
Journal of Marine Research, Sears Foundation for Marine Research, Yale University 
PO Box 208118, New Haven, CT 06520-8118 USA 

(203) 432-3154    fax (203) 432-5872    jmr@yale.edu    www.journalofmarineresearch.org

The Journal of Marine Research is an online peer-reviewed journal that publishes original 

research on a broad array of topics in physical, biological, and chemical oceanography.  

In publication since 1937, it is one of the oldest journals in American marine science and 

occupies a unique niche within the ocean sciences, with a rich tradition and distinguished 

history as part of the Sears Foundation for Marine Research at Yale University. 

Past and current issues are available at journalofmarineresearch.org. 

Yale University provides access to these materials for educational and research purposes only. 
Copyright or other proprietary rights to content contained in this document may be held by 

individuals or entities other than, or in addition to, Yale University. You are solely responsible for 
determining the ownership of the copyright, and for obtaining permission for your intended use. 

Yale University makes no warranty that your distribution, reproduction, or other use of these 
materials will not infringe the rights of third parties. 

This work is licensed under the Creative Commons Attribution-
NonCommercial-ShareAlike 4.0 International License. To view a copy of this 
license, visit http://creativecommons.org/licenses/by-nc-sa/4.0/  
or send a letter to Creative Commons, PO Box 1866, Mountain View, CA 94042, USA. 



Journal of 
MARINE RESEARCH 
Volume 33, Number 2 

The effect of the non-ideal composition of sea water on 

salinity and density 

by Peter G. Brewer1 and Alvin Bradshaw1 

ABSTRACT 

We have calculated the effect of the increased alkalinity, total carbon dioxide and silica content 
of deep ocean waters on the conductance-salinity-density relationship. This leads us to postulate 
that a density correction term can be derived, represented by 

Lla0 = 0.0537 L1 TA- 0.0096LlL' CO2 + 0.042Ll Si 

where Ll TA, LIE CO2 and Ll Si are the alkalinity, total carbon dioxide, and silica concentration 
differences, in m. equiv ./kg, m. moles/kg and m. moles/kg respectively, between the sample in 
question and an "ideal" North Atlantic surface sea water. This correction term reaches values of 
up to + 0.012 a0 in the North Pacific, equivalent to that caused by an error of 0.1 °C, or 0.0150/o0 

salinity. These corrections are not insignificant in terms of the precision of modern hydrographic 
data. The effect of these corrections leads to an adjustment of up to 500 m in the depth of an iso-
pycnal surface. The accuracy of the correction term is less certain at high pressures and we have 
no information on the effect of compositional changes of this kind on compressibility. The defini-
tion of salinity is not at issue here; however, in the abyssal Pacific Ocean salinity as used to cal-
culate density is in error by - 0.0120/oo and as a truly conservative tracer by + 0.0080/o0• 

1. Introduction 
The GEOSECS2 program has achieved remarkable precision in the measurement 

of the basic chemical oceanographic properties. In particular, data on the distribution 

J. Woods Hole Oceanographic Institution Woods Hole, Massachusetts 02543, U.S.A. 
2. The Geochemical Ocean Sections Study (GEOSECS) is a multi-institutional and international 

program sponsored by the National Science Foundation through the Office of the Internati onal Decade 
of Ocean Exploration. 
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of temperature (± 0.005°C), salinity (± 0.001 °loo), phosphate, nitrate and silicate 
( ± 0.5 °lo), alkalinity ( ± 0.5 °lo), total carbon dioxide ( ± 0.5 °lo) and the dissolved gases 
N2, 0 2, Ar(± 0.5¼) in the world ocean are now available. The aim of this program 
is to study the abyssal circulation of the world ocean through the distribution of 
chemical tracers. To a first approximation abyssal flow takes place along surfaces 
of constant potential density (Montgomery, 1938; Taft, 1963; Reid, 1965; Lynn and 
Reid, 1968; Reid and Lynn, 1971). The examination of the distribution of chemical 
properties along these surfaces is of fundamental importance. The density of sea 
water is calculated from a knowledge of its temperature, salinity and pressure. The 
equation of state governing these relationships is the subject of intensive investigation; 
the report of the National Academy of Sciences (1959) reviews earlier work on the 
subject, more recent work by Millero and co-workers (e.g. Fine et al., 1974) has 
greatly extended our knowledge. The density of sea water is known with a precision 
of approximately ± 5 ppm (± 0.005 in a0) at one atmosphere, and to approximately 
± 20 ppm at higher pressures (1-1000 bars). However, for the purposes of examining 
the continuity of oceanic density surfaces, inaccuracies in the equation of state that 
apply uniformly are less important than density differences that might arise between 
one part of the ocean and another due to variations in the composition of sea water. 

The concept of the relative constancy of composition of sea salt is fundamental 
in oceanography (Dittmar, 1884; Forch et al., 1902), and the best evidence today is 
that, within analytical error, the major ion composition is constant (see review by 
Culkin, 1965). The exceptions relate to the CaC03 system in sea water, and the 
concentrations of dissolved Si. On the basis of temperature, salinity and pressure, 
the density of oceanic samples is commonly reported to ± 0.001 a0 (1 ppm in density). 
The equations and tables that enable us to do so are derived from measurements on 
surface sea water samples, mainly from the North and Norwegian Seas, made about 
seventy-five years ago. More recent measurements (Cox et al., 1967; Cox et al., 1970; 
Kremling, 1972) have confirmed the general validity of these data, but also have 
shown that small differences do persist. Indeed Cox et al. (1967), in discussing the 
fit of a polynomial equation to their chlorinity and conductance data, report that 
"the inclusion of the deep samples, nearly all of which are in a very restricted range 
of salinity around 34.8¼0, would produce a decided kink in the graph of salinity 
plotted against conductivity. These results show clearly that deep sea water has on 
average a slightly higher conductivity". Deep sea samples have, therefore, been 
excluded from the formulation of the equation, now internationally accepted by 
oceanographers, used to calculate salinity, and hence density, from conductance. 

In this paper, we examine the proven variability in the chemical composition of 
sea water, and calculate the effect this has on the density. The problem is to identify 
those changes which could contribute errors of ± 1 ppm or more. Changes of lesser 
degree are as yet of no practical significance. The scheme to be followed is first to 
calculate the magnitude of the chemical change from ideal composition. From partial 
equivalent conductance data, the effect of this compositional change on conductivity 
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is calculated. From the conductivity-density relationship the corresponding effect 
on density is determined. The true density perturbation is calculated from partial 
molal volume data, and the difference between derived and true results represents 
our correction term. This approach has been used by Connors and Wey! (1968), 
who concluded that a sample of deep water from mid-Pacific would have a density 
anomaly of +0.008 a0 (8 ppm), based upon the excess HC0-3, Ca++, NO3 and 
H2PO4 added as Ca(HCO3) 2 and Ca(NO3) 2 • Wirth (1940) showed that by deriving 
the exact chemical composition of the various Atlantic, North Sea and Baltic waters 
used by Knudsen in his compilation of hydrographic tables, he could calculate the 
chlorinity-density relationship from apparent molal volume data. The result was 
surprisingly accurate; the maximum deviation between calculated and observed 
densities was only 25 ppm, and the calculated densities were uniformly higher than 
Knudsen's by 14--23 ppm in the oceanic salinity range. Subsequent experimental 
work (Kremling, (1972)) bas substantiated the fact that Knudsen's densities are low 
by about 10 ppm. Bradshaw (1973) bas examined in detail the effect of carbon dioxide 
and calcium carbonate on the specific volume of sea water; be estimated that, in the 
ocean, the variation in the conductance-density relationship due to these two effects 
could be 0.013 in a0. However, since be considered each effect to be acting inde-
pendently, and since the effects are opposite in sign, this estimate may be too large. 

2. Calculation of density anomalies 

It would be fooli sh to start from scratch and calculate the density of each sea 
water sample from a knowledge of its basic chemical composition. It is the density 
differences between samples that are important and we have taken as our reference 
sea water the surface water at 53°50'N, 33°34'W (GEOSECS Station 24). This sea 
water bas a salinity of 34.686¼0, alkalinity of 2.278 m. equiv./kg and a total carbon 
dioxide concentration of 2.088 m. moles/kg. The choice of North Atlantic surface 
sea water as a reference is traditional; much of the early work on the physicochemical 
properties was carried out on sea water of this type, and the I.A.P.S.O. Standard 
Sea Water is derived from this source. For comparison, we have obtained analytical 
data on a batch of Standard Sea Water (Batch P61 26/ 11 1972) from analyses carried 
out on R/V MELVILLE on 30/4 1974. The sample had an alkalinity of 2.411 m. 
equiv./kg and a total carbon dioxide concentration of2.238 m. moles/kg. The alkalinity 
difference between this and our reference sea water is 0.112 m. equiv./kg. These data 
may be subject to revision as further information on the calibration becomes available, 
but they cannot be seriously in error. The results might be expected to give evidence 
of the alteration of the sample by respiration in the dark prior to aeration and 
bottling, but this is not clear. 

a. The carbon dioxide system. Ideally, the alkalinity (TA) and the total carbon 
dioxide (ECO2) should covary with salinity, the deviations from this (LITA, LIECO2) 

being 
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2.278 
L'.I TA = TA - -- x S°lo0 m. equiv/kg 

34.686 
(1) 

2.088 
L'.I .ECO2 = .ECO2 - - - x S°lo0 m. moles/kg. 

34.686 
(2) 

If be and be are the a0 corrections associated with the solution of 1 m. equiv/kg 
of CaCO3 and 1 m. mole/kg of CO2, then the density anomalies associated with 
the actual differences are 

L'.lae = be X L'.ITA 

fl fl ( L'.ITA) L'.la0 = bo x L'.I.ECO2 - - 2-

and 

(3) 

(4) 

(5) 

b. Electrical conductance effects. Values for the partial equivalent conductance, 
A;, of various electrolytic components of 35.00¼0 sea water at 23°C are given by 
Connors and Park (1967) where 

- oK 
A- = 1000 v- + V.K (6) 

' 8C; ' 

with v being the specific volume of the solution (0.977 cm3/g), K the electrical con-
ductivity (0.051 ohm- 1 cm- 1) of the solution; and v'; and C; are the partial equivalent 
volume (cm3/equiv.) and concentration (equiv./kg sea water), respectively' of added 
electrolyte i. Connors and Weyl (1968) have reported more detailed investigations 
of the partial equivalent conductances of salts in sea water. They concluded that the 
agreement between the two sets of data was good, with an average difference of less 
than 1 °lo- Because A; and V\ are the sums of the corresponding properties of the 

oK 
ion constituents of each electrolyte, 1000 v - is also. Connors and Park list values aci 
for the latter quantity. From their Table 1 ("A; Revised Values"), we have: 

Electrolyte 
oK 

lO00v -
aci 

NaHCO3 39.8 
Na2CO3 20.7 
NaCl 76.9 
CaCl2 66.6 

Then for the dissolution of CaCO3, we get 

oK 
977- = 66.6 + 20.7 - 76.9 = 10.4. aci 
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Table I. STATION 37. 

Depth Salinity EA £CO2 SIL Lla0' Lla0" Lla0'" Total 
(m) (

0
/ oo) meq/kg m.moles/kg ftM/kg Effect 

ppm 

15 ... . 35.953 2.356 1.975 0.8 - .27 1.79 .03 + 1.6 
59 .. . . 36.465 2.388 2 .015 0.9 - .36 1.70 .04 1.4 

177 . . . . 35.920 2.350 2.170 6.3 - .48 - .12 .26 - .3 
278 . . . . 35.232 2.320 2.187 11.6 + .34 - .60 + .49 + .2 
453 ... . 34.900 2.306 2.200 16.8 .76 - .88 .71 .6 
651 .. .. 34.670 2.305 2.218 23.8 1.52 -1.12 1.00 1.4 
849 . . .. .643 2.306 2.225 28.4 1.66 - 1.19 1.19 1.7 

1074 .... .821 2.314 2.213 25.6 1.47 - .99 1.08 1.6 
1299 ... . .959 2.318 2.191 19.4 1.19 - .72 + .81 1.3 
1498 .... .992 2.319 2.170 16.7 1.13 - .51 .70 1.3 
1699 ... . .986 2.316 2.160 15.2 .99 - .43 .64 1.2 
1848 .... .978 2.313 2.156 16.4 .86 - .41 .69 1.1 
1940 ... . .969 2.316 2.158 17.5 1.05 - .41 .74 1.4 
2241 ... . .956 2.317 2.160 20.6 1.15 - .43 .87 1.6 
2391. ... .949 2.320 2.166 22.3 1.34 - .48 .94 1.8 
2691. ... .937 2.325 2.169 26.2 1.65 - .49 1.10 2.3 
2840 ... . .928 2.330 2.175 31.7 1.95 - .52 1.33 2.8 
3040 .... .921 2.330 2.183 33.1 1.97 - .60 1.39 2.8 
3441. ... .908 2.334 2.183 35.6 2.23 - .58 1.50 3.1 
3876 . . .. .895 2.328 2.184 34.3 1.96 - .63 1.44 2.8 
4051. . .. .891 2.329 2.175 36.4 2.02 - .54 1.53 3.0 
4200 . . . . .889 2.330 2.177 36.1 2.09 - .55 1.52 3.1 
4370 . . .. .884 2.332 2.181 37.8 2.21 - .58 1.59 3.2 

4751. . . . .841 2.343 2.207 61.1 2.95 - .87 9.05 4.7 
4900 .. .. .810 2.350 2.216 70.8 3.44 - .79 6.g3 5.6 
5018 .... .805 2.353 2.218 73.5 3.62 - .52 2.97 5.8 

For 35.00¼0 sea water at 23°C, ao and the electrical conductivity change by 
0.757 and 2.5¼ respectively for a unit salinity change. Hence, the effect of CaCO8 

dissolution on the calculated density is 

, 0.757 10.4 1 
b0 calc. = -- x - x -- x 10-3 = 0.0063 per m. equiv./kg. 

0.025 977 0.051 

Similarly for CO2, assuming that at the oceanic pH (7.9-8.2) the principal effect 
of the addition of CO2 to sea water is to form bicarbonate ion eg. 

CO2 + H2O + co~ 2Hco; (7) 
then 

8K 
977- = 39.8 - 20.7 = 19.1. 

8C; 

Hence in this case the effect on the calculated density is 
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~" 0.757 19.1 1 
u0 calc. = -- x -- x -- x 10-3 x 2 

0.025 977 0.051 

0.0232 per m. mole/kg. 

c. Volume effects. Duedall (1972) estimated the partial molal volume of CaCO3 

CVeaco.) in sea water from direct measurements of VK,co, and VNa,co, in 35¼0 sea 
water at 20°C, using previously published sea water values for other salts (Duedall 
and Weyl, 1965). He found V caco, = - 6.5 ml/mole at an initial pH of 8.2. Bradshaw's 
(1973) experimental results at 23°C for the partial equivalent volume of the carbonate 
ion in sea water change Duedall's value for V caco, to - 8.5 ml/mole. We shall use 
an average value for V caco, in sea water of - 7.5 ml/mole. 

Our value for the volume change for the solution of CO2 in 35 °loo sea water was 
obtained from Bradshaw (1973). From his Table 1 and using his Figure 4 for pH 
values, we estimate the change to be 

(0.00179 /0.0597) 100 = 30.0 ml/mole 

at a temperature of 23°C and a pH of 8.0. 
The true effect on the density of adding one milliequivalent (CaCO3), or one 

millimole (CO2) , to one kilogram of 35¼0 sea water at 23°C is given by 

Lla0 = 1000 Lie (8) 

M. 
1000 +--1 

1000 
Lie= -----v. 

977 +-1
-

1000 

0.977 
(9) 

where Vi and M; are the partial molal volume (and partial equivalent volume), 
and molecular weight (and equivalent weight) of added solute i. 3 

For CaCO3 00 true= 0.0552 perm. equiv./kg. 

For .ECO2 00 true= 0.0136 perm. mole/kg. 

d. Result. The net error in the derived sea water density is given by the difference 
between that inferred from the conductance change, and the true result from the 
volume change 

00 = 0.0552 - 0.0063 = 0.0489 (10) 

. 3. Millero . (personal communication) has pointed out that the apparent molal volume (i:pv) approach 
1s equally valid eg 

d- d0 = 10-3 (M- i:pvd0)c 

where d
0 

is !he density of the pure solvent and c is the molarity of the solute. At infinite dilution in the 
medmm of mterest i:pv = V. The numerical estimates are unchanged. 
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and o" o = 0.0136 - 0.0232 = - 0.0096. (11) 

Hence LI ao = 0.0489 x LIT A (12) 

and LI ,, ao = - 0.0096 ( L1L'C02 - LIT:). (13) 

Finally Liao = Liao+ L1aii (14) 

L1a0 = 0.0537 LITA - 0.0096 L1L'C02 • (15) 

In these estimates, it has been assumed that the partial molal volumes and the 
partial equivalent conductances involved are independent of temperature and salinity. 
While this is not exactly so, especially with regard to temperature, it introduces only 
a small error in the final results. 

We have calculated the above effects on the basis of sea water in contact with the 
air. In the oceanic oxygen minimum, and generally in the deep ocean, the pH drops 
to levels below that found at the surface. The change in pH is caused principally 
by the addition of CO2• This does not affect the alkalinity but results in an increased 
HCO3 concentration. By calculations similar to those above, and using VHco,-ci- = 
8.2 cm3/equiv. (from the formula of Duedall and Weyl (1967)) in addition to values 
for the partial equivalent conductances and partial equivalent volumes given above 
and below, we found the net effect to be equal to 0.045 LITA for the dissolution 
of Ca (HC03) 2 • The actual value for o0' should lie between this and the effect given 
in equation 10. The difference is small. One interesting point is that the CaC03 and 
CO2 induced changes are opposite in sign, and the accuracy of the conventionally 
determined deep water densities would seem to owe much to a fortunate partial 
compensation of positive and negative errors, rather than to the insignificance of 
the chemical changes. 

3. The silicate system 

The natural variability of the oceanic CO2 system has traditionally been regarded 
as the principal factor in contributing to the error in the deep ocean salinity-con-
ductivity-density relationships. However it is not the only variable, and since dissolved 
silica can reach concentrations of 170 µ mole/kg Si (4.76 mg Si/kg) in the North 
Pacific (and up to 200 µ mole/kg Si in the Bering Sea) it seems logical that we should 
examine the effect of dissolved silica on density. Dissolved silica occurs in sea water 
principally as the weak acid Si(OH)4 and is only about 5¾ ionized at the pH of 
sea water. As such it will contribute little to the conductance salinity, but would 
be included in the original gravimetric definition (Forch et al. , 1902). 

a. Electrical conductance effects. The presence of large concentrations of an unionized 
species in sea water should tend to decrease the conductance slightly, possibly due 
to viscosity effects (Stokes and Mills, 1965). We have carried out some preliminary 
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Figure 1. The effect of dissolved silica on the con-
ductometric salinity determination. 

experiments to estimate this, with only 
moderate success. The experimental 
procedure followed was to take Co-
penhagen Standard Sea Water, transfer 
it to a stoppered fl.ask and stir with an 
excess of amorphous silica for 24 hours 
at room temperature. The sample was 
then drawn into a syringe and expelled 
through a filter, fitted on to the 
syringe, into the salinometer cell. A 
control sample of Standard Sea Water 
was taken through an identical proce-
dure, but omitting the silica. Dissolved 
silica was determined colorimetrically 
on the filtered sea water. The data are 
shown in Figure 1, and while they 
lack consistency they yield a value of 

- 0.0007°/00 per 100 µ mole Si/kg. The effect is barely significant. 
This may be checked by calculation of the expected decrease in conductance due 

to decreased ionic mobility of the sea salts. Stokes and Mills (1965) suggest that 
the ratio A/A O (the ratio of the equivalent conductance in the presence of the 
non-electrolyte to the value in the absence of the non-electrolyte) " is found to lie 
between the limits l -0/2 and 1- 50/2, the latter being the value for simultaneous 
validity of Stokes' Law for the ionic motion and Einstein's equation for the viscosity". 
0 is the volume fraction of the obstructing non-electrolyte. 

The corresponding ratio K/K0 of the observed specific conductance to that of the 
external medium is found by dividing A/A 0 by 1-<p. Then a) dissolving 100 µ moles 
of Si02 in 1 kilogram of 35%0 sea water as in (16) 

(16) 

will increase the salinity of the external medium by 0.00012%0, and b) taking 
V Si(OH), = 60 ml/mole (see later section) gives <p = 6 x 10-s and consequently 

K-K0 

- 0.0021 °lo < K° X 100 < - 0.0009¼• (17) 

Since the conductance changes by 2.5% per unit salinity change the sum of the 
two effects is 

v . -K 100 
- 0.00072°/ < -''~sw+s• sw X - < - 0 00024°/ oo K 2 5 . oo• 

SW • 

(18) 

Our experimental value of - 0.0007 % 0/100 µ mole is within this range. 
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b. Volume effects. We have been unable to find accurate data for the partial molal 
volume of Si (OH), in sea water. The best estimate available is from the data of 
Jones and Pytkowicz (1973) who measured the pressure dependence of the solubility 
of amorphous silica in sea water. They find that for the reaction 

(19) 
the volume change (LI V) is 

Liv = - 5.3 ml/mole. 

Assuming a density of 2.05 g/cm3 for SiO2 we calculate the partial molal volume 
of Si (OH), in sea water to be 60 ml/mole. Correcting for the effect of the removal 
and displacement of water molecules, we calculate a density change attributable to 
the presence of dissolved silica of 3.7 ppm/100 µ mole Si/kg. It would be desirable 
to check this effect by direct measurement. 

c. Result. The net error in the density due to dissolved silica is given by the sum 
of the two effects. A decrease in the conductance salinity of - 0.0007%0 results in 
a density error of - 0.5 ppm. Using notation similar to that used to describe the 
CO2 system we have: 

<5e' = + 0.037 - ( - 0.005) 

LI aos; = + 0.042 per m. mole Si/kg. 

4. Lesser contributions 

(20) 

(21) 

As noted previously, the lower limit of practical significance for these calculations 
occurs when the density anomalies associated with a particular species are less than 
1 ppm. 

Nitrate ion occurs in sea water in concentrations up to 50 µ moles NO3 - N/kg. 
In order to get an estimate of the magnitude of the density anomaly associated with 
such a change in concentration the calculation was carried out for addition of KNO3 • 

Data on the partial equivalent volumes, and the partial equivalent conductances, 
of salts in sea water are given by Duedall and Weyl (1967) and Connors (1967) 
respectively. From their empirical formula we get, at S°lo0 = 35%0 and T = 23°C. 

VNaO = 18.8 ml/equiv. 

VK+-Na+ = 10.3 ml/equiv. 

VNo,--c1- = 11.3 ml/equiv. 

Therefore 

ANaCJ = 76.7 Q - 1 cm2/equiv. 

AK+-Na+ = 21.8 Q - 1 cm2/equiv. 

ANo,- -ci- = - 7.3 Q - 1 cm2/equiv. 

Y1rno, = 40.4 ml/equiv. and AKNO, = 91.2 Q - 1 cm2/equiv. 

The conductance effect is then 
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1000 x o.977 x a:K = :xKNo, - vKNo, x 0.051 = 89.1. (22) 
KNO, 

For an increase of 50 µ moles of KNO3/kg we get 

= 0.757 X 89.1 X _ 1_ X 50 X lQ-6 = 0.0027 (23) 
LI ae apparent 0.025 977 0.051 

and 

Llae true = 
( 

101 ) 1000 + - - X 50 X 10- 3 

1000 1 
1000 - - ------ - --

40.4 0.977 
977 + -- X 50 X 10 - 3 

1000 

0.0031 (24) 

and hence 
Lla0 = 0.0031 - 0.0027 = 0.0004. (25) 

For normal oceanic conditions, the discrepancy is negligible. 
The choice of potassium as a counter ion for nitrate is abitrary. Lyman (1959) 

considered Ca(NO3) 2 as a probable species, and for this the calculated effect would 
be somewhat larger. However, dissolved nitrate concentrations in the ocean are 
generally so low that the discussion is of limited practical significance. 

The dissolved atmospheric gases will also have some effect. The major dissolved 
gas is nitrogen, however, oxygen because of its great range in concentration must 
also be considered. Deep ocean water contains approximately 14 mis N2/kg, the 
exact amount being strongly dependent upon the potential temperature. Surface 
water of 35.00¼0 and 25°C contains 9 mis N2/kg. The dissolved nitrogen difference 
(LIN 2) is thus approximately 2.2 x 10-4 moles N 2/kg; the partial molal volume io 
N 2 in sea water, VN,, is 33.3 mis/mole (Enns et al., 1965) and thi& should result of 
a density decrease of - 6.1 ppm/m. mole. Typical deep ocean water would thus have 
a density decrease of approximately - 1.3 ppm. Providing that the samples used for 
constructing the density-salinity tables were equilibrated with air at the appropriate 
temperature this should not introduce an error. It is not clear whether this is so; 
however the contribution is small. The situation with regard to oxygen is potentially 
important, but the similarity of the partial molal volume (Vo, = 32; Enns et al. , 
1965) and the molecular weight makes its contribution minimal. 

The dissolved gases decrease the conductance slightly. The effect is approximately 
- 0.02 ¼/m. mole/kg, or 1.02 x 10-5 ohm-1 cm-1/m. mole/kg. (Bradshaw, unpub-
lished work). In determining the conductance of sea water samples in a salinometer 
we take Copenhagen Standard Sea Water, equilibrated with air at an unspecified 
"room temperature", and cooi it to 15°C in the salinometer cell. Let us assume 
that it picks up no additional gas on cooling. Similarly, we take a deep ocean sample 
with a potential temperature of as low as -1 °C, equilibrated with air at that temperature 
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and minus some oxygen due to abyssal consumption, and we warm this to 15°C. 
We shall assume that no gas is lost during the sample handling proces&. This may 
be a limiting factor in the accuracy of the calculations. We can then calculate that 
for conductance 

The fin al result being 

1 1.02 X lQ - S 
Ll a0 = 0.757 x -- x - - --

0.025 5.10 X lQ - 2 

Lla0 = 6.06 x 10- 3 perm. mole/kg. 

Li ao gas= (Ll N2 + Ll O2) 6.06 x 10- 3 perm. mole/kg 

(26) 

(27) 

(28) 

where Ll N2 and Ll O2 are the differences in concentration in m. moles/kg between 
the sample and Copenhagen Standard Sea Water, or in this paper between the 
sample and our " ideal" sea water at GEOSECS Station 24. These concentrations are 

Station 24 (53°50'N, 33°34'W) 
Copenhagen Standard Sea Water 

(Batch P61 26/11 1972) 

m. mole/kg 

N 2 = 0.410 0 2 = 0.291 
N 2 = 0.411 0 2 = 0.241 

Since the conductance is decreased, the density correction is positive. The cor-
rections from this source are not large. For dissolved N 2 a typical LlN 2 is appro-
ximately 0.2 m. moles/kg; for dissolved oxygen typical values for LlO2 would range 
from + 0.13 to - 0.3 m. moles/kg. These corrections would lead to a maximum 
positi ve density correction of approximately 2 ppm. The applicability of these cor-
rections is of more doubtful validity than those due to L'CO2 , alkalinity and silica, 
principally due to handling problems. 

5. Application of the density corrections to oceanic data 

We have chosen to ignore the gas corrections. The corrections for L'CO2 , alkalinity 
and silica have been applied to the GEOSECS Atlantic and Pacific data. The r! sults 
are given in Tables 1, 2 and 3 for Station 37 (Equatorial Atlantic; 12°1.S'N, 51 °0.0'W), 
Station 82 (Antarctic; 56°15.7' S, 24°55.2'W) and Station 218 (North Pacific; 50°26.8'N, 
176°35.0'W). 

Several things are apparent: 
1) All deep samples have a positive density anomaly. In the Equatorial Atlantic 

~ 5 ppm; in the North Pacific ~ 10 ppm. 
2) These anomalies are not insignificant in terms of the precision of the shipboard 

hydrographic data. An error of 10 ppm in density at 4°C and 35¼0, is equivalent 
to that caused by a change of 0.1 °C, or 0.012 °loo in salinity. 

3) We are led to some apparent paradoxes, for instance salinity becomes a non-
conservative property at the level of precision that we have achieved. 
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Table 2. GEOSECS STATION 82. 

s .EA .ECO, SIL ,1a0' L1a0" L1a0'" Net 

(m) 0/oo meq/kg mm/kg µ m/kg (ppm) L1a0 

1. .. . 33.732 2.269 2.113 45.1 +2.89 .53 +1.89 + 4.3 

28 .. . . 33.753 2.268 2.115 42.7 2.76 .55 1.79 4.0 

47 .. . . 33.819 2.275 2.113 42.2 2.91 .48 1.77 4.2 

68 ... . 33.912 2.280 2.147 49.9 2.85 .76 2.10 4.2 

82 . . .. 33.972 2.283 2.151 53.7 2.80 .77 2.26 4.3 

97 .. .. 34.042 2.284 2.169 57.8 2.60 .92 2.43 4.1 

118 . . .. .169 2.295 2.176 61.7 2.75 .90 2.59 4.3 

157 .. . . .346 2.305 2.216 69.2 2.66 -1.19 2.91 4.4 

200 . ... .455 2.315 2.212 77.5 2.81 - 1.07 3.26 5.0 

207 . . .. .502 2.317 2.221 76.6 2.75 - 1.14 3.22 4.8 

283 . . .. .609 2.324 2.232 84.7 2.75 - 1.18 3.56 5.1 

287 .. .. .588 2.322 2.234 83.5 2.72 - 1.22 3.51 5.0 

372 .. . . .673 2.334 2.229 88.6 3.06 -1.09 3.72 5.7 

432 ... . .685 2.337 2.232 90.7 3.18 -1.10 3.81 5.9 

582 . . . . .711 2.338 2.228 91.3 3.14 -1.05 3.83 5.9 

832 . . .. .708 2.339 2.234 99.6 3.21 - 1.10 4.18 6.3 

981. . . . .706 2.342 2.239 104.7 3.38 -1.14 4.40 6.6 

1080 .. .. .705 2.344 2.232 107.4 3.49 -1.06 4.51 6.9 

1180 . . .. .687 2.341 2.241 109.8 3.39 - 1.17 4.61 6.8 

1379 . . .. .684 2.341 2.238 112.4 3.40 -1.14 4.72 7.0 

1577 . .. . .682 2.342 2.241 114.9 3.46 - 1.16 4.83 7.1 

1776 . .. . .679 2.343 2.233 117.8 3.52 -1.08 4.94 7.4 

1786 .. .. .672 2.344 2.239 119.7 3.60 -1.14 5.03 7.5 
1986 . ... .669 2.343 2.248 119.6 3.56 -1.23 5.02 7.4 
2186 . ... .667 2.344 2.235 119.5 3.62 - 1.10 5.02 7.5 
2386 . . . . .665 2.347 2.253 120.2 3.79 - 1.26 5.05 7.6 
2588 ... . .663 2.346 2.239 120.4 3.74 - 1.13 5.06 7.7 
2789 . ... .661 2.344 2.241 120.7 3.64 - 1.16 5.07 7.6 
2989 . .. . .660 2.341 2.247 121.2 3.48 -1.23 5.09 7.3 
3190 .. .. .656 2.342 2.238 121.5 3.55 -1.14 5.10 7.5 
3390 .... .653 2.341 2.236 119.6 3.51 -1.13 5.02 7.4 
3592 . . .. .651 2.341 2.232 119.2 3.52 -1.09 5.01 7.4 
3783 .. . . .647 2.339 2.229 119.1 3.42 -1.07 5.00 7.4 
3996 . . . . .646 2.339 2.229 117.2 3.43 - 1.07 4.92 7.3 
4296 .. .. .647 2.340 2.221 115.8 3.48 - .99 4.86 7.4 
4598 .. . . .644 2.338 2.235 115.5 3.38 - 1.13 4.85 7.1 
4901. . .. .644 2.341 2.221 114.1 3.54 - .98 4.79 7.3 
5202 .. .. .646 2.341 2.228 113.0 3.53 -1.05 4.75 7.2 
5502 . . . . .644 2.339 2.227 112.1 3.43 - 1.05 4.71 7.1 
5797 . ... .645 2.340 2.230 111.8 3.48 - 1.08 4.70 7.1 
6100 ... . .647 2.339 2.230 112.6 3.42 - 1.08 4.73 7.1 
6403 . . . . .646 2.339 2.229 112.0 3.43 - 1.07 4.70 7.1 
6502 . .. . .647 2.340 2.230 112.5 3.48 -1.08 4.73 7.1 

4) In contrast to conventional thinking the oceanic silicate system is as important 
as the CO2 system in contributing to these anomalies. 
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Table 3. GEOSCES STATION 218 - NORTH PACIFIC. 

Depth s .EA .EC02 SIL LlaO' LlaO" LlaO"' Net 
(m) ., .. meq/kg mm/kg µM/ kg (ppm) LlaO 

39 . . . . 32.635 2.191 1.990 16.0 2.57 .01 .67 + 3.2 
51. . . . 32.681 2.195 2.008 18.8 2.62 .16 .79 3.3 
65 . ... 33.037 2.212 2.084 40.2 2.28 .71 1.69 3.3 
99 ... . 33.097 2.206 2.097 43.1 1.75 .85 1.81 2.7 

120 ... . 33.169 2.225 2.098 47.7 2.51 .75 2.00 3.8 
160 . . .. 33.584 2.239 2.172 70.2 1.80 - 1.28 2.95 3.5 
201. . . . 33.689 2.264 2.232 77.3 2.77 - 1.71 3.24 4.3 
359 .. . . 33.983 2.297 2.291 105.7 3.51 -2.04 4.44 5.9 
430 .. . . 34.060 2.306 2.318 112.1 3.72 -2.24 4.71 6.2 
508 . . . . .132 2.313 2.319 120.6 3.84 -2.19 5.07 6.7 
597 . . . . .204 2.325 2.320 136.6 4.23 -2.12 5.74 7.8 
760 .. . . .294 2.347 2.329 140.5 5.10 -2.08 5.90 8.9 
917 . .. . .358 2.357 2.343 149.7 5.41 -2.15 6.29 9.5 

1395 ... . .495 2.379 2.371 169.6 6.11 -2.28 7.12 10.9 
1645 .. .. .539 2.390 2.362 173.7 6.54 - 2.13 7.30 11.7 
1944 . . . . .581 2.401 2.381 176.0 6.98 -2.25 7.39 12.1 
2248 ... . .612 2.401 2.373 176.8 6.88 - 2.16 7.43 12.1 
2447 . .. . .629 2.402 2.351 174.7 6.87 -1.94 7.34 12.3 
2697 ... . .643 2.396 2.351 173.3 6.50 -1.97 7.28 11.8 
3392 . .. . .668 2.400 2.328 167.1 6.62 -1.72 7.02 11.9 
3800 . . .. .676 2.402 2.311 163.0 6.70 -1.55 6.85 12.0 
4199 .. .. .682 2.395 2.314 160.3 6.31 - 1.61 6.73 11.4 
4805 . . .. .686 2.393 2.307 157.2 6.18 -1.55 6.60 11,2 
5207 .. . . .687 2.393 2.288 154.8 6.18 -1.37 6.50 11.3 
5601. ... .687 2.398 2.300 153.8 6.45 -1.46 6.46 11.5 
5995 .. . . .689 2.397 2.286 153.5 6.39 - 1.33 6.45 11.5 
6137 . . . . .689 2.393 2.304 154.5 6.17 -1.52 6.49 11.1 
6338 .. . . .688 2.398 2.308 154.3 6.45 - 1.53 6.48 11.4 
6537 ... . .688 2.396 2.304 153.8 6.34 -1.51 6.46 11.3 
6736 . . .. .689 2.391 2.310 153.3 6.07 -1.59 6.43 10.9 
7138 .... .689 2.392 2.303 151.7 6.12 -1.52 6.37 11.0 

One interesting result concerns the relative stability of the lower North Atlantic 
Deep Water and the Antarctic Bottom Water at Station 37. At the surface, the North 
Atlantic Deep Water is more dense than the Antarctic Bottom Water. However, the 
compressibility of the Antarctic Bottom Water is greater, principall y due to its lower 
temperature but partly due to its lower salinity, and at depths > 3000 m this com-
pressibility difference is sufficiently large so as to make the Antarctic Bottom Water 
more dense and underlie the water of northern origin. This phenomenon has been 
discussed in detail by Lynn and Reid (1968) and may be observed in the data in 
Table I. The density difference between the potential density (a0) maximum at 
4200 m, and the bottom sample at this station is - 16 ppm. Applying the correction 
factors reduces this apparent inversion by 2.5 ppm, or 15¼. To some extent th!s 
effect is exaggerated by the choice of the sea surface as a density reference level. For 
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Figure 2. Depth of the a0 = 27.750 isopycnal surface in the Pacific along a meridional section at 
approximately 180° longtitude. The solid line represents data taken directly from the GEOSECS 
leg reports; the dashed line represents our corrected data. 

consideration of abyssal flow a reference level close to the level of motion is desirable, 
and Lynn and Reid have used the property a,, the density acquired by a parcel of 
sea water when moved adiabatically to 4000 decibars, to describe abyssal circulation. 
We are reluctant to use this property here, since in doing so we must make the 
assumption that the effect of pressure on our corrections is minimal; however, we 
feel compelled to proceed since the corrections described here are of particular 
significance in deep water. The property a, changes by + 66 ppm in density between 
these same two depths, and the density corrections increase this by only 4¾. Their 
magnitude, relative to the precision of the temperature and salinity measurements, 
remains unchanged. 

The density corrections are greater in the Pacific, and there we find a significant 
discrepancy between the assumed, and true, depth of an isopycnal i.urface. In order 
to illustrate this point, we have chosen two density surfaces. The first is represented 
by the property a0 = 27.750; in the Pacific this lies at a depth of 2000--2500 m. and 
closely follow s the Si maximum. A meridional section roughly along 180° of longitude 
is presented in Figure 2, showing the depth of this property both corrected and 
uncorrected for the effects of non-ideality due to the CO2-Si system. The difference 
in depth ranges from 159 to 122 m. and is remarkably constant over almost 100° 
of latitude. 

We have examined the surface represented by a, = 45.930 in more detail. This 
surface was chosen by Lynn and Reid as representing the core of the lower North 
Atlantic Deep Water, and tracing this water through the Antarctic and into the 
Pacific is of special interest. Our concern over the applicability of the corrections 
at a pressure of 400 bars still stands. A meridional section of the depth of this property 
is shown in Figure 3, and in Table 4 we show selected chemical properties along 
this surface, at both "corrected" and "conventional" depths. The effects of the 
correction are substantial; the depth difference between the two surfaces varies from 
50 m. in the Southern Ocean, where the isopycnal lies at depths shallower than 
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Figure 3. Depth of the a, = 45.930 isopycnal surface in the Pacific along a meridional section at 
approximately I 80° longtitude. The solid line represents data taken directly from the GEO SECS 
leg reports; the dashed line represents our corrected data. 

3000 m., to 500 m. in the North Pacific where the hydrostatic stability is very low. 
In the last column of Table 4, we have noted the conventional a4 value at the depth 
of the true 45.930 surface. The property is uniformly close to 45.920, indicating that 
for most practical purposes a simple subtraction of 10 ppm in density for abyssal 
Pacific waters provides a "rule of thumb" density correction. The implication is 
that £CO2 , silica and alkalinity are changing in constant proportion to temperature 
and salinity along this surface i.e., there is little in situ production or consumption 
of these properties. 

a. Conclusions. The precision of modern oceanographic hydrographic data is such 
that the effects of non-idealities in the chemical composition of sea water can no 
longer be ignored. Absolute errors in the equation. of state, or doubts arising from 
random analytical scatter in the major ion composition of sea water, are of lesser 
importance than systematic deviations in composition between the major oceans. 
Our analysis of these systematic effects leads us to suggest that a simple correction 
to the density of sea water derived from measurements of salinity, and temperature 
can be given by the equation: 

LI a0 = 0.0537 LITA - 0.0096 L'.IEC02 + 0.042 LI Si (29) 

m. equiv./kg m. moles/kg m. moles/kg 

The problem of the definition of salinity is not at issue here. The current definition, 
based upon the electrical conductance of the sample at 15°C relative to Copenhagen 
Standard Sea Water (Wooster et al. , 1969) is a perfectly adequate operational 
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Table 4. Properties of the conventional and corrected u, = 45.930 density surface along a meri-
dional section through the Pacific Ocean at approximately 180° of longitude. 

--- Conventional --- ----- Corrected -----

GEOSECS Depth S 
Station °/oo 

0 0 2 Si 
C 0 µm/1 µm/1 

0 0 1 Si "u,' 
C 0 µm/1 µm/1 

Depth S 
°loo 

Number & 
Position 

218 4300 34.683 1.103 153 159.8 3900 34.678 1.144 146 162.3 45.919 

50°26.8'N, 
176°35.0'W 

217 4410 34.683 1.107 151 163.6 3957 34.678 1.148 147 160.8 45.919 

44°40.l'N 
177°3.l'W 

216 4370 34.684 1.110 150 164.9 3850 34.680 1.149 146 163.9 45.922 

40°46.3'N 
176°58.3'W 

215 4425 34.682 1.101 152 159.0 3881 34.678 1.141 147 156.2 45.920 

37°28.6'N 
177°19.4'W 

214 4320 34.684 1.108 152 159.0 3870 34.677 1.146 145 160.9 45.919 

32°1.5'N 
176°59.9'W 

227 4170 34.685 1.113 159 145.7 3905 34.681 1.164 154 148.3 34.919 
25°0.0'W 
170°5.0'E 

241 3825 34.685 1.112 161 145.6 3697 34.682 1.166 158 146.7 45.919 
4°33.5'N 
178°59.5'E 

246 3884 34.685 1.116 164 142.2 3708 34.683 1.166 161 143.1 45.920 
0°0.0'S 
178°59.0'E 

251 3765 34.687 1.122 165 141.8 3608 34.684 1.161 161 143.8 45.921 
4°34.0'S 
178°57.0'E 

253 3640 34.691 1.142 172 134.3 3583 34.688 1.182 169 136.8 45.920 
12°40.9'S 
175°3.0'W 

269 3633 34.713 1.238 191 112.0 3583 34.708 1.252 186 115.4 45.924 
23°59.0'S 
174°26.0'W 

278 3180 34.724 1.279 195 104.2 3163 34.722 1.315 194 103.8 45.922 
36°31.3'S 
179°36.0'W 

280 2724 34.731 1.319 200 104.4 2674 34.733 1.364 200 103.4 45.923 
56°1.0'S 
I 70°3.0'E 
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definition. However, it may not always mean what we think it to mean. Salinity 
is used in two ways: i) in order to calculate density, ii) as a conservative tracer. 
In the former case, we could consider salinity as simply that property which we 
need to know, in addition to temperature and pressure, in order to be able to cal-
culate the density. Converting our density anomaly to a "salinity equivalent" we 
would find anomalies of up to + 0.015 °loo in the deep Pacific, and it would be a 
simple matte1 to construct tables giving regional values of this anomaly. If the 
properties of this correction term can be defined at higher pressures, then the in-
formation would be more complete, and the data could be entered into the equation 
of state via a simple additive salinity term. 

The use of salinity as a purely conservative tracer needs further consideration .. 
We have shown that the addition of alkalinity, CO2 , silica and the atmospheric 
gases significantly affect the conductance-salinity-density relationship. It we are to 
use salinity in truly conservative fashion then this signal must be removed from 
the data. We have shown that for the dissolution of CaCO3 the effect on conductance 
is given by 

8K 
977-= 10.4 

aci 

and for the addition of CO2 at the oceanic pH then the effect on conductance is 
correspondingly 

8K 
977- = 19.1. 

aci 

We know that salinity changes by 1 °loo for a 2.5¾ conductance change, and that 
for sea water of 35.00¾0 at 23°C, K = 0.051 ohm-1 cm-1• The effect of small changes 
in conductance on the calculated salinity is then 

1 L'.IK 
L'.IS 0/ = -- x -

00 0.025 K . (30) 

For CaCO3 dissolution L'.I S °loo = 0.0082 per m. equiv./kg, and for the addition of 
CO2, L'.I S °loo = 0.030 per m. mole/kg. The two effects are additive and using the 
notation previously employed 

L'.IS°loocaco, = 0.0082 L'.ITA 

L'.IS°loo.Eco, = 0.0300 ( L'.I.ECO2 - L'.I Tt) 

L'.I S °loo = 0.030 L'.1.ECO2 - 0.0068 L'.IT A 
conservative 

m. mole/kg m. equiv./kg. 

(31) 

(32) 

(33) 
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This represents the amount by which the conductance salinity has been increased 
due to non-conservative effects, and should be subtracted from the measured salinity 
to give a conservative property. The effect is not large, and in the North Pacific 
amounts to a correction term of - 0.008 °loo• The salinity of deep water during its 
"grand tour" from the far North Atlantic to the far North Pacific changes by only 
0.2 ¼0 ; a correction term of this magnitude thus represents 4 ¼ of the abyssal change. 
The effect may be of interest in calculating mixing proportions. 

The corrections arrived at in this paper are small, however, if precise data are 
collected they should be used in a precise way, and the corrections are certainly 
not insignificant. It seems to us that depth discrepancies of the order of 150-500 m. 
in the continuity of isopycnal surfaces between oceans should not have gone un-
noticed in descriptive physical oceanography. There is one tantalizing hint of this 
in the literature. Lynn and Reid (1968) modelled abyssal flow in the Atlantic Ocean 
and selected the a4 = 45.930 surface as representing the core of the water movement. 
In 1971, Reid and Lynn completed this work by extending their survey to examine 
the influence of Atlantic waters on abyssal Indian Ocean and Pacific Ocean waters; 
however, they felt compelled to change their density surface to a4 = 45.920 since 
"it is better defined by the available data in the abyssal Indian and Pacific Oceans". 
It is intriguing to suggest that this is necessary due to the fact that the true a4 = 45.930 
surface lies at shallower depths than we conventionally think in the Indian and 
Pacific Oceans, and to get to the appropriate level in the water column Reid and 
Lynn shifted their density surface by the 10 ppm predicted by our corrections, thus 
providing an independent check on the validity of our calculations. 
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