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Lecture 23 

The Oceans 

Reading: White, Digital Chapter 15 

 

Today 

1. The oceans: currents, stratification and chemistry 

 

Next Time 

2. the marine carbon cycle 
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We now turn to marine chemistry, primarily from the perspective of 

understanding the ocean’s role in Earth’s carbon cycle and its climate. 

 

Interesting factoids about the world's oceans: 

 They are >97% of the total mass of the hydrosphere. 

  

 They are the main repository on Earth for liquid water and its dissolved 

constituents. 

 

 They contain a significant amount of the worlds easily accessible carbon. 

 

 They’re where most of Earth’s photosynthesis/respiration occurs. 

 

 They  play a major role in regulating Earth's climate. 

 

 Within the ocean's basins is the integrated history of some 100 million 

years of hydrospheric processes. 

 

 The overturn rate for the oceans is every ~1500-2000 years in its present 

configuration and sea level. 
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Chemicals in the Oceans 

Sea water has accumulated elements in proportion to their solubility and 

stability in sea water over the age of the earth. 

Conservative elements have τres up to 107 yr (50000x the overturn rate; 

they are well-mixed in the oceans). 

 Oceanic elemental 

concentration varies with 

depth and geographic 

location but the ratio of 

one conservative element 

to another is essentially 

constant throughout. 

 

Non-conservative elements 

  Abundances are highly 

variable in the oceans. 

These elements have τres 

< 5x  oceanic turnover 

rate. 
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The Composition of Seawater 
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chemical fluxes into the oceans 

on the top  

♦ rivers ♦ precipitation 

♦  dry deposition ♦  gas exchange 

on the bottom 

♦  sea floor volcanism 

chemical fluxes out of the oceans 

on the top  

♦  gas exchange, 

♦  aerosol formation 

on the bottom 

♦  sedimentation ♦  alteration of the 

basaltic oceanic crust 

Chemical Mass Balances in the Oceans 
Elements are added to and subtracted from the oceans by geological, biological, 

physical, and chemical processes.   

  

Net elemental input/output fluxes (mass/time) are small relative to the oceanic 

reservoir size (mass), so that small flux changes take a long time to show up as 

measurable differences in sea water concentration. 

White, Geochemistry 

chemical fluxes within the oceans 
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Salinity 

Remember that the salinity of seawater causes it to have a fairly high 

ionic strength (I = ½Σmi zi
2  0.7). 

 

Salt content is one of two fundamental controls on sea water density 

(along with temperature), which in turn control marine stratification 

and circulation.   

The salt content of water is almost entirely from conservative 

elements. 

 

Salinity is given units of g/kg (parts per thousand, ‰). Typical sea 

water Salinity ranges from 33 to 35.5‰ . 

Marine (conservative ion)/(total salinity) ratios = constant.  
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Salinity 

•Historically, salinity was determined by measuring chlorinity (which is g Cl-

/kg H2O) and then converting to salinity.  Salinity and true chlorinity are 

related by a fixed ratio: 

 salinity (S)  =  0.03 + 1.805  chlorinity 

•Chlorinity is easy to measure by adding a known number of moles of AgNO3 

to seawater to precipitate silver chloride, centrifuging or filtering the solids, 

then drying and weighing, and converting to chlorinity using the atomic 

weight of Cl and the molecular weight of AgCl. 

 (Ag+ + NO3
-)(aq) + (X+ + Cl-)(aq)    AgCl(s) + (X+ + NO3

-)(aq) 

•A slight correction must be made to chlorinity measured this way because 

(Ag+ + NO3
-)(aq) removes all the halogens in seawater (Cl, F, Br, I), not just 

Cl (we call this the “chlorine equivalent” of seawater).  It turns out that [total 

halogens]/[Cl]  1.0004 (by mass).  Today we usually measure salinity 

directly by measuring electrical conductivity, as salinity is directly 

proportional to conductivity. 

GG325 L23, F2013 

Salinity Effects 

Salinity not only affects density but also the freezing and boiling points of seawater 

relative to pure water.  Freezing produces sea ice in the polar regions. 

Tfus =  the freezing/melting point of pure water  =  0C at 1 atm pressure. 

ΔTfus, the freezing point depression of a solution caused by the solutes it contains, is  

  Tfus  =  Tfus –  Tdepr  =  kfus (molality of solute)   

kfus is called the freezing-point depression constant.  It is solvent-specific but applies 

for any solute in that solvent.  

 

kfus = (RT2MWsolvent/1000ΔHfus)       where MW is molecular weight. 

kfus =  1.86    for H2O 

 

Let’s do a  Tdepr  calculation for seawater with S = 35‰.  

A first approximation is to assume that all the salts in seawater are NaCl.  Then... 

35 g NaCl/kg sw  58.44 g NaCl/mole  =  0.60 molal,    and... 

 Tfus  =  Tfus –  Tdepr  =  0 – Tdepr  =  1.86 x 0.60;   so  Tdepr  =  -1.12C 



5 

GG325 L23, F2013 

Salinity Effects 

The “solute” in seawater is actually a mixed salt of NaCl, MgSO4, CaCO3, etc...  We 

can refine our approximation by trying to account for this when converting salinity to 

solute molality.  If we assume for instance that the 35 ‰  salinity is composed of 

90% by moles of NaCl and 10% by moles of MgSO4, we could derive Tfus in two 

ways 

a. calculate Tfus due to each component and add together 

b. convert salinity into a total molality using the mean molecular weight of the solute 

mixture. 

 

Let's work through this example using technique b. 

MWNaCl = 58.44 g/mol; MWMgSO4 = 120.37 g/mol 

mean MWsolute= 0.9 (58.44) + 0.1(120.37) = 64.63 g/mol 

then, molality at 35 ‰ salinity is 

35g NaCl/kg sw x 1 mol salts/64.63 g = 0.542 molal  and... 

T fus-Tfus = 0 -Tfus = 1.86 x 0.542 = -1.007 C 

Further approximations can be done, but will have smaller effects. 
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The pH of sea water 

At pH ~8.0 - 8.2, sea water is basic: This results largely from by CO2 dissolution AND CaCO3 

precipitation.  We have previously discussed the CO2 system equilibria: 

 

a. CO2(g) ↔ CO2(aq)    (KH= 10-6.48) 

b. CO2(aq) + H2O ↔ HCO3
-(aq) + H+    (Ka1= 10-6.4) 

c. HCO3
-(aq) ↔  CO3

2- + H+    (Ka2 = 10-10.3) 

d. CaCO3 ↔  CO3
2- + Ca2+    (Ksp= 10-8.3) 

  

Using also Kw = 10-14, atmospheric PCO2 ~ 10-3.5 atm = 32 Pa (1 Pa ~ 10-5 atm = 1kg/ms), and 

CaCO3 saturation (which is true for the surface oceans) yields pH = 8.4 

8.4 differs slightly from the actual pH of the oceans but this analysis is pretty close. Two other 

important reactions are: 

 photosynthesis-respiration [CO2 + H2O ↔ CH2O + O2] 

 the element B which forms boric acid in sea water (0.450 g/kg ~ 0.0073 m, from sea water slide). 

 

B helps buffer sea water pH of because it's concentration is ~ 3x that of HCO3
- and because 

B(OH)3 + H2O ↔  B(OH)4
- + H+, pKa1 = 9.00.  

@ pH = 8.2, mH+ = 10-8.2 Ka1 = 10-9 = (10-8.2 mB(OH)4 -)  mB(OH)4 -/mB(OH)3 = 0.158 

     mB(OH)3 
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The Charge balance of Sea Water 

sea water has a slight "excess" of positive charge between its major cations 

(Na+, Mg2+, K+, Ca2+) and major anions (Cl-, Br-, SO4
2-). 

This excess is "balanced" by dissolved CO2 (Σ CO2(aq), as HCO3
- and 

CO3
2, the proportions of which are pH dependent.)  

note: that this table uses the obscure 

unit m3 for volume.  One liter is 1 dm3 

so a m3 is simply 10x10x10 (= 1000 

liters). 

The balance of 

charge and ion 

population in mean 

sea water is given in 

Table 2-3.  Notice 

that to balance Σ 

anions  = Σ cations, 

we need 2 mole/m3, 

or 2 mmol/L, of 

dissolved inorganic 

carbon.  
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“Gyroscopic” (circular) flow of surface ocean currents reflects dominant 

wind patterns at the base of the atmosphere, oceanic boundaries at 

continental margins, and the Coriolis force of Earth's rotation. 

The Ocean Currents affect sea water chemistry 

Oceanic water masses move in fairly regular patterns      ... and  

acquire specific compositional signatures along the way.  
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The Ocean Currents affect sea water chemistry 

Salinity (S) and Temperature (T) variations reflect physical processes mostly 

because S is dominated by the long-residence-time, conservative 

constituents of sea water. 

 Surface patterns result from latitudinal climate variations and surface 

currents. 

http://en.wikipedia.org/wiki/Image:Wiki_plot_04.png 

Annual mean 

sea surface 

salinity from 

the World 

Ocean Atlas 

2001.  
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The Ocean Currents affect sea water chemistry 

 Deep patterns result from density (saltiest/coldest waters settle to the 

bottoms of the world's oceans).  

White, Geochemistry 

Visible light penetrates 

to ~100 m in low 

turbidity sea water 

away from coastal 

areas, and to ~10 m in 

the murkiest coastal 

waters.  

 

The mean depth is 

about 4km, so the 

layer(s) that are not in 

contact with the 

atmosphere are a 

much greater 

proportion of the total 

volume in the oceans 

than in lakes. 



8 

GG325 L23, F2013 

Recall the plan view (top) and 

side on view (bottom) schematic 

representation of deep ocean 

circulation that we discussed 

last week, with both bottom 

water formation and shallow 

return flow depicted.  

Also shown is the export of 

particle from surface waters to 

deep waters (yellow arrows). 

The slowness of ocean 

circulation means that most of 

the oceans are isolated from the 

atmosphere on decade to 

century time scales and thus 

have plenty of time to develop 

the signature of excess 

respiration. 

GG325 L23, F2013 

Mixing and sea water chemistry 

 

Oceanic water masses slowly mix in a roughly 2000-yr cycle, 

affecting the abundances of all the elements in seawater. 

Conservative Elements are well mixed in sea water since 

their residence times are >> the oceanic mixing time scale. 

 

Non-conservative elements - Biological and other processes 

produce elemental concentrations that deviate from salinity-

normalized concentrations in sea water. This can include large 

vertical as well as horizontal variations.   

 

Photosynthesis-respiration results in changes of C, O, N and P 

in Redfield Ratio proportions and other “elements of life” in 

similar fashion.  
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Deep Ocean Currents and Stratification: 

The oceans are stratified. Like stratified lakes, the oceans support “excess” 

photosynthesis in their surface layer and “excess” respiration in their deep 

layers, giving rise for instance to nutrient profile composition vs depth 

relationships. 

1

2

3

4

5

concentration

different types of “nutrient” profiles

Oceanic stratification lasts 

longer than in lakes but it leads 

to familiar "nutrient profiles" for 

the depth distribution of NO3
- 

and PO4
3- in the oceans. 

Other elements involved in the 

cycle of life also display 

"nutrient" profiles. 

These include Si, which is used 

by some marine phytoplankton 

to produce shells, and 

micronutrients like Cd and Zn. 
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Ocean Convection and the chemical elements of life  

As we discussed before, “just-formed” North Atlantic deep water has very low nutrient 

content (since it was just in the photic zone) and relatively low ΣCO2 (reflecting 

exchange with the atmosphere and the operation of photosynthesis).   

As the deep waters migrate, they acquire more prominent signatures of the effects of 

excess respiration over photosynthesis, (e.g., more exaggerated nutrient-profiles) 
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1

2

3

4

5

O2
Dissolved O2 also behaves predictably 

during deep water migration.  DOx profiles 

look very similar to those in a stratified 

lake except that O2 reaches a prominent 

minimum in intermediate depth waters. 

 

Deepest waters are more variable: the 

younger the oceanic water mass is, the 

higher the dissolved O2 is, since this is 

effectively replenished by young deep 

water masses.   

 

This effect is mostly lost by the time deep 

waters make it to the Pacific Ocean and a 

close to straight depth profile in the 

intermediate and deep layers is observed. 

Ocean Convection and the chemical elements of life  
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Ocean Convection and the chemical elements of life  

Summarizing, deep seawater masses change composition as they migrate 

through the oceans. Along this deep circulation flow path, they acquire: 

ΣCO2 and CA (carbonate alkalinity) also increase in older deep waters 

from sinking marine particulate matter, which affects CaCO3 solubility 

and seafloor carbonate sediment preservation patterns, as we see next 

lecture. 

increased ΣCO2 

nutrients 

silica  

CA 

decreased O2 

North Pacific deep waters have the highest nutrient content, 

highest ΣCO2 and lowest dissolved O2. 
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Upwelling 

In some parts of the oceans, 

focused currents of deep cool, 

saline, oxygen-poor and nutrient-

rich waters are upwelled from 

below. 

 

This happens where surface 

water in focused currents (such 

as along the boundaries of the 

ocean basins) is pulled away 

from the coast by the Coriolis 

force, causing coastal upwelling 

of deeper water masses 

 

Upwelling effects are most 

noticeable beneath the eastern 

margins of the oceans. 
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Upwelling  

Upwelling along the California coast produces some of the highest bio-

productivity surface waters on the planet. 
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The upwelled waters are very enriched in nutrients because north pacific 

deep waters are so old. (Upwelled waters in the North Atlantic have a more 

limited effect on surface productivity because they are younger). 
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Upwelling  

Dissolved O2 is especially low beneath the upwelling zone off of California.  

This is so low because there is a greater excess of dead phytoplankton 

(photosynthesizers) settling out of the rich upwelling-influenced surface 

waters.  

 

This sinking biomass feeds a vigorous community of respiring organisms, 

which consume the oxygen.   

 

Some isolated submarine basins off of Southern California actually go 

anoxic (eutrophic) during all or part of the year due to this excess of organic 

matter settling through the water column, leading to conditions that are 

ideal for accumulation of organic matter, which is necessary to form 

petroleum precursor deposits in the underlying sediments.   

 

Off-shore oil drilling in Southern California is exploiting previously deposited 

(Miocene) organic matter that has been transformed to oil through 

diagenesis of the sediments.  


