chemistry, and the Analysis of

Winter-time Carbonate Data in the Northern North Atlantic Ocean.
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Linear Free Energy Relationship

The linear free energy relationship (LFER) has had a large

variety of applications in a wide range of chemical and related

sciences since it was first reported in 1924 by Bronsted and Pedersen

(1924). During the last 30 years, the great interest shown by

inorganic chemists in the thermodynamics of metal ion complexation and

metal organic complexation in aqueous solutions has resulted in the

compilation of a massive amount of stability constants for these

complex formations. Analysis of these constants has led to the

development of the fundamental concept and a more quantitative

understanding of the linear free energy relationship.

Since the proposal of the Hammett equation (1937), which was

supposed to be the most developed empirical equation for LFER at that

time, much effort has been made to develop the concept of linear free

energy relationship and enlarge its application. Its most valuable

use is as a tool to predict unknown thermodynamic properties (such as

the stability constants of complex formations) and to appraise

published results. LFER is not only focused upon the correlation of

stability constants, but also the correlation of the magnitude of the

stability constants with other thermodynamic properties, even the

properties of metal ions and ligands (Chen, 1961; Nieboer and McBryde,

1970; Chapman and Shorter, 1971; Nieboer and McBryde, 1973; Hancock

1974; Tardy and Garrels, 1976; 1977; Tardy and Gartner, 1977;

Tardy and Vieillard, 1977; Hancock and Marsicano, 1978; Marsicano and

Hancock, 1978; Langmuir, 1979; Hancock and Nakaui, 1984). Such

relationships between stability constants and other thermodynamic

properties are reported in various fields, but are not often reported
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in the marine chemistry literature. It is reasonable for us to assume

that many fundamental chemical properties of the marine environment

including the stability constants can also be correlated linearly.

Furthermore, with the application of this relationship many

thermodynamic properties not determined directly can be estimated and

appraised. In this thesis, we have focused our attention on the

existence of the linear free energy relationship by applying it to the

evaluation of stability constants of complexes covering more than 40

cations and 15 anions in seawater at 25°C and 1 atmosphere, and using

it to predict some undetermined stability constants of carbonate and

bicarbonate complexes and ion pairs in seawater.

Carbonate and bicarbonate complexes and ion pairs are the most

important species in the study of carbonate chemistry and the CO2

system in the world oceans.

Wintertime Carbonate Data in the Northern North Atlantic Ocean

The CO2-carbonate system is considered one of the most difficult

problems in chemical oceanography. CO2 hydrates rapidly with water to

form carbonic acid and then it is involved in a series of proton

transfer steps as follows:

CO2 (aqueous) + H20 H2CO3

H2CO3 H + HCO3

HCO H + CO32
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All the steps involve the carbonate and bicarbonate ions. To study

the carbonate system one must study the CO2 system in seawater and

vice versa. In Chapter 3, we examine the problem of excess CO2

(human-made carbon dioxide) in the northern North Atlantic Ocean,

mainly in the Norwegian and Greenland seas, widely considered as the

main formation region of the deep water masses in the North Atlantic

Deep Water (Wust, 1935; Stefanssen, 1968; Worthington, 1970; Reid and

Lynn, 1971; Worthington, 1976; Swift j., 1980; Swift and Aagaard,

1981; Worthington, 1981; Swift, 1982; Livingston ., 1985). Since

the industrial revolution around 1850 more and more industrial CO2

(excess CO2) has been released into the atmosphere from the burning of

fossil fuels and from large-scale deforestation. As early as 1896,

the distinguished Swedish chemist, S. Arrhenius, predicted that the

increase in CO2 in the atmosphere would warm the earth and in 1899 the

American scientist, T.C. Chamberlin, proposed similar ideas (Chen and

Drake, 1986). Since then much research has been done to evalute the

problem, especially in the last 15 years. Deep concern over the

warming of the earth by increased GO2, known as the Greenhouse effect,

has been shown by the scientific community. As we know, the world

oceans play a very important role in taking up the excess CO2. It is

generally believed that the amount of dissolved carbon in the oceans

is sixty times higher than that in the atmosphere and oceans have

acted as a major sink for excess CO2 (Chen and Drake, 1986) and in

some deep water formation areas, for example the northern North

Atlantic, the entire water column is contaminated by excess CO2 (Chen,

1982). The mechanism of transporting the excess CO2 from the

atmosphere to the oceans, then sinking into the deep ocean, however,

is as yet not very clear because we do not have adequate wintertime



carbonate data in the deep-water formation regions. In this chapter,

we will try to analyze the direct carbonate data, mainly as total

carbon dioxide (TCO2) and titration alkalinity (TA), collected in

winter from the CSS HUDSON 1982 cruise in the Norwegian and Greenland

seas and evalute the penetration of excess CO2 in that area. These

data represent the first comprehensive winter carbonate data ever

collected in this region. We have also used the tritiuin data

collected from CSS HUDSON to support the excess CO2 study based on

direct observation of carbonate data. The penetration of excess CO2

in wintertime in the northern North Atlantic is plotted in a number of

cross sections.
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Abstract

Linear free energy relationships (LFER) among the stability

constants of major complexes and ion pairs in seawater at 25°C and 1

atmosphere are discussed. The correlations between the logarithms of

the stability constants show the occurrence of LFER in seawater. The

corresponding numerical equations are derived. The significance of

linear free energy relationships lies in its ability to predict

undetermined stability constants of complexes and ion pairs in

seawater and to appraise data published in the literature.

Specifically, an attempt is made to apply the concept of LFER to

carbonate and bicarbonate complexes and ion pairs. By making use of

this method, we hope to develop reliability in its prediction of

stability constants and to establish the complete data set for the

carbonate and bicarbonate system. The discussion only covers 1:1

complexes and ion pairs and so all of the stability constants in this

work are first-step constants. It seems that the classification of

Ilgands does not affect the linear free energy relationship with the

exception of fluoride ligands whose behavior is anomalous.
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Introduction

1. Background

One of the most important topics today in marine physical

chemistry is the speciation and distribution of elements in seawater.

The metal ions of geochemical and oceanographical interest exist in

seawater in the form of free ions and complexes. Generally, the

complexes are classified into two main groups: ion pairs and

complexes with both organic and inorganic ligands. However, there are

so far no criteria to distinguish ion pairs from the complexes

(Langumir, 1979). For the examination of the stability of ion pair or

complexes in electrolyte solution, stability constants must be

available in the study of ion speciation at a certain temperature,

ionic strength, and pressure. Unfortunately, many such stability

constants are lacking, especially stoichionietric stability constants

at seawater ionic strength (I - 0.7; Pytkowicz, 1983) for seawater at

most salinity because it is extremely difficult to measure the

stoichioinetric constants with good precision in seawater. Although

there are many more thermodynamic stability constants for the

corresponding ion pairs and complexes, chemical oceanographers still

prefer the stoichiometric constants in practical work because these

constants can provide directly the concentration quantities in the

Mass Action Law.

In this work, we intend to find out the linear free energy

relationship in seawater in terms of the correlation among the

logarithms of stability constants (both thermodynamic and

stoichiometric at ionic strength - 0.7) at 25°C and 1 atmosphere.

Using the plot and the regression equation, we try to predict some
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undetermined stability constants for carbonate and bicarbonate species

and appraise some data published in the literature in order to add to

the compilation of stability constants for carbonate and bicarbonate

metal complex in seawater. As is well known, seawater is a complex,

multielectrolyte solution with high ionic strength, therefore, it is

essentially unavoidable to produce errors when we deal with

stoichiometric constants on the basis of 0.7 ionic strength ignoring

other factors. Also, the large scattering of data, even for one salt,

makes linear correlation problematical.

In this work, almost all the cations common in seawater are

included and the anions include Cf, F, OH, HCO3, HSO4, H3SiO4,

B(OH)4, NO3, I12PO4, SO42, C032, H2SiO42 , HP042 , PO3 and humic

acid (HA). So the obtained linear free energy relationship between

stability constants of complexes or ion pairs with the same ligands,

or with the same metal ions will cover most of the inorganic

components in the marine environment. The data for stoichioinetric

stability constants at seawater ionic strength are fewer than

thermodynamic ones, making the correlations for stoichiometric

constants less reliable than those for thermodynamic ones. The ion

pairs are all electrostatically bonded and generally at a long range.

We have limited our complex formations to the 1:1 step. In other

words, all the stability constants involved in this work are the first

formation constants for a complex. One can obtain a better

understanding of the linear free energy relationship in seawater

through the 1:1 ion association.



2. Thermodynamics Review

The general expressions for the formation of a complex under

certain conditions is as follows:

MZ+ + nL ML
(z - nj ) +

n
(1)
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Where M denotes the metal ions and L denotes ligands of the complex.

Z and j here are the number of positive and negative electrical

charges respectively. Also n represents the number of the ligands in

the complexation. In the case of 1:1 ion association, n will reduce

to 1 and the above equation will be simplified to:

MZ+ + L3 ML (2)

In accordance with the Mass Action Law, the formation constant K for

this complex, is expressed thermodynamically by the activity

quantities of all species.

K aML j)+,'aMz+ . aJ) (3)

Where K is defined as the thermodynamic stability constant for complex

ML z i

In practice, geochemists and chemical oceanographers prefer

stoichiometric constants instead of thermodynamic ones because they

can be directly related to concentrations of the involved species.

Equation (3a) gives the expression of stoichiometric constants.

*
K [MLh]/[MZ+J[LJ] (3a)
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Here the asterisk indicates the stoichioutetric constant at certain

ionic strength condition. The relationship between the concentration

of a species and activity has been reported previously and the

activity coefficient, which relates concentation and activity is well

known as the function of ionic strength. So thermodynamic constants

do not show any significance in the determination of species

concentration unless the activity coefficient at that ionic strength

is determined. However, the thermodynamic constant is still of great

value for studies of physico-chemical properties of a system,

therefore, we have first evaluated the linear free energy relationship

for thermodynamic constants in the marine environment.



16

Linear Free Energy Relationships in Seawater

1. The Constituents and Compilation of Data

Ocean itself is a multicomponent system composed mainly of major

ions such asNa, K, Ca2, Mg2, Cl F, OH, HCO3, NO3,C032,

SO4 , and minor trace metal ions such as Li , Cs , Rb , Ag , Cd

2 2+ 2+ 2+ 2+ .2+ 2+ 2+ 2+ 3+ 3+
Sr ,Cu ,Fe ,Mn ,}Ig ,Ni ,Co ,Zn ,Be ,Fe ,Cr

(Crasshoff, 1983). Besides those above mentioned ions, there are also

other ions, e.g. the cations such as T1+, UO22, Ba2, Pb2±, T13+,

3+ 3+ 3+ 3+ 3 3+ 3+ 3+ 3+ 3+ 3+ 3+
Sc ,Y ,In ,Nb ,Zr ,La ,Dy ,Er ,Eu ,Lu , Ng ,Pr

3+ 3+ 3+ 3+ 3+ 3+ 3+ 3+ 4+ 4+ 4+
Sm ,Tm ,Yb ,Th ,Ho ,Gd ,Ce ,Nd ,Pa ,Np ,Th

Hf4, Pu and anions such as B(OH)4, HSO4, H2PO4, H3SiO4, HP042,

H2S1O4 and PO4 . Seawater also contains much organic matter, and

the typical ones are humic and fulvic acids. The complexation between

metal cations and organic matter is also of paramount importance in

the study of metal ion speciation of chemicals and the effect on metal

inorganic ligand complexation in seawater (Mantoura i., 1978;

Hirata, 1981).

In order to develop the concept of linear free energy

relationships in seawater, we focus upon the compilation of stability

constant data for complexations of the most geochemical and

oceanographic interest. Most of the stability constants were reported

at the temperature 25°C and 1 atm pressure. For the establishment of

LFER in seawater the following information is provided:

(1) a list of constituents of our interest

(2) thermodynamic stability constants (at zero ionic strength)

for most of the above 1:1 complexes and ion pairs
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(3) stoichiometric stability constants at 0.7 ionic strength.

All of the stability constants data collected for the 1:1 complexes

and ion pairs in seawater from a survey of the literature are shown in

the Appendices. Usually, different data sources provide different

stability constants for a certain complex at the same conditions on

the basis of their own observation. Therefore, we have to give the

range of the data and assess their reliability.

2. Rationalization of LFER

For the 1:1 complexation of M and L, Pearson (1967, 1968)

proposed that the stability constant can be expressed as the

four-parameter equation:

log 1<ML - EAEB+CACB
(5)

where E and C represent respectively the strength factor and softness

factor and subscript A and B refer respectively to Lewis acid and

base. For the complex of identical metal cation with different

ligands, Ll and L2, we specify:

log KML1 EMEL1+CMCL1
(6)

log KML2 - EMEL2+CMCL2
(7)

Subtracting (7) from (6),

log KML1 (E1/E2)log KML2+CM[CL1(CL2EL1/EL2)J (8)
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At a given temperature, E and C are all constants respectively for the

given metal cation and two different ligands (Chang , 1983).

Similarly, EL1/EL2 should be constant and thus the last term of the

right-hand side of equation (8) should accordingly remain constant.

Thus, equation (8) can be expressed simply:

log KML1 slog KML2+ b (9)

So the plot of log KML1 vs log
'<ML2

has the slope of s and the

intercept of b, in which b and s are respectively combined by the

parameters, strength and softness of ions.

Conversely, for the complex of the identical ligands with

different metal ions, equations (6) and (7) will have the following

form:

log
'<MlL ELEM1 + CLCM1

log KM2L ELEM2 + CLCM2

By similar means,

* *
log KM1L S logK2 + b (10)

* *
Where s and b represent the slope and intercept of the correlation

between log KM1L and log KM2L.
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Theoretically, the linear relationship between stability

constants occurs here, and by making use of equations (9) and (10),

the undetermined stability constants of a certain complex could be

estimated if the related stability constants and the corresponding

parameters were available under the same conditions.

3. Classification of Cations and Ligands

Since the logarithm of a stability constant is the function of

four parameters, it depends on the softness and hardness factors of

Lewis acid and base which could form the complex. The tendency of

cations to form covalent bonds may be related to the concept of

classification of metal ions and anions introduced by Schwarzenbach

(1961), Pearson (1968) and Ahrland (1973), which is equivalent to the

concept of hard and soft ions in an aqueous system. The cations with

a rare gas configuration (d° catjons) in our work, i.e. K+, Li+, Na+,

Be2, Mg2, Ca2, Sr2, Ba2, Cs2+, 1302, 5c3+, y3 and Zr4, Hf4,

m4 and lanthamides3+, constitute a related group from the point of

view of stability constants of complexes and will be treated as A-type

metal ions. Also, cations with an outer shell of 18 electrons (d10)

will be referred to as B-type metal ions. They are Ag+, Hg2+, 1n3+,

Bi3+ and T13+ in our work. The rest of the metal ions belong to

2+ 2+ 2+ 2+ 2+ .2+ 2+
intermediate-type such as Co , Cu , Cd , Fe Mn , Ni , Pb

2+ 3+ 3+
Zn , Fe , Cr (Pearson, 1968).

In the classification of anions the following anions OH, F,

NO3, S042, CO32, P043 involved in our work are classified as hard,

and Cl is a soft base (Pearson, 1968). According to Lewis' concept,

the most stable complex should be a hard acid, A-type metal ions

coordinating with a hard base, or soft acid, B type metal ions
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coordinating with a soft base. Because of the different stabilities

among the complexes and ion pairs involved in our work, separate

linear free energy relationships probably exist depending on A, 3, or

intermediate classifications.

4. Thermodynamic Constant Relationship Among MC1, MOH, MF, MNO3,

MHCO3, MCO3 and MSO4 Aqueous Complexes and Ion Pairs at 25°C and 1

Atmosphere.

As mentioned previously, LFERs among the thermodynamic stability

constants are significant theoretically even though geochemists and

chemical oceanographers prefer stoichiometric ones for the marine

environment. With the available data of thermodynamic stability

constants at 25°C and 1 atmosphere, logarithms of these constants of

complexes with identical ligands are plotted against those constants

of complexes with other identical ligands in this section.

First of all, the correlation of log with log KMOH at 25°C

and 1 atmosphere is demonstrated in Fig. 2.1. It covers 27 pairs of

+ 2 3+ 3+
chlorides and hydroxides. Apparently, Ag , Hg , Ti and In , which

belong to the B-type metal ions cannot fit the regression line

composed of mostly of A and intermediate type complexes and ion pairs.

2+ 2+ .
Cd and Pb , also intermediate-type, however, are away from the

line. Since most A-type and intermediate-type metal ions are included

in the linear relationship, it is reasonable to suspect that the

deviation of Cd2+ and Pb2+ is caused by measurement error. The

corresponding regression equation and standard deviation are tabulated

in Table 2.1.
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Fig. 2.2 shows the correlation of log 1Cl with log KF including

31 pairs of chloride and fluoride constants. It seems that separate

relationships occur in this case. The points for Ag+ and 1n3+ deviate

greatly from either of the regression lines, similar to Fig. 2.1. The

separate lines occur depending on the types of A (log KM(A)) or

intermediate (log K.M(I)) metal ions. This situation occurs only when

fluoride complexes and ion pairs are involved. As in Fig. 2.1, Cd2

and Pb2+ also deviate from the line based on the type of intermediate

metal ions to which they should belong. The two separate regression

equations are tabulated in Table 2.1.

In Fig. 2.3, the correlation of log KMC1 with log K.m is shown

and it covers 14 pairs of chloride and bicarbonate complexes and ion

pairs. In this case, we find no separate relationships based on

classification of metal ions, but the regression line is not as good

2+ 2+.
as the one in Figs. 2.1 and 2.2. The derivation of Cd and Pb is

observed, which corresponds to the derivations in Figs. 2.1 and 2.2.

Because the deviations happen in the plot of chloride constants vs

+
others, it is reasonable to assume that the reported values of CdCl

and PbCl+ constants may be in error and furthermore, we suggest that

they need adjusting on the basis of LFERs in Figs. 2.1, 2.2 and 2.3.

Thus, we suggest the value of the stability constant for CdCl+ be in

the range indicated by the three figures: 0.4 ± 0.3 of Fig. 2.1 on

the basis of log KCdOH+ value of 4.56, 0.4 ± 0.1 of Fig. 2.2 on the

basis of log KcdFI value of 1.06 and 0.6 ± 0.3 of Fig. 2.3 on the

basis of log KCCO + of 2.05. The value 0.1 to 0.9 for CdC1
3

stability constant from our estimation is, therefore, shown in Table

2.2. Similarly, the values for the PbCl constant should be 0.7 ±

0.3 in Fig. 1, 0.6 ± 0.1 in Fig. 2 and 0.7 ± 0.3 in Fig. 3, instead of
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Table 2.1. The corresponding regression equations by least
squares method for LFERs at 25° and 1 atmosphere

Equations R2 n Figure

log KMC1 - 0.1 log oH°1 (±0.3) 0.65 21 2.1

log
1<M(A)cl

0.2 log KM(A)F (±0.2) 0.74 24 2.2

log K.M(I)cl 0.2 log KM(I)F + 0.2 (±0.1) 0.91 7 2.2

log
ci

0.3 log Kc0 (±0.3) 0.38 11 2.3

log 0.2 log KMCO -0.4 (±0.3) 0.85 19 2.4

log KMC1 - 0.3 log Io0.4 (±0.3) 0.80 31 2.5

log KM(A)F 0.7 log KM(A)OH (±0.4) 0.99 11 2.6

log RM(I)F 0.6 log KM(I)OH1.3 (±0.6) 0.90 11 2.6

log KM(A)F - 0.8 log KM(A)co 1.4 (±0.5) 0.94 16 2.7

log KM(I)F - 0.8 log KM(I)co2.7 (±0.7) 0.83 9 2.7

log 'Sco3 - 0.2 log 1oH°7 (±0.5) 0.60 15 2.8

log Ko - 0.4 log oO.3 (±0.2) 0.89 14 2.9

log = 1.3 log KMNO3 (±0.5) 0.71 16 2.10

log 0.4 log K0+0.7 (±0.5) 0.78 27 2.11

log - 0.8 log KMOH+l.8 (±0.6) 0.92 20 2.12

log KNaL 0.8 log KKL+O.l (±0.4) 0.81 6 2.13

log l<NaL - 0.4 log KMgLO6 (±0.4) 0.71 11 2.14

log KNaL = 0.4 log KCLO.S (±0.3) 0.85 12 2.15

log KCaL - 1.4 log KKL+l.5 (±0.9) 0.71 7 2.16

log KNgL = 0.9 log KCL+O.4 (±0.5) 0.92 14 2.17

log K'MCl = 0.2 log K'MoH0.3 (±0.4) 0.50 6 2.18

log K
MC1

0.5 log K -O.4 (±0.3) 0.78 6 2.19

log K*MCl = 0.2 log K*Mco0.5 (±0.3) 0.80 7 2.20

log K*M(A)Hco= 0.4 log K M(A)F°1 (±0.2) 0.89 3 2.21
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Table 2.1 (continued)

Equations n Figure

log K*M(I)Hco 1.4 log K*M(I)F+O.2 (±0.3) 0.89 4 2.21

log K'MHCO - 0.3 log KMOHO.2 (±0.4) 0.81 7 2.22

log K - 0.4 log K -0.6 (±0.2) 0.94 7 2.23

log
*
K -

*
1.1 log K

MSO
-0.2 (±1.0) 0.19 6 2.24

log x*M(A)co_ 0.6 log K*M(A)F +1.1 (±0.3) 0.92 3 2.25

log KM(I)co_ 2.2 logK
M(I)F

+2.6 (±1.2) 0.50 4 2.25

log K
Mco3

- 0.7 log K
MOH

+0.8 (±0.8) 0.88 7 2.26
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the reported 1.58-1.60. The possible range for the value of log

KpbCl+ should be most likely between 0.3 and 1.0 and this is listed in

Table 2.2. The deviation of Fe3 in Fig. 2.3 can be explained by

either increasing the value of log K
0
2+ or decreasing the value

FeHC

of log KFC12+. The regression line equations are tabulated in Table

2.1.

Fig. 2.4 demonstrates the correlation between log KM and log

ISco3for 19 pairs of mostly A and intermediate type ions. Besides the

deviation of Ag+, which is a type-B metal ion, the deviation of CdCl+

and PbCl can be adjusted to be 0.5 ± 0.3 and 0.6 ± 0.3 respectively.

These two values for CdCl+ and PbCl+ stability constants are in good

agreement with those from Figs. 2.1-2.3. In Fig. 2.4, the larger

scatter for some of the carbonate data may cause problems in the

determination of LFER.

The correlation of log KMC1 with log at 25°C and 1

atmosphere is given in Fig. 2.5. It covers 32 pairs of chloride and

+ 3+ + +sulfate constants. The points representing Ag , In , Cd and Pb are

far away from the regression line. The deviation of CdC1+ can be

adjusted to be 0.4 ± 0.3, which is close to the estimated values from

Figs. 2.1-2.4, and the estimated value for log KpbCl+ is only 0.5 ±

0.3, which is not in agreement with the results of Figs. 2.1-2.4.

The regression equation for Fig. 2.5 is listed in Table 2.1 with its

standard deviation.

Type-A and intermediate type ions show distinct LFERs when

fluoride ions are involved. In Fig. 2.6, the correlation between log

'<MF and log 1<MOH is demonstrated, which covers 22 pairs of fluorides

and hydroxides together. Separate LFERs are apparently obtained on

the basis of different metal ion classification. It has been observed
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Table 2.2 The estimated stability constants (25°C and 1 atmosphere)
for some metal complexes and ion pairs in seawater by using
LFER.

Species log K (1=0) Figure Source Literature Value

CdCl 0.1-0.9 2. 1;2 .2 ;2 .3; 2.4;2 .5 1.97-1.98

PbC1 0.3-1.0 2.1;2.2;2.3;2.4;2.5 1.58-1.6

AgNO3° -0.29 2.10 -0.29-2.0

KB(OH)4° -0.6-0.6 2.13;2.16

KF° -1.3-0.4 2.6;2.7;2.13;2.l6 -

KHSO4° -1.4--0.2 2.13;2.l6 -

NaH3SiO4° -0.5-0.3 2.14;2.15 -

NaH2SiO4 0.9-2.0 2.14;2.15 -

Species
*

log K (1=0.7) Figure Source Literature Value

CdC1 -0.3-0.7 2.18;2.19;2.20 1.36-1.60

CdSO4° -0.0-1.8 2.24 2.30-2.46
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that a single straight line contains all of the A-type metal ions,

whereas the intermediate-type metal ions belong to the other bottom

+ 3+ +line. As for the B-type, only data for Ag , In and Hg are

available so that,we could not determine the line representing the

B-type metal ions. Another significant feature is that the relative

stability, which can be presented as log K/log KMOH, is higher for

the fluoride species of type-A metal ions than those of the

intermediate-type metal ions. This higher relative stability is also

reflected in Fig. 2.2 of log KMC1 vs log 1<MF The two regression

equations are listed in Table 2.1 with their respective standard

deviations.

Fig. 2.7 gives the correlation between log KMF and log

which covers 25 pairs of fluorides and carbonates together and two

separate relationships are observed on the basis of type-A and

type-intermediate metal ions. The existence of the separate LFERs,

similar to what was found in in Figs. 2.3 and 2.6 leads to the same

conclusion that fluoride, a hard base, is different from other bases.

The hard base forms more stable complexes (higher K values) with hard

acids (type-A ions) than with intermediate acids (intermediate type

ions). The only difference is that the two LFERs in this figure are

almost parallel without any indication of passing through the

origin. The point representing the stability constants of BeF+ and

BeCO3° deviates from the line representing type-A metal ions.

According to the estimation from LFER, the value for log KB CO

should be 8.4 ± 0.3 because there is no anomaly appearing for log

KBF+ on Fig. 2.6.
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In Fig. 2.8, 15 pairs of bicarbonate and hydroxide stability

constants are correlated. Only one LFER in this case is observed

except for the deviation of the point for FeHCO32+ and FeOH2+. As

mentioned in discussion of Fig. 2.3, I assume that the reported value

of log KF
HCO

2+ should be adjusted. It is proposed that it should be

3.3 ± 0.5 instead of 1.5 as reported in the literature. The

regression equation is listed in Table 2.1 with its standard

deviation.

Fig. 2.9 presents the correlation of log with log KM

It covers 14 carbonate and bicarbonate constants given. The

regression equation in shown in Table 2.1. The deviation of the point

representing FeHCO32+ and FeCO3+ constants is noted. The logarithm

constant for FeHCO32 should be adjusted to 3.8 ± 0.2, which is in

good agreement with the estimated result from Fig. 2.8. The range for

log K 2+ should be 2.8 to 4.0 in value and as listed in Table
FeHCO

2.3.

In Fig. 2.10, the correlation between log KMSO and log K0

shown and the corresponding regression equation is in Table 2.1. In

this correlation, 16 sulfate and nitrate constants are included. The

values of log KA
NO

° are reported respectively as -0.29 (Ball et al.,g3
1981) and 2.0 (Smith and Martell, 1981). Apparently, the later datum

does not fit the regression line, so I prefer employing -0.29 in the

regression in this work. The adjusted value for log KA NO
° is showng3

in Table 2.2.

Fig. 2.11 presents the correlation between log K.50 and log
4 3

and it covers 27 chloride and carbonate constants. The point for log

will not be close to the regression line if we
KBSO and log KB CO

apply the adjusted value for log K
0 (8.4 ± 0.3 based on Fig.

BeCO3



6

5

00

0
-J

0

-2

Ionic Strength 0

log KMHCO3= 02 log KMOU 07

2-i-Ba
Cci2--

+ Na

Mg2
Cd

2+
Cu2

Pb2

Fe3

-2 -I 0 I 2 3 4 5 6 7 8 9 10 II 12 13 14

Log KMOH

Fig. 2.8 Correlation of log KMHCO with log KMOH at zero ionic strength, 25°C and 1 atmosphere.
3

U,



3

002

0)
0J

I I I I I I I

Ionic Strength = 0

I0QKMHCO= O4IOQKMCO-O3

2t 2*- _______
Co_

Mn2
2+"

Fe3

CQ +Sl

I I I I I I I

2 3 4 5 6 7 8 9 10

Log KMc03

Fig. 2.9 Correlation of log with log KMCO at zero ionic strength, 25°C and 1 atmosphere.
3 w



0
U)

.0
J

5

ri

2

I LI'

[SI

Ionic Strength =0

=l3 IogKØ+I8

Na4

2+

0o2+Cj

Mn

T134

2+ 'Pb2
2f i

t1i

...2f-
r2+

Log KMNO

4
Ag

2

Fig. 2.10 Correlation of log KMSO with log
'M

at zero ionic strength, 25°C and 1 atmosphere.

'-4



38

Table 2.3 The estimated stability constants (25°C and 1 atmosphere) for

some carbonate and bicarbonate complexes and ion pairs in

seawater by using LFER.

Species log K (IC) Figure Source

BeCO3°

FeHC032

KHCO3°

CrFICO3
2+

LiCO3

CrCO3

BeHCO3

Species

SrHCO3

BaNCO

FeHC032

CrHC032

MnHCO3

NiHCO3.

CoHCO3

FeCO3

CrCO3

NiCO3°

CoCO3°

MnCO3°

SrCO3°

BaCO3°

7.8-9.1

2.8-4.0

-0.8-1.0

1.5-3.4

0.9-2.1

8.9-10.1

2.1-3.5

2 .7; 2. 12

2.8;2.9

2.8 ;2.9;2 . 13 ;2. 16

2.3;2.8

2,4;2.11;2.12

2.7;2.12

2.3;2.8;2.9

log (1-0.7) Figure Source

Literature Value

5.13

1.5

Literature Value

-0.5-0.3 2.21;2.22

-0.6-0.2 2.21;2.22

(1.9±0.3) 2.21

(6.1±0.3) 2.21

(1.3±0.3) 2.21

(1.0±0.3) 2.21

(0.9±0.3) 2.21

(5.3±1.2) 2.25

(11.8±1.2) 2.25

(3.9±1.2) 2.25

(3.7±1.2) 2.25

(4.4±1.2) 2.25

0.2-1.7 2.25;2.26

0.1-1.6 2.25;2.26
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2.7) either because the value of log KBeSO° needs adjusting or the

reported value for log KBCO is correct. The correlation of log

KMCO with log 1MOH covering 20 pairs of carbonate and hydroxide

constants is demonstrated in Fig. 2.12. The deviation of the point

from LFER representing log KB
Co

° and log KB OH
is noted. As ine3 e

Fig. 2.7, 1 can readjust the value of log K ° to 8.4 ± 0.6. The
e

conclusion from two LFERs also indicates that the estimated value of

log KB CO
is most likely correct and that the reported values of loge3

K 0 could be problematical (1.95.2.04). The point for log K
BeSO4 r

and log Kgr0+ also deviates slightly from the regression line, but

the deviation is not so great as to necessitate correction.

5. Thermodynamic Constant Relationship Among NaL, KL, MgL and CaL

Complexes and Ion Pairs at 250C and 1 Atmosphere.

After discussing the LFERs among aqueous complexes and ion pairs

with the major anions in seawater, we focus in this section upon the

occurrence of LFER among complexes and ion pairs with the four major

cations. The four most important metal ions in the marine environment

+ + 2+ 2+ .

are Na , K , Mg and Ca . The ligands which complex with them

include C1, 0H, F, NO3, HSO4, H2PO4 , H3SiO4 , B(OH)4, SO42,

C032, HPO . H2SiO42 , C2O42 and PO. These metal ions and

anions are studied frequently and well understood.

Fig. 2.13 shows the correlation between log KNaL and log K.l(L and

only 12 of NaL and KL complexes and ion pairs are discussed. The

regression equation for LFER is listed in Table 2.1. The value for

log KNB(oH)4 can be estimated to be 0.0 ± 0.4 from the log NaB(OH)4°

value of 0.10, and the value for log KF° is -0.7 ± 0.4 estimated from

the log KNa° value of -0.35. From Fig. 2.6, the value for log KNF
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should be -0.3 ± 0.4 and from Fig. 2.7, the value is adjusted to -0.8

± 0.5. The value for log K.so° is -1.0 ± 0.4 and for log Kco°

-0.2 ± 0.4 from Fig. 2.13.

In Fig. 2.14, the correlation between log KNaL and log KMgL

including 11 pairs of NaL and MgL constants is presented. From this

correlation, we can estimate log K. ° and log K. . - to be
1NaH3SiO4 JNaH2S1O4

-0.1 ± 0.4 and 1.6 ± 0.4 from log K . + value of 1.26 and log
MgH3S1O4

H S0 0 value of 5.67 respectively. Similarly, the correlation ofg2t4
log KNaL with log KCL shown in Fig. 2.15 can support these two

estimates. The value of log KN ° is -0.1 ± 0.3 and log
aH3SiO4

- is 1.2 ± 0.3. It is reasonable to conclude from Fig. 2.14
214

and 2.15 that the range of log KN is between -0.5 and 0.3 and
aH3SiO4

of log KN
.

- is between 0.9 and 2.0. The estimated results are314
shown in Table 2.2.

In Fig. 2.16, the correlation of log KCaL with log KKL is

demonstrated, covering 7 pairs of CaL and KaL constants. From LFER,

the value of log KKF° can be estimated as -0.2 ± 0.6, which is in fair

agreement with the results in Figs. 2.6, 2.7 and 2.13. Therefore, the

range for log ItZKF° in accordance with those results, is between -1.3

and 0.4, as shown in Table 2.2. Also, from LFER in this figure, the

value of log Kcc 0 can be assumed accordingly to be -0.2 ± 0.6.
3

Thus, the range for log K.Co is -0.8 to 0.4, in this case. The

3

values of log KKB(OH) and log K50° can be estimated by using this

method. They are 0.0 ± 0.6 and -0.8 ± 0.6 respectively. The range

for log K
OH

considering the results from Fig. 2.13, is -0.6 to
( )4

0.6 and for log K50 ° is -1.4 to -0.2. All of the results are shown
4

in Table 2.2. Fig. 2.17 gives the correlation containing most of the
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stability constants of the four major metal complexes so I did not use

it to estimate any undetermined stability constants. The correspond-

ing equation is given in Table 2.1.

6. Stoichiometric Constant Relationship Among Md, MOH, MF, MHCO3,

MNO3, MCO3 and MSO4 Aqueous Complexes and Ion Pairs at 25°C and 1

Atmosphere.

In order to consider the practical stability constants for the

above mentioned complexes and ion pairs in the marine environment, I

will continue to evaluate the linear free energy relationships among

these chemical species at 0.7 ionic strength. In fact, seawater

contains not only the electrolytes, which will affect the ionic

strength, but also organic matter. Consideration of the stability

constants at 0.7 ionic strength, however, makes the complicated system

simple and easy to tackle. As we mentioned in previous sections,

published data on stoichiometric stability constants are not as

available as those on thermodynamic ones. Evaluation of the linear

free energy relationships among stoichiometric constants for the

corresponding complexes and ion pairs, therefore, is not as easy as

for the thermodynamic stability constants. But it is also very

important to ascertain the occurrence of linear free energy

relationship for stoichiometric constants at 0.7 ionic strength and to

estimate some undetermined constants.

* *
In Fig. 2.18, the correlation of log K MC1

with log K MOH
is

demonstrated, which includes only 6 pairs of chloride and hydroxide

stoichiometric constants. Here the asterisk denotes the

stoichiometric constants at 0.7 ionic strength. Seven chloride and 7

hydroxide complexes and ion pairs are evaluated. The point
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representing CdC1+ and CdOH+ constants apparently deviates from the

regression line. There seems to be no separate LFER in this case.

This deviation of CdCl and Cd}iCO3 constants also happens in Fig.

2.19 where the correlation between log K*MCl and log covering

also 6 pairs of chloride and bicarbonate constants is shown. It

appears that the value of log K*CdCl-4- should be adjusted because in

both cases the value is 1.0-1.3 greater than expected. The adjusted

value for log K*cdcl+ is 0.4 ± 0.3 in Fig. 2.18 on the basis of log

cdOH
value of 4.3 and the value for log IC

cdc1
is 0.0 ± 0.3 on the

basis of log K*CCO+ value of 0.75 which is the average of 0.25-1.2

in literature. Fig. 2.20 shows the correlation between log K*MCl and

log K
MCO

and covers 7 chloride and 7 carbonate stability constants.

On the basis of LFER in Fig. 2.20, log K*CdCl+ should be adjusted to

0.3 ± 0.3 from the log K* ° value of 3.4 which is the average of

3.2-3.5 in literature. So the range of log K*CdCl+ should be,

according to LFERs in three figures, -0.3 to 0.7, as listed in Table

2.2. The corresponding regression equations for Figs. 2.18, 2.19 and

2.20 are shown in Table 2.1 with their respective standard

deviations.

Fig. 2.21 represents the correlation of log K*MHCO with log KMF

at 25°C and 1 atmosphere. Even though only 7 bicarbonate and 7

fluoride constants are evaluated because of the lack of available

data, a separate LFER is still obvious. Similar to LFERs in Figs.

2.2, 2.6 and 2.7, the separate linear relationships occur when

fluoride stability constants are considered and the separation is

dependent on the type classification of metal ions. The evidence for

this separate LFER is not as strong as that mentioned in the



0

0
-J

Cd2'
Ionic Strength= 07

log KMC,= 0.5 log KMHco 03

Na4

2+
Ca

2+
Zn
S

Mg2'

2+
Cu
S

0 1 2

Log KMHcO

2
Pb

Fig. 2.19 Correlation of log KMC1 with log K0 at 0.7 ionic strength,
3

25°C and 1 atmosphere.
Ui
H



(

I
Li

-I

Fig 2.20 Cor r el aLion oi

250c a

fcl

1

Log

6

MCo
tjt lOg KMCo

at ionic streg,

7



0
0

tJ

0J

0

-1

-2

I I

IogK(%)0 =i4logK(1) +O2

2# ICu /
I / 2

Zn

2
Pb

-FM92 Ionic Strength=O7

= 04 log KM(A,F

-) 0 I 2 3 4 5 6

Log KMF

Fig. 2.21 Correlation of log KICo with log KMF at 0.7 ionic strength,
3

25°C and 1 atmosphere.



54

discussion of thermodynamic LFER in Section 4 because the data are

lacking. The relative stability of type-A metal fluoride complexes

and ion pairs is higher than that of intermediate-type metal ions.

* *
Fig. 2.22 gives the correlation between log K and log K

3

and covers 7 pairs of bicarbonate and hydroxide constants. The

regression equation is expressed in Table 2.1. No separate LFER is

observed in this case.

Like Fig. 2.9, Fig. 2.23 shows a good linear relation between log

and log K*MCO. The regression equation is shown in Table 2.1

with its standard deviation. It covers 7 pairs of bicarbonate and

carbonate constants.

The correlation between log K*CO and log K is

demonstrated in Fig. 2.24 and it covers only 6 pairs of bicarbonate

and sulfate constants. An apparent deviation of the point

representing and CdSO4° constants is observed. This point is

excluded in the regression; the LFER is given and its corresponding

equation is given in Table 2.1. It appears that either log

or log K* °
is in error, even though the points are scattered and

Cd..

the coefficient of determination is small. So assume the

*
determination of log K

CdSO
° is in error since we did not find out

* *
the anomaly of log K CdCO3° in Figs. 2.20 and 2.23. K cdSo4° should

be adjusted according to the analysis of Fig. 2.24. The estimated

value of log K*Cd500 from Fig. 2.24 is 0.9 ± 0.9.

*
Fig. 2.25 shows the separate correlations of log K with log

MCO3
*

K
MF

including 7 pairs of carbonate and fluoride constants. Again,

because fluoride is involved the occurrence of the separate LFERs is

based upon the metal ion classification.
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Fig. 2.26 gives the correlation of log with log and

it covers 7 pairs of carbonate and hydroxide constants together. Like

Fig. 2.23, this correlation will be very useful for determination of

stability constants of carbonate and bicarbonate complexes and ion

pairs in the next section.
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Aoplication of LFER to Carbonate and Bicarbonate Stability Constants

in the Marine System

Analysis of the stability constants data has suggested that the

thermodynamic and stoichiometric stability constants among ion pairs

and metal complexes in seawater are related by linear correlations at

25°C and 1 atmosphere.

Prediction for some undetermined stability constants of ion pairs

and complexes can be made by means of the linear free energy

relationship. For the study of chemical speciation of seawater, one

should have knowledge of the formation of ion pairs and complexes.

Particular attention must be paid to the importance of the formation

of metal complexation with the ligands as CO32 and HCO3 because

these two anions could play a major role in trace metal cornplexation

in CO2.rich thermomineral waters.

As is known, the determination of the stability constants for

carbonate and bicarbonate complexes and ion pairs is extremely

difficult because of measurement problems. For this reason, much

effort has been exerted to estimate the value of these undetermined

constants (Hancock and Marcicano, 1978; Langmuir, 1979; Turner et al.,

1981; Fouillac and Criand, 1984; Sverjonsky, 1985). In the last

section, I have appraised some reported data for stability constants

at 25°C and 1 atmosphere as well as estimated some undetermined data

(see Table 2.2). In this section, I will focus on the estimation of

stability constants of carbonate and bicarbonate complexes and ion

pairs in seawater by making use of LFERs discussed in the last

section.
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1. Prediction of Thermodynamic Stability Constants for Carbonate and

Bicarbonate Complexes and Ion Pairs

Besides discussion on stability constants of some species such as

CdCl, PbCl, AgNO30,
KB(OH)40, KF°, KHSO40,

NaH3SiO40, NaH2SiO4,

CdSO40, I will pay more attention to the carbonate and bicarbonate

complexes and ion pairs.

In Fig. 2.3, the correlation of log Kica with log Kco, the

value of log K
HG 2+ can be predicted as 2.3 ± 0.8 if the value ofCr 03

log Kc c12 is 0.62 as reported in the literature (see Appendix 1).

In Fig. 2.4, in which the correlation of log with log KMC1

is illustrated, the value of log KL. - can be estimated by LFER as
iCO3

-0.8 ± 1.6.

By using LFER in Fig. 2.7, the value of log KCrCO 2+ can be

estimated to be on the basis of log KC F2+ value of 5.1 from Appendix

2.

From the obtained LFER in Fig. 2.8, in which the correlation of

log Ko with log 1NOH at 25°C and 1 atmosphere is illustrated, I

can estimate log Ko° to be 0.6 ± 0.5 on the basis of log K,KOH°

being -0.5 (see Appendix 3). In addition, the correlation of log

with log K.M in Fig. 2.9 can provide the estimated value of log03 CO3

on the basis of the reported value of log K0- being 0.7.

Therefore, the value of log ° from Fig. 2.9 is predicted as
3

0.0 ± 0.2, which agrees fairly well with the result from Fig. 2.8 and

falls in the range that I have suggested in discussion of Figs. 2.13

and 2.16 in last section. The recommended value for log K.,CO ° in
3

this work is -0.8 to 1.0 as listed in Table 2.3. In the meantime,

from LFER in Fig. 2.8 in which log Kois correlated with log KMOH,
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the value of log K 2+ can be assumed to be 2.9 ± 0.5 and value of
CrHCO3

log KB H
+ to be 2.6 ± 0.5. After the consideration of different

e CO3

approaches on the basis of two LFERs in Figs. 2.3 and 2.8, we estimate

the range for the possible value of log KCrHCO 2+ at 25°C, 1

atmosphere and zero ionic strength to be 1.51-3.38, as listed in Table

2.3. In accordance with our adjusted value of log KB
CO

° of 7.8 toe3
9.1 listed in Table 2.3, the value of log KB

HCO
+ can be estimated as

e

3.2 ± 0.2 on the basis of LFER in Fig. 2.9. Therefore, by considering

the results from Figs. 2.8 and 2.9, it is reasonable to assume that

the possible range for log KB
HCO

+ at 25°C, 1 atmosphere and zero

3

ionic strength is between 2.1 and 3.5, as shown in Table 2.3.

The estimated value of log KLiCO from LFER in Fig. 2.11, the

correlation between log KM, and log
1'MCO3'

is 0.02 ± 1.40. In

consideration of these large variations in LFERs in both Figs. 2.4 in

value of -0.8 ± 1.6 and 2.11 in value of 0.0 ± 1.4, no estimate of

undetermined stability constants of LiCO3+ can be made by using either

of these values.

The value of log Kc + can be predicted by LFER in Fig. 2.12.r3
If the value for log KCrOH2+ is reported as 10.0, averaged from the

literature data (see Table 2.6 in Appendices), the value of log

K + will be 9.5 ± 0.6. The estimate of 9.6 ± 0.7 from Fig. 2.7
CrCO3

strongly supports this value. So, we recommend that the range for log

KC CO
at 25°C, 1 atmosphere and zero ionic strength should be

between 8.9 and 10.3, as shown in Table 2.3. We also can make the

prediction of log KL. - in Fig. 2.12, the correlation between log

co3d log OH
If the value of -0.36 is used for log KLiOH° as

reported in the literature (see Appendix 3), the value of log KLiCO
3

should be between 0.9 and 2.1, as listed in Table 2.3.
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On the basis of LFERs in Figs. 2.3, 2.7, 2.8, 2.9, 2.12 and 2.16

used for the prediction of stability constants of carbonates and

bicarbonate, therefore, several undetermined thermodynamic stability

constants of carbonate and bicarbonate species such as CrHCO32+,

FeHCO32+,
BeCO30, CrCO3, KHCO30, BeHCO34, and LiCO3 have been

predicted. We believe that the results represent a reasonable range.

2. Prediction of Stoichiometric Stability Constants for Carbonate and

Bicarbonate Complexes and Ion Pairs

As we discussed previously in this work, researchers studying the

speciation of metal ions in seawater prefer the more practical

quantities of the stoichiometric constants at seawater ionic strength.

However, the lack of these constants limits the development of this

study. In order to overcome this difficulty in experimental work, I

attempt here to predict theoretically some of the missing

stoichiometric stability constants of carbonate and bicarbonate

species at 0.7 ionic strength (generally considered as close to that

of seawater).

* *
The correlation between log K and log K

MF
(here the

3

asterisk indicates 0.7 ionic strength) in Fig. 2.21 can supply us with

two estimations of log K*BCO + value and of log K*SrHCO+ From the

LFER for A-type metal ions, the value of log K*B
HCO

+ is assumed to
a

be -0.2 ± 0.2 and the value of log K'
HCO

+ is -0.1 ± 0.2, which can
r

be strongly supported by the estimations from Fig. 2.22.

*
By using LFER in Fig. 2.22, in which log K is correlated

LL1'._J 3

with log K*MOH, we can estimate the value of log K*BaHCO+ The

recommended value will be -0.2 ± 0.4 by estimation from LFER on the
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*
basis of log K + value of 0.01. Similarly in Fig. 2.22, the value

BaOH

of log K*S
HC0

is also estimated as -0.1 ± 0.4 by LFER on the basis

* *
of log K

SrHCO3
value of 0.25. So the possible range for log K

as we recoiended, is between -0.6 and 0.2. The possible range for

log K*S
H

+ is accordingly between -0.5 and 0.3. The two
r

recommended values are shown in Table 2.3.

From LFER in Fig. 2.21 alone, in which log K*
HCOM(I)

correlated with log KM(I)F in a separate LFER for intermediate type

metal ions, we obtain, by estimation, the value of log K
F HCO

2+ as
e

1.9 ± 0.3, the value of log Kc
HCO

2+ as 6.1 ± 0.3 and the value of

*
r

*
log K

MnHCO3
as 1.3 ± 0.3. In addition, log K

N1HCO3
and log

K
HCO

+ are also estimated from this figure to be 1.0 ± 0.3 and 0.9
0

± 0.3 respectively. It is worth mentioning that the LFER is based

upon only 4 bicarbonates and 4 fluorides and it is not as reliable as

LFERs used previously. Similarly, we make the estimation on the basis

of LFER. in Fig. 2.25, in which log K*M(I)co is correlated with log

* *
K
M(I)F

The value of log K
FeCO3

is predicted to be 5.3 ± 1.2, that

of log Kc as 11.8 ± 1.2. For the divalent metal ions, the value

of log K
NICO

° is predicted by the same LFER as 3.9 ± 1.2, log

* *
K is predicted as 3.7 ± 1.2 and log K MnCO3° as 4.4 ± 1.2. All

of the estimated values for stoichiometric stability constants of

carbonate and bicarbonate complexes and ion pairs at 0.7 ionic

strength are shown in Table 2.3 for reference. The estimations

* *
obtained from Fig. 2.21 alone for log K FeUC032' log K

CrHCO
2+, log

3
* * *
K log K NiHCO3'

log K
CoHCO

+ and from Fig. 2.25 alone for

* * * *
log K

FeCO
1 log K

CrCO3'
log K

NiCO3'
log K

CoCO3
and log

3
*
K ° are based upon only one LFER, lacking the parallel estimation
MnCO3

from other LFER as for a certain stability constant. Therefore, those



estimations are more likely in a longer error of determination. In

the correlation of log K* with log K*MF in Fig. 2.25, we also

estimate the value of log K*SCO0 as 1.2 ± 0.3 if log K*SrF+ is 0.1

as reported (see Appendix 2) and the LFER for A-type metal ions is

utilized. In addition, this value of log K*S ° is also predictedr3
as 1.0 ± 0.8 on the basis of LFER in Fig. 2.26, which supports the

estimated value of log 1(* 0 from Fig. 2.25. Therefore, the
rC

possible range for log K* ° is between 0.2 and 1.7, as shown inr3
*

Table 2.3. In the meantime, the value of log K
BrCO

° can be
3

predicted as 1.0 ± 0.3 from Fig. 2.25 and as 0.8 ± 0.8 from Fig.

2.26. Thus, the possible range for log K*BaCO ° at 25°C and 1
3

atmosphere as shown in Table 2.3 is 0.1 to 1.6.

The stability constants of species of divalent metal ions, mainly

those of the intermediate-type, coniplexing with common ligands other

than carbonate and bicarbonate anions are lacking. Although LFERs are

set up on the basis of A-type metal ions, the estimation from LFER in

two correlations are extremely difficult. However, since the

stoichiometric stability constants for carbonate and bicarbonate are

in use, we here estimate some of them by a single correlation. Of

course, the estimation of one LFER alone is not very reliable, but

this work could be helpful in the determination of the ranges and

useful as a reference for future experimental determinations.

3. Organic Matter Complexation

Besides the main inorganic ligands, seawater contains other

potential ligands of which the most important is natural organic

matter. In seawater and other natural water systems biodegradation of
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organic matter can release carboxylic acid with intermediate molecular

weight, and may form complexes with intermediate-type metal cations.

Sometimes humic and fulvic acids are the important organic components

in seawater and act as a chelating ligand binding mainly with

phenolate and carboxylate groups (Reuter and Perdue, 1977). The

stabilities of complexation of metal ions with humic and fulvic acids

have been reported recently (Stevenson, 1976; Hirata, 1981). The

correlation of the logarithm of the thermodynamic stability constants

for humic and fulvic acid complexes with the corresponding carbonate

and hydroxide stability constants have been evaluated by Turner

(1981), and the obtained LFERS among log ic.,, log 'MCO3 and log KMQH

are very good. It is reasonable to assume therefore, that humic acid

complexation is most likely to be significant for those cations which

are complexed by carbonate and hydroxide in seawater. We have also

correlated in this work log KMF and log KMSO With log IL acid

respectively and fairly good correlations are also observed (Figs.

2.27 and 2.28). It appears that competition occurs between inorganic

anions and humic acid in complexation with metal ions. Humic acid

complexation with metal ions in seawater play an important role in

influencing the stability of metal complexes and ion pairs. The

complexacion of metal ions with fulvic acid (Saar and Weber, 1979) is

also an important factor affecting the stability constants of metal

complex and ion pair formation. Unfortunately, we have not evaluated

the effect of fulvic acid on the stability of metal complexes in

seawater in this work. Apparently, the stability for humic acid

complex with metal ions is very high compared with that of sulfates or

fluorides; it is especially high for complexes of Pb-humic acid and

Cu-humic acid. From our analysis of the effect of organic humic acid
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on the stability of inorganic complexes we conclude that complexations

of Pb2+ and Cu2+ with the major anions in seawater are affected by the

huniic acid more than other discussed metal ion complexes in seawater.

A quantitative study on the effect of organic matter on the stability

of aqueous complexes with inorganic ligands, and on the linear free

energy relationship will be carried out in the near future.
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pnclusions

The data on stability constants of aqueous complexes and ion

pairs provides the basis for linear free energy relationships in

seawater at 25°C and 1 atmosphere so that the existence of LFERs among

most metal ions and inorganic ligands of geochemical and chemical

oceanographic interest has been verified in our work. Among LFERs we

discussed, only a few of them do not show the strong linear

correlation, for example, the correlation of log KM
1
with log

C 3
* *

in Fig. 2.3 and the correlation of log K MHCI
with log K

MSO
in Fig.

¼13 4

2.24. The coefficients of determination, R, for other correlations

are all larger than 0.7. Although the data for stability constants at

0.7 ionic strength are relatively fewer than those at zero ionic

strength, LFERs also show strong correlations. A significant feature

is that the separate LFERs happen only when log KMF or log K*MF

correlated with any other logarithms of stability constants. The

relative stability of fluoride complexes and ion pairs with A-type

metal ions is always higher than that with intermediate-type metal

ions. This characteristic of fluoride complexes and ion pairs occurs

in both zero ionic strength and 0.7 ionic strength conditions and

could be used to exclude the random error of fluoride stability

constant determination. The speciation LFER may lead to the

conclusion that the bonding between A-type metal ions and fluoride is

totally different from that between intermediate-type metal ions and

fluoride. Therefore, the complexes and ion pairs between A-type metal

ions and fluoride demonstrates the higher relative stability. The

electrostatic attraction also contributes somewhat to the complexes

and ion pairs so that the metal ions with lower electronic charge show
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lower stability when they complex with anions. However, a separate

LFER for B-type metal ions has not yet been obtained because of the

lack of data at present. The few points representing B-type metal

complexes usually deviate far from the regression line for A- and

intermediate-type metal ions, which indicates that most likely they

belong to a separate group.

The correlations among HaL, KL, CaL and MgL complexes and ion

pairs at 25°C and 1 atmosphere do not show any separate LFERs, because

these four cations are all hard Lewis' acids and there is no

classification difference. With these LFERs, we can predict some

undetermined stability constants or improve the reported values of

stability constants by using the available constants of other

complexes or ion pairs with the same ligands or same cations. The

range for the estimated values is usually given, indicating the

reliability of the estimation. The emphasis is mostly on the

prediction of stability constants of carbonate and bicarbonate

complexes and ion pairs. Most of them have been estimated from more

than one LFER to increase the reliability of estimation. However, the

estimation for stability constants of C0HCO3+, NiHCO3, MnHCO3,

FeHCO32, CrHCO32, CoCO30, NiCO30, MnCO30, FeCO3 and CrCO3 is just

from the correlation of log with log K*
F
or the correlation

C3

of log with log at 0.7 ionic strength, because the
MCO3 MF

2+ .2+ 2+ 3 3 .
stability data for Co , Ni , Mn , Fe and Cr with other anions

are lacking. The results by LFER estimation are listed in Tables 2.2

and 2.3 and the source figures from which the estimated values are

obtained are also listed.
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Besides the values presented in this work, one can also extend

the estimation to other stability constants of complexes and ion pairs

in the marine environment by making use of LFERs listed in Table 2.1.

This procedure could lead to a more complete data file of stability

constants for most complexes and ion pairs of geochemical and chemical

oceanographic interest. Furthermore, it is significant to the

speciation study of metal ions in seawater.

The effect of organic matter, like humic acid, is evaluated with

corresponding LFERs between log and log KMF and log K0 at 25°

1 atmosphere and zero ionic strength. The two correlations are shown

in Fig. 2.27 and 2.28 respectively. The complexation between huniic

2+ 2+acid and Cu and Pb is much stronger than with other divalent metal

.2+ 2+ 2+ 2+ions such as Ni , Zn , Co and Cd . Conversely, the stabilities

+ +
of CuF , PbF seem no different from other trace metal complexes with

the ligand of fluoride, and this situation is in agreement with Lewis'

theory, as they all belong to intermediate-type metal ions and

divalent ion groups. The reason for the specific high stability of

2+ 2+ . .Cu and Pb complexes with humic acid is not yet understood. In

this work, the effects of temperature and pressure on LFERs are not

discussed, even though 1 atmosphere pressure and 25°C temperature are

not able to stand for most of the marine situation.

The goals achieved in the present work were: (1) The evidence of

LFERs in seawater in terms of the logarithms of stability constants at

25°C and 1 atmosphere is provided. The stability constants for

complexes and ion pairs of geochemical and chemical oceanographic

interest include two forms: thermodynamic stability constants and

stoichiometric constants at 0.7 ionic strength. Both of them reflect

the occurrence of LFER among the complexes and ion pairs discussed.
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(2) The separate LFERs which are dependent on the classification of

metal ions according to Lewis' hard and soft acid and base theory are

analyzed. The appearance of separate LFER occurs only when log 1MF or

log K*MF at 0.7 ionic strength are correlated, which reveals the

different bonding between metal ions with fluoride and with other

major ligands in seawater. (3) Adjusted stability constants with

comparing them with reported values in the literature are supplied.

(4) Unknown stability constants, mainly those of carbonate and

bicarbonate complexes and ion pairs at zero and 0.7 ionic strength is

given. In this case, different LFER are usually employed to make

these estimations. (5) The effect of huinic acid on the complexation

between inorganic cations and anions is examined. In the correlations

of log 'MF and log
sc

with log the complexes of Cu2 and Pb2

with humic acid show much stronger stability than the rest of divalent

metal ions.
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CHAPTER III

ANALYSIS OF THE CSS HUDSON WINTERTIME CARBONATE DATA IN THE NORTHERN

NORTH ATLANTIC OCEAN
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Abstract

Excess CO2 signals have been calculated for the Greenland and

Norwegian Seas based on the wintertime carbonate data collected by the

CSS HUDSON in 1982. The results suffer the least systematic error as

compared with our previous efforts and indicate that the normalized

surface alkalinity and total CO2 correlate linearly with temperature;

these two seas have been contaminated by anthropogenic CO2 from

surface to bottom; the Greenland Sea contains more excess CO2 than the

Norwegian Sea; the western basin is more contaminated than the eastern

basin; and the excess CO2 results are corroborated by the AOU and

tritium data as linear correlations were found. Overall the Greenland

and Norwegian Seas (between 65° and 80°N) contain 0.92 ± 0.2 x 1O' g

excess CO2.
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Introduction

One of the greatest problems facing society today is the possible

change of the global climate caused by human activity on the earth.

The possibility of a significant global warming may be triggered by

the increase in the atmosphere of a number of compounds, such as

carbon dioxide (GO2), methane, chiorofluorocarbons and nitrous oxide,

released as a result of industrialization. These gases modify the

radiation balance of the earth's surface. The difference between

incoming and outgoing radiation causes the warming of the earth to a

higher average temperature, known as the greenhouse effect. Among the

compounds involved, the dominant one is GO2; its increase in the

atmosphere caused by the consumption of fossil fuels and deforestation

has been extensively documented in the literature.

In the last 15 or more years, the scientific society and policy

makers have promoted a great interest in this problem and much

research has been generated to try to solve the problem and evaluate

the effect of the increased CO2 concentration on the global thermal

regime and on life on earth. We know reasonably well that 40-60% of

GO2 produced by human activity, sometimes referred to as "excess GO2,"

is now in the atmosphere, with the rest taken up by the oceans (Chen

and Drake 1986; and references therein).

Although the world oceans play a paramount role in taking up

excess GO2, the removal rate of CO2 from the atmosphere and the

transport mechanism for CO2 in the oceans need to be clarified and

monitored. Most investigations for excess CO2 in the world ocean come

either from surface water observations or studies of transient



tracers, such as tritium and C-14. Direct measurement of CO2 is

desired, however, in order to substantiate results obtained from

modeling tracers.

The northern hemisphere sources of the densest of deep waters are

the outflows to the North Atlantic from the Greenland and Norwegian

Seas (Wust, 1935; Stefansson, 1968; Worthington, 1970, 1976, 1981;

Reid and Lynn, 1971; Swift et al., 1980; Swift and Aagaard, 1981;

Swift, 1984; Livingston et al., 1985). In this area, known as the

formation region of the North Atlantic Deep Water is one of the

regions with the highest effective thermocline diffusion coefficient

(Hansen et al., 1984). The surface water contains excess CO2 as a

result of air-sea exchange and sinks in winter because of cooling,

thereby transmitting excess CO2 to the deep oceans. Prior to the

HUDSON winter cruise to the Norwegian and Greenland Seas, winter data

were not available and this lack prevented us from accurately

calculating the excess CO2 in the North Atlantic.

The purpose of this chapter is to demonstrate the penetration of

excess CO2 in wintertime in the Norwegian and Greenland Seas,

considered a main region of deep water formation in the world oceans.

The carbonate data used in this thesis are based upon HUDSON CSS

82-001 cruise, from 60°N to almost 80°N in the northern North

Atlantic, principally in the region between Jan Mayen and Spitsbergen.

The cruise obtained the first comprehensive winter carbonate data in

northern North Atlantic.

TTO (Transient Tracers of the Ocean) tritium data (Ostlund, 1983)

are used in addition to the tritium data collected during the HUDSON

cruise in order to study the movement of waters during the years since

the bomb testing.
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Source of Data

In this work, the chemical data and other standard oceanographic

data are from HUDSON 82-001 (SlO reference, #84-14, 1984). The

tritium data are also used in this work as a comparison with excess

CO2 results. They are from two sources - HUDSON 82-001 and Transient

Tracers of the Ocean [North Atlantic study (TTO/NAS)] (Ostlund, 1983).

The station locations are shown in Fig. 3.1, with solid lines

indicating cross-sections discussed in the text. HUDSON 82-001 was

carried out from February to April of 1982. The cruise covered

stations throughout the Greenland Sea, extending northward and

westward as far as the ice condition allowed. Two sections in the

central Norwegian Sea were covered but no stations were located in the

Denmark Strait. Sampling started with station 4 in the Iceland Sea

and concluded with station 132. Heavy ice limited further northward

and westward coverage.

Carbonate data, total CO2 (TCO2, mmol.kg1; l 8.1 pmol.kg)

and titration alkalinity (TA, meq.kg1; lu = 5.6 peq.kg) were

collected from 49 stations, whereas supporting data such as dissolved

oxygen, depth, temperature, salinity, and nutrients were collected

more extensively. Tritium data were reported for 15 stations.

TTO/NAS carried out in July, 1981, for the Greenland and Norwegian

Seas yielded tritium data for only nine stations.

Obvious experimental errors unfortunately exist in the reported

TA and TCO2 values. Some deletions or adjustments of the data were

necessary at some stations. Deletion of data points was based on the

assumption that TA (or TCO2) vs depth or potential temperature (e), TA

vs TCO2 and TCO2 vs AOU should be smooth functions. In addition
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Fig. 3.1 CSS HUDSON 82-001 Cruise station locations and cruise track.
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we assumed that deep-water TA or TCO2 values in different parts of the

same basin should have the same values when other physical and

chemical parameters (salinity, temperature, oxygen and nutrients) were

the same and remained constant. Values adjusted are given in Table 1.

Most of these adjustments are smaller than 2a.
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TABLE 3.1. Adjustments to the measured alkalinity

and total CO2 data.

Stations NTCO2 (jimol.kg) NTA (peq.kg1)

10 -15 -

18 -20 -5

20 -8 -

23 - S -

29 Top 7 samples -

only, +10

32 Bottom 6 samples -

only, -20

33 -30 -5

34 -60 -5

41 +5 -

43 +10 -

98 +18 +8

100 18 +8

102 +18 +8

106 +18 +8

110 +18 +8

113 +18 +8

116 +8 +8

118 +8 +8

120 +8 +8

122 +8 +8

124 +8 +8
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Calculating Excess CO2

The total concentration of CO2 of a water mass after it leaves

the surface is increased by the addition of dissolved CO2 released

from dissolution of inorganic calcium carbonate particles and

decomposition of organic carbon. By subtracting these contributions

from the measured TCO2 values we obtain the preformed TCO2

concentration (TCO20). The following relationship holds (Chen and

Millero, 1979; Chen, 1984):

NTCO2° (preformed) NTCO2 (measured) + 0.5 [NTA° (preformed) -

NTA (measured)] - 0.78 AOU; (1)

where NTCO2° (preformed) denotes the normalized preformed TCO2 for any

seawater sample, NTCO2 (measured) and NTA (measured) are the

normalized measured NTCO2 and NTA, NTA° (preformed) denotes the

normalized preformed TA value, and AOU denotes the apparent oxygen

utilization. All quantities except AOU in Eq. (1) are normalized to a

salinity of 35.0.

The coefficient 0.5 in Eq. (1) is universally accepted but the

use of the quantity 0.78 associated with AOU is somewhat uncertain

because C/N/P/O ratios vary (Chen and Pytkowicz, 1979). Broecker

i. (1985) reported a "best correct estimate" of 0.72 ± 0.08 but used

0.80 for their calculations. Because the waters under discussion are

all highly oxygenated with AOU less than 60 pmol.kg1, the difference

in the coefficient gives an uncertainty of 4 Jhmol.kg1 or less in Eq.

(1).
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Because of the increase in NTCO2° in the oceans due to input of

excess CO2, the present-day NTCO2° is higher than the NTCO2 for a

water formed some time earlier. As a result, the difference, TCO2°

NTCO2° (old) -NTCO2° (present), represents the effect due to excess

CO2. TCO° is closer to zero for a younger water and more negative

for older waters.

Obviously NTCO2° (present) and NTA° (present) are critical in

calculating the excess CO2 signal. Many investigations (Edmond, 1974;

Chen and Millero, 1979; Chen and Pytkowicz, 1979; Chen, 1982a,b, 1984)

have already revealed that the distribution of NTA° and NTCO2° in

surface waters seem to correlate linearly with temperature, especially

in the temperate, subpolar, and polar regions, although temporal and

spatial variations of these correlations certainly exist (Chen and

Pytkowicz, 1979; Chen 1986). Broecker i. (1985) could not

find such correlations in the northern North Atlantic Ocean based on

the TTO data (Takahashi and Chipman, 1982). However, the present

NTCO2° and NTA° in the Norwegian and Greenland Seas in winter seem to

correlate linearly with temperature (Figs. 3.2 and 3.3) although there

may be a slight break in slope for NTCO2° at approximately -0.5°C.

Heavy ice greatly reduces air-sea exchange and biological activity;

NTCO20, therefore, may not change while temperature is reduced under

ice. The best-fit NTCO2° and NTA° equations are as follows:

NTCO2° (/4mol.kg) 2173 - 5.2 T, lc = 6.0 pmol.kg (2)

NTA° (peq.kg1) = 2317 - 0.18 T, l = 3.7 peq.kg (3)
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The standard deviations of the above empirical equations are

comparable with the measurement error (8.1 pmol.kg and 5.6 peqkg1

for TCO2 and TA, respectively). The above three equations were

combined to calculate
TCO20. The random error in TCO2° due to the

-1measurement error in TA and TCO2 is 8.4 jnnol.kg



Results

Vertical Distribution of TCO2°

A typical TCO2° profile is given in Fig. 3.4 (crosses). The

value is near zero near surface and becomes more negative with

increasing depth because deeper waters contain less excess CO2 than

when formed. The TCO2° value reaches a minimum near 1500 in and

starts to increase again with depth below 2000 in, suggesting that the

bottom water has been in contact with the atmosphere at a more recent

date than the water near 1500 m.

The maximum excess CO2 signal of less than -30 pmol.kg
1

found

here is about 10 jimol.kg1 smaller than that found in the South

Atlantic (Chen and Millero, 1979; Chen, l982a), Weddell Sea (Chen,

1984; Poisson and Chen, 1986), Southern Ocean (Chen, 1982a,c), Bering

Sea (Chen et 1985) and in the Pacific Ocean (Chen and Pytkowicz,

1979; Chen, 1982b; Chen ., 1982; 1986) where waters

uncontaminated by excess CO2 can be found. In other words, the entire

water column at this station has been penetrated by the excess CO2.

This is in agreement with the suggestion of Chen and Millero (1979)

and Chen (l982a) that the entire water column north of approximately

15 ± lO°N has been contaminated by anthropogenic CO2.

Other chemical data (SlO reference #84-14, 1984) support the

above conclusions. Nitrate, phosphate, silicate and AOU values show a

broad maximum near 1800 in which may indicate that more time has

elapsed for organic matter to decompose for waters at this depth.

Consequently, it contains less excess CO2.
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Tritiuiu data (SlO reference #84-14, 1984) also show the same

trend with a minimum near 1900 m, indicating older water at this depth

(Fig. 3.4). Tritium throughout the water column indicates

ventilation in the last thirty years. A TTO station nearby (Ostlund,

1983) also shows that tritium exists from surface to bottom (Fig.

3.4).

North-South Cross-Section

A cross-section extending from 78°N to 62°N is chosen for

discussion here. A ridge separates the Greenland Sea to the north

from the Norwegian Sea to the south. Portions of this cross-section

were covered by ice. Temperature and salinity were both low

immediately beneath the ice, and water here was not dense enough to

sink to the bottom (Fig. 3.5). Consequently, the pool of cold water

found in the Greenland Basin could not have been formed locally. This

cold water also could not have originated from the north as bottom

temperature is higher north of 76°N in the Greenland Sea (Fig. 3.5a)

and even higher in the Arctic Ocean (Aagaard, 1980, 1981). The cold

bottom water was probably advected here from the side. Temperature in

the Norwegian Sea decreases monotonically with increasing depth.

Waters in the Norwegian Sea basin are slightly warmer and saltier

than waters in the Greenland Sea basin (Fig. 3.5). Livingston

(1985) reported that three artificial radionuclides (tritium, Cs-137

and Sr-90) are strongly inversely correlated with salinity in the

Denmark Strait overflow waters. The result suggests that fresher

Greenland seawaters, which are cooler, have been ventilated more

recently than the Norwegian seawaters. NTA and NTCO2 of these two

basins differ little but the Greenland Sea is slightly more oxygenated
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but contains lower levels of nutrients (Figs. 3.6 and 3.7). Higher

oxygen but lower nutrients also suggest more recent ventilation in the

Greenland Sea basin.

The excess CO2 seems to have come from the north with the more

oxygenated Greenland Sea containing about 5 umol.kg 1
more excess co2

than waters in the Norwegian Sea (Fig. 3.8), in agreement again with

the above suggestion that the Greeland Sea has been ventilated more

recently. Although most excess CO2 is still contained in waters above

1000 in, up to 10 pmol.kg1 does exist throughout the two basins if we

assume that the maximum excess CO2 signal is 40 pmol.kg1.

The high AOIJ but low TCO2° values immediately below the ice were

the result of an artifact in calculation: waters below the ice could

be cooled after ice formation but could not absorb oxygen quickly

enough to reach a new equilibrium with the atmospheric oxygen. As a

result, rather high AOU but low TCO2° were induced, similar to what

was found in the Weddell Sea and the bering Sea ice fields (Gordon

., 1984; Chen, 1984, 1985; Chen et al., 1985; Poisson and Chen,

1986). Correcting this artifact below ice would make the surface

TCO2° values approach zero (Chen, 1984; Poisson and Chen, 1986).

The Northern East-West Cross-Section

An east-west cross-section from 5°W to 18°E along roughly 75°N

was studied to reveal the latitudinal contrast. On the western side

the surface was covered by ice. The temperature of the surface water

was low but the salinity was too low to form waters dense enough to

sink to the bottom (Fig. 3.9). Thus the bottom water, colder than the

intermediate water, was probably formed further to the west.



1000

E

4-.

C-

2000

3000

4000

0

1000

E

2000

101

LATtTUOE

80N

3000

4000

54

LATTTUD

70N

6
:--j

I4UDSON 62

AOU pmo K

1
122 420 JIB 446 443 110 10 402 400 60 7 34 32 2 43

Fig. 3.6 North-South cross-section of (a) nitrate. and (b) apparent

oxygen utilization. The thick line at the surface represents

sea ice.



0

1000

E

2000

3000

400C

0

1000

E

LATITUDE
7N

2000

3000

4000

LA11TUD

£3W 7N 80N

Kb)

P2190

2%90

CS IfUDSON 82

NTCC2 ijmol K

1 Z0 lIE 116 113 110 106 102 100 60 57 3433 32 29 43

102

Fig. 3.7 North-South cross-section of (a) normalized alkalinity and

(b) normalized total CO2. The thick line at the surface

represents sea ice.



$000

E

x
1-
0

2000

3000

400C

65'II

- /

-35

\\

LATITUDE

7O'N 75°11 80°tl

-to

-20

- CSS HUDSON 82

4TCO,pmoI kg-'
r I I

I I I I I I I 1 I I$22 $20 $18 $16 $13 110 $06 $02 tOO 60 57 343332 29 43

Fig. 3.8 North-South cross-section of LxTCO O
The thick line at the surface represents sea ice.2

C



104

The intermediate temperature maximum disappears in the eastern

basin, where the water is warmer and saltier. Waters in the eastern

basin also contain more nutrients, are higher in normalized

alkalinity, total CO2 and AOU (Figs. 3.9-3.11). These observations

indicate that these waters are older than waters in the western basin.

The excess CO2 signal confirms this suggestion because the western

basin contains a significant amount of excess CO2 (probably more than

20 Jhmol.kg1) throughout the water column, whereas the bottom waters

of the eastern basin contain about 10 mol.kg less (Fig. 3.12).

The Southern East-West Cross-Section

A cross-section extending between zero to 5 degrees south of the

cross-section discussed above is also examined, with similar results.

The southern cross-section is slightly warmer, saltier, contains more

nutrients and is higher in normalized alkalinity than the northern

cross-section (Figs. 3.9-11, 3.13-15). NTCO2 and AOU are also higher

in the more southern cross-section except for a core of high AOU and

NTCO2 water centered around station 69 in the more northern

cross-section (Figs. 3.11,3.15). This information again suggests

that the more northern waters are younger. The TCO2° results are

similar within the precision of the data (Figs. 3.12,3.16). The

northern cross-section is less than 5 mo1.kg
1
more enriched in

excess CO2 than the southern cross-section.

Little latitudinal difference exists for stations west of 5°E.

The eastern stations are colder, fresher, contains less nutrients,

NTA, NTCO2 and is lower in AOU but these stations are also more

northern (Figs. 3.13-15). These stations have been ventilated more

recently and contain more excess CO2 (Fig. 3.16).
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Overall, the Greenland and Norwegian Seas (between 65° and 80°N)

15
contain 0.92 ± 0.2 x 10 g excess carbon.
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Discussion

Livingston (1985) observed an inverse correlation with

salinity of three anthropogenic radionuclides, tritium, Cs-137 and

Sr-90, in the Denmark Strait overflow water. For deep and bottom

waters in the Greenland Sea, an inverse correlation also seems to

exist, with higher salinity corresponding, though weakly, with a

smaller excess CO2 content (Fig. 3.17a), but no such correlation

exists for the surface water. The excess CO2 signal in the deep and

bottom Norwegian seawaters does not show an inverse correlation with

salinity (Fig. 3.l7b). Higher salinity for near-surface waters there

actually corresponds to more excess CO2.

No significant correlation between excess CO2 signal and

potential temperature can be detected for deep and bottom waters (Fig.

3.18). The near-surface waters contain more excess CO2 because they

are warmer (Fig. 3.18).

It is generally assumed that older waters have more organic

matter decomposed in them thus more oxygen is utilized, hence they

have higher AOU values. A water with an AOU near zero most likely

received the full impact of excess CO2 contamination (TCO2° near

zero). On the other hand, an older water with higher AOU should

contain less excess CO2 (TCO2° more negative). In general, the

HUDSON data show the expected trend (Fig. 3.19).

Because of the previously described near-surface artifacts in

both quantities induced by temperature change without associated

changes in chemical properties, samples above 100 in have not been

included in the figure. Even so, there is still much scatter in the

correlation caused by random error in the carbonate data. Besides,
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differences in primary productivity and the rates of sinking and

decomposition of organic matter affect AOU regardless of the age

(hence the concentration of excess GO2) of the water. As a result, a

tight correlation pattern probably should not be expected.

Tritium has been used to date water masses very successfully and

it seems to correlate linearly with TCO2° (Fig. 3.20). Again, only

samples below 100 m are included in Fig. 3.20, which shows that more

excess CO2 exists (less negative TCO20) when tritiuiu is high and vice

versa. A linear extrapolation to zero tritiuin gives a tTCO2° value of

-38 ± 2.5 pmol.kg1. In other words, a water without tritium

contained 38 jmo1.kg less excess CO2 when formed compared to its

contemporary counterpart. Obviously 38 pmol.kg is a upper limit of

the excess CO2 signal because excess CO2 had been produced long before

the bomb testings which produced tritium. As a result, the

preindustrial CO2 level cannot be obtained from the HUDSON data.

These data, however, are extremely important and the resulting

calculations probably suffer the least systematic error as compared

with our previous efforts. The major factors that lead to

uncertainties as reiterated by Chen and Millero (1979), Chen and

Pytkowicz (1979), Shiller (1981, 1982), Chen (1982a,b, 1984), Chen

al. (1982, 1985), Broecker et al. (1985), Chen and Drake (1986) and

Poisson and Chen (1986) are summarized as follows:

(1) Summer data were used to model mainly winter-formed subsurface

waters, inducing a possible error which is unknown without

calibrating against field data collected in winter;

(2) Uncertainties in estimating NTA° and NTCO20;

(3) Uncertainties in the C/N/P/O ratio;



50

i4.o
E

I-

20

CSS hUDSON 82

S
0 -10 -u --'I.)

iTCO1 pinol kg'

Fig. 3.20 Tritium plotted vsATCO2° for all waters below 100 in.

J

HH



120

(4) Preformed AOU is not zero;

(5) and surface water may only show a partial response to the

anthropogenic CO2 impact.

The first factor has been minimized with the HUDSON data because

winter data were collected near a major subsurface water formation

region.

The second factor for uncertainty is small because Greenland and

Norwegian seawaters come essentially from the same source. The

NTA° and NTCO2° values correlate essentially linearly with temperature

(Figs. 3.2,3.3) and can be estimated from potential temperatures.

The resulting uncertainties are similar to the quality of the data.

The third factor is not important with the HUDSON data because

AOU is less than 60. Whether we use Broecker et al's. (1985) "best

correct estimate" of 0.72, or the value 0.80 that they actually used

for calculating TCO20, the results agree with our results (based on

an AOU coefficient of 0.78) to within 4 pmol.kg. This systematic

error is smaller than the random error (8.4 j.mo1.kg) due to

uncertainty in the TA and TCO2 measurements.

The fourth and fifth concerns are critical for calculating the

preindustrial CO2 concentration. It is impossible to make such

calculations with the HUDSON data because no really old waters exist

in the Greenland and Norwegian Seas to form a baseline for obtaining

the absolute excess CO2 signal. The HUDSON data, however, give

further insights on how preformed AOU and surface PCO2 distribute in

winter. This information will be combined with other data sets to

------"a1 CO2 level.
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Conclusions

We have analyzed the data collected by the CSS HUDSON in 1982.

They include the only wintertime carbonate data available in the

Greenland and Norwegian Seas. These data have been used to calculate

the excess CO2 signal, and the results contain the least systematic

error as compared with our previous efforts. The results indicate:

* Surface alkalinity and total CO2 correlate linearly with

temperature when compared at the same salinity;

* All HUDSON stations have been contaminated by excess CO2 from

surface to bottom;

* The Greenland Sea contains more excess CO2 than the Norwegian Sea,

and the western basin is more contaminated than the eastern basin;

* The excess CO2 results are corroborated by the AOU and tritium

data, as linear correlations were found;

* Overall, the Greenland and Norwegian Seas (between 65° and 8O°N)

contain 0.92 ± 0.2 x 1015 g excess carbon.
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Appendix 1. Cited stability constants of MCi

Cations LogK(I=0)
*

LogK (1=0.7) Cations
*

LogK(I=0) LogK (1=0.7)

Li
+

-0.48(4)
3+

Fe 2.48(4)(5)(37)

Na -0.24(26) -0.45(26)
3+

Dy 0,8(5)

-0.7(4) -0.32(7) Er 0.8(5)

Rb -0.55(4) Eu 0.8(5)

±
Cs -0.39(4)(5) Cd3 0.8(5)

2+
Be 0.32(5) -0.3(5)

3+
Ho 0.8(5)

2+
Mg 0.29(26) -0.32(25)

3+
In 3.26(5)

2+
Ca 0.45(26) 0.08(25)

3+
La 0,8(5)

0. 37 (26)
3+

2+
Lu 0.5(5)

Ba -0.13(5)
3+

Ng 0.8(5)
Cd2 1.97(5) 1.36(17)

3+
l.98(4)(37) 1.6(7) Pr 0.8(5)

Pb2 1.58(5) 1.01(7) Sc 0.92(5)
1.59(4) 1.02(17)

3+
1.6(37) Sm 0.8(5)

2+
Mn 0.61(37)

3+
Tb 0.8(5)

0.66(5) (15)
3+

2+
Tm 0.8(5)

Cu 0.40(4)(5) 0.7(17)
0.43(37) Ti3 7.73(5) 7.72(40)

2+
Zn 0.43(4)(37) -0.18(17)

3+
Y 0.8(5)

0.49(5)
0.7(5)

.2+
Ni 0.4(37)

0.72(5) T1' 0.49(40)

2+
Co 0.57(5) U022 0.21(5)

2+
Fe 0.32(27)

4+
Hf 1.65(5)

2+
Hg 7.43(5) 6.74(17) Th4 1.39(5)

Ag 3.27(5)
4+

Zr 1.57(5)

3+
Cr 0.62(5)

+
Numbers in parenthesis denote the references given at the end of
the Appendix
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Appendix 2. Cited stability constants of MF

Cations LogK(I0) LogK*(I0. 7) Cations LogK(I=0) LogK*(I=0.7)

Na -0.26(12) -1.34(13) Ni2 1.1(3) 0.6(4)*
-0.64(2) -1.0(2) 1.12(5)

-0.8(20)(19) 1.26(45)

2+ 1.3(37)
Be 5.61(5) 4.8(4)*

2+
2+ Co 1.0(3) 0.5(4)*

Mg l.8(4)(3) 1.28(13) 1.02(5)
1.82(45) 1.29(2) 1.33(45)

1.3(39)
2+1.4(21) Fe 1.4(3) (45)

Ca2 1.1(3)(4) 0.65(13) }ig2 1.5(45) 1.01(17)
(45) 1.6(3)

1,31(2) 0.46(7)
0.94(37) 0.62(21) Ag 0.4(3)(5)

1.04(12) 0.36(37)

2+ 0.37(45)
Sr 0.55(12) 0.1(4)

3
+1.04(2) (24) Cr 5.15(45) 4.2(4)*

2+ 5.2(5)(4)
Ba 0.32(5) -0.2(4)* 5.21(3)

1.04(2)
3

+
2

+
Fe 6.0(3)(5) 1.2(4)*

Cd 1.0(3) 0.46(4)(5) 6.07(45)
1.08(5) 6.2(37)
1. 06 (45)

1.1(37) Bi3 2.28(5)

2
+

5.84(45)
Pb 1.25(37) 1.5(7)(4)*

3
+2.0(3) Ce 4.0(5)(4)

2.06(5)
3+2.08(45) Gd 4.3(4)

Mn2 0.85(37) 0.8(4)* Dy3 4.36(5)
1.32(5)

3+
1.4(45) Er 4.44(4)

1.9(3) 3
+

Eu 4.09(4)
Cu 1.23(4) 0.7(17)

3
1.26(37) 0.8(4)* Pr 3.91(5)

1.27(45)
3+

1.5(3) Sc 7.03(5)
1.52(5) 7.1(4)

Sni 4.02(5)

Zn2 1.15(4)(5) 0.7(17)
3

(37) Tb 4.32(5)

1.2(3) 0.8(4)*
1. 26 (45)
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Appendix 2. (continued)

Catjons
*

LogK(I=0) LogK (I0.7)

3+
Tm 4.46(5)

Y3+ 4.80(5)(4)

4.48(5)

4+
Zr 9.80(5)

Hf4 10.23(4)

8.45

5.16(5)

3+
Ho 4.42(4)

3+
In 4.6(4)(45)

3+
La 3.6(4)(5)

3+
Lu 4.51(5)

Nd3 3.99(5)
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Appendix 3. Cited stability constants of MOH

* *
Cations LogK(I-0) LogK (1-0.7) Cations LogK(I-0) LogK (I=O.7)

Li -0.36(4)

Na -0.57(24) -0.43(4)
-0.2(4)
-0.18(2)

-0.5(4)

Be2 8.6(4)

Mg2 2.2(2)(37) 1.70(2)
2.21(14)
2.56(3)
2. 58 (4) (45)

2.60(30)

Ca2 1.15(12) 0.25(23)
1.3(2)(4) 0.74(2)
1.4(45)

Sr2 0.71(12) 0.25(2)
0.8±0.1(4)
0.82(2)

Ba2 0.6(4) 0.01(2)

Cd2 3.9(4)(6) 4.3(17)
4. 59 (30)

5.2(45)

Pb2 6.3(3)(6) 5.63(17)
(45)

6.9(7)
7.83(30)

Mn2 3.4(3)(4)

3.41(45)

Cu2 6.0(30) 5.73(18)
6.3(4) 6.1(17)
6.5(5) 6.4(17)
6. 66 (45)

Zn2 4.52(30) 4.8(17)
4.6(45)
5.0(3)(6)

.2+
Ni 4.1(3)(4)(45)

2+
Co 3.9(45)

4.3(3)(4)

2+
Fe 3.7(45)

4.5(3)

Ag 2.0(3)
3. 32 (45)

2+
Hg 10.6(3) 10.1(17

11.51(45)

3+
Cr 10.0(3)

10.05(45)

3+
Fe 11.8(45)(6)(3)

3+
Sc 9.7(4) 9.4(45)

Y3+ 6.3(4)

3+
La 5.5(4)

Nd3 6.0(4)

3+
Pu 7.0(4)

4+
Pa 14.8(4)

4+
Np 12.5(4)

Hf4 13.7(4)

3+
In 10.0(4) 12.0(45)

T13 13.4(4)(40) 12.8(45)

T1 0.79(4)(37)

8.2(4)
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Appendix 4. Cited stability constants of MHCO3

Cations LogK(I=0) LogK*(I0.7) Cations LogK(I=0) LogK*(L-0.7)

Na -0.3(10) -0.55(2) Co2 2.20(31)
-0.25(12) -0.51(10)
-0.19(2) Fe2 1.25(9)
-0.08(10) 2.17(31)
0.15(4)

2
Hg2

Mg 0.69(38) 0.21(4)
3

0.93(30) 0.28(2) Fe 1.5(4)
0.95(4) (2)
1.07(12) Y3+ 1.29(28)
1. 08 (46)

1.21(24)

Ca2 l.0(2)(9) 0.02(2)
1.10(12) 0.29(11)
1,26(30) 0.33(2)

0. 68 (22)

Sr2 1.0(2)
1.24(12) (24)
1.25(4)

Ba2 1.0(2)
1.52(17)

Cd2 2.00(31) 0.25(7)
2.1(37) 1.2(17)

Pb2 1.9(31) 2.2(17)
2.9(9)

Mn2 1.27(37)
1.95(9) (31)

Cu2 2.08(9) 1.5(17)
2.2(31)

2.7(37)

Zn2 0.8±2(36) 1.0(17)
2.l(4)(37)
2.2(31)

Ni2 2.14(37)
2. 22 (31)

5.6(17)
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Appendix 5. Cited stability constants of NNO3

Cations LogK(I=0)
*

LogK (1=0.7)

Li -1.1(4)

Na -0.6(2)(5) -1.09(2)
-0.5(4)
-0. 25(30)

-0.16(16) -0.43(2)
-0. 15(4)

-0.12(5)
0. 078 (44)

0.08(2)

Ca2 0.28(2) -0.51(2)
0.7(4)(5)

Sr2 0.8(4) 0.02(2)
0.82(2)

Ba2 0.9(4)

Cd2 0.1-0.5(4)
0.4(37)

Pb2 1.17(4)(37)

Mn2 0.2(4)

Cu2 0.5(4)

Zn2 0.4(4)

Ni2 0.4(4)

Co2 0.2(4)

Ag+ -0.29(37)
2.0(4)

Fe3 1.00(4)

Eu3 1.23(4)

Th3 0.88(4)

Pu4 1.8(4)
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Appendix 6. Cited stability constants of MB(OH)4

Cations
*

LogK(I=O) LogK (I=.0.7)

Na 0.22(2)
0.33(43)
-0.24(41)

Mg2 1.62(2) 0.72(25)
1.63(42)
1.45(47)
0.90(41)

Ca2 l.11(2)(41) 0.72(25)
1.72(47)
l.8(2)(42)

Sr2 1.55(2)(42)

Ba2 1.49(42)
1.5(2)

Cd2 1.42(48)

Pb2
52a(43)

2.20(48)

Cu2 3.48(48)

Zn2 0.9(48)

Ag 1.20(43)

a
22°C
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Appendix 7. Cited stability constants of MCO3

Cations LogK(I-0) LogK*(I_0.7) Cations LogK(I.-0) LogK*(I=0.7)

Na 0.55(2) 0.63(2) Zn2 4.1(18)
0.77(39) 0.2(2) 4.8(31)
1.02(2) 0.42(2) 5.1(36)
1.27(30) 5.3(9)(37)

0.7(12) 0.38(25) Ni2 4.83(31)
5.37(5)

2
+

6.87(9)
Be 5.13(10)

2
+

2
+

Co 4.41(31)
Mg 2.85(38) 2.51(2)(25) 4.91(5)

2.88(8) 1.94(2)
2

+2.9(2) 2.05(4) Fe 473(5)
3.40(3)

2+ Ag 3.40(5)
Ca 3.15(4)(9) 1.51(2)

3
+(8) Fe 9.72(5)

3.2(2) 2.21(9)
3

+2+ Gd 7.29(5)
Sr 3.8(4)

3+
3.92(2)(9) Dy 7.17(5)

Ba2 2.78(5)(9) Eu3 6.83(5)
2.8(3)

3+
2

Ho 7.23(5)
Cd 4.35(5) 3.2(17)

3
+5.4(4)(37) 3.5(7) In 7.60(5)

Pb2 5.34(5) 5.36(4)(9) 6.16(5)
5.59(9) 6.2(7)

3
+6.3(6) Pr 6.62(5)

7.24(37)
3+

2+
Sc 10.10(5)

Mn 4.10(5)
3
+4.28(5) Nd 6.72(5)

4.32(32)
3+

4.9(4) Ga 8.79(5)

Cu2 6.73(31) 5.6(17) Y3 6.02(28)
6.75(4)(5)

2+
6.77(30)(39) UO2 7.5(5)

6.78(9)

3.3(17)
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Appendix 8. Cited stability constants of MSO4

Cations LogK(I-0) LogK*(I_0.7) Cations LogK(I=0) LogK'(I=O.7)

Li 0.77(2) 0.26(2)(43) Mn2
0.64(5)

Na 0.65(33) -0.03(22) Cu2
0.7(37) 0.08(25)
0.82(35) 0.09(2)

2
+0.94(44) 0.31(1) Zn

0.992(7) 0.26(29)
1.00(3)

0.82(2) 0.26(2)
20.85(35)(37) Ni

0. 88 (44)

0.96(2)

Rb 0.6(2) -0.09(2) Co2

Cs 0.33(2) -0.41(2)

Fe2
Be2 1.95(4)

2.04(5)
2+

2+ Hg
Mg 2.16(5) 0.66(5)

2.21(2) 1.01(2)
2.23(33) 1.08(33) Ag
2.25(12) 1.09(25)

3
+2.33(34) 1.62(44) Cr

Ca2 2.28(2) 0.99(22)
3
+2.31(3)(4) 1.03(4) Fe

(12)

1.40(29)
3

+1.49(25) Gd

Sr2 2.31(2) 0.85(2) Dy3
2.55(4) 2.10(2)

3
+2.60(3) Er

Ba2 2.3(2) 0.66(4)(5) Ho3
2.7(3)(4) 0.98(2)

3+

Cd2 2.30(3) 1.88(7)
In

3
2.46(4)(37) Nd

Pb2 2.75(4)(5) 0.95(4) Pr3
2.80(3)

2.26(37) (4) (5)

2.3(3)

2.31(37) 0.95(4)
2.36(4)(5)

2.1(3) 0.89(4)
2.36(5)
2. 37 (37)

2.38(4)

2.29(4) 0.57(4)
2.30(3)
2.32(4)

2. 36 (4) (5)

2.40(3)

2.2(3)
2. 25 (37)

2.5(3)
2.66(5)

1.3(3)

3.0(3)
4.61(5)

3. 92 (37)

4.4(6)

3.66(5)

3.62(5)

3.59(5)

3.59(5)

3.86(5)

3.99(5)

3.62(5)
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Appendix 8. (continued)

Cations LogK(I0) LogK*(L..O.7)

Sc3 4.40(5)

Sm3 3.67(5)

Th3 3.64(5)

Tm3 3.59(5)

Y3+ 347(5)

,m3+ 3.58(5)

T13 4.38(5)

T1 1.37(40)

Zr4 7.79(5)

Hf 7.16(5)

2.95(5)
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Appendix 9. Cited stability constants of MHSO4

Cations LogK(I=0)

Na -0.7(12)

2+
Mg 0.4(12)

2+
Ca 0.3(12)

2+
Sr 0.5(12)
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Appendix 10. Cited stability constants of MH2PO4

Cations LogK(I0)

Na -0.043(2)

Mg2 1.12(2)

Ca2 1.0(2)
0.06-1.4(4)

Pb2 1,5(4)

2+
Fe 2.7(4)

3+
Fe 4.17(32)

A13 3.1(32)

Y3+ 2.65(4)

3+
Ce 2.33(4)

Pb3 2.51(4)

2.51(4)
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Appendix 11. Cited stability constants of MH3SiO4

Cations LogK(IO)

2±
Mg 1.26(5)

2
Ca 1.01(5)



Appendix 12. Cited stability constants of MH2SiO4

Cations LogK(I.0)

2+
Mg 5.67(5)

2+
Ca 4.59(5)

151
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Appendix 13. Cited stability constants of MHPO4

Cations LogK(I0)

Na 0.29(37)
0.8(2)

0.29(37)
1.05(5)

2+
Mg 2.85(2)

2.91(4)

2
Ca 2.66(2)

2. 74-0. 06 (4)

Pb2 3.1(4)

2+
Zn 3.2(32)

.2+
Ni 2.9(32)

2+
Co 3.0(32)

2+
Fe 3.6(4)

3
Fe 9.92(32)

5.43(37)
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Appendix 14. Cited stability constants of MPO4

Cations LogK(I=O)

Na 1.6(2)

2+
Mg 5.78(2)

2
Ca 6.46(4)

6.47(2)
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Appendix 15. Cited stability constants of MHA

Cations LogK(IO)

2+
Zn 5.73(5)

Cd2 5.23(5)

2+
Mn 5.0(5)

2+
Co 5.2(5)

2+
Ni 5.78(5)

2+
Cu 9.84(5)

Pb2 8.7(5)
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