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Carbon in Seawater
Dissolved Inorganic Carbon (DIC, TCO2)

CO2(gas) + H2O H2CO3 H+ + HCO3
- 2H+ + CO3

2-

Most DIC is present as bicarbonate (HCO3
-),  some is present as 

carbonate (CO3
-2), and a small fraction is present as dissolved 

CO2 gas (pCO2(w)) and carbonic acid (H2CO3). At typical surface 
water conditions, ~  0.5% pCO2(w) + 89.1% HCO3

- + 10.4% CO3
-2

The equilibrium constants Ki, for each of these reactions 
change slightly with changes in temperature, salinity, 
and alkalinity.

K1 =  [H2CO3] / [H+][HCO3
-]

Phytoplankton only utilize pCO2(w) for photosynthesis, 
and only the pCO2(w) influences the air-sea exchange of 
CO2.
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Because CO2 gas combines chemically with water, the oceans 
have a great capacity to absorb CO2, much more so than for 
other gases such as Oxygen or Nitrogen.

Atmospheric Gases by volume:
Nitrogen (N2) - 78%
Oxygen (O2)  - 21%
Argon    (Ar)   - 1%
Carbon Dioxide (CO2) - 0.03%

Dissolved Gases in the Oceans by volume:
Nitrogen (48%)
Oxygen (36%)
Carbon Dioxide (15%)
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At typical seawater pH values, a tiny fraction of the carbon is present as 
carbonic acid.  The bicarbonate and carbonate ions act to buffer the pH of the 
oceans.
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pCO2 is the partial pressure of CO2 gas in air or 
seawater.

pCO2 = [CO2] / H,

where [CO2] is the concentration in moles/kg, and
H is the solubility of CO2.

The net air-sea flux of CO2 is a function of the 
difference in partial pressure (pCO2(w) - pCO2(a)).
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The pCO2 and solubility of CO2 gas in seawater 
are a function of temperature, TCO2, salinity, and 

alkalinity.

•Temperature and Total CO2 are strongest influences.  
� pCO2 doubles with 16 degrees C temperature increase,
� strong biological depletion of TCO2 reduces pCO2 by a 
similar magnitude

•Solubility also influenced by alkalinity and salinity.
� Reducing alkalinity increases pCO2, decreases solubility
� Reducing salinity decreases pCO2, increases solubility
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Alkalinity - is expressed charge equivalent terms, 
it is a measure of the number of H+ ions required 
to neutralize the solution.

Alk ~ [HCO3
-] +2 [CO3

2-] + B(OH)4
-

Alk ~ [HCO3
-] +2 [CO3

2-]

Alkalinity can be measured by adding H+ to 
seawater and measuring the CO2 gas emitted 
from,

HCO3
- + H+ -> H2O + CO2 (gas)

CO3
2- + 2H+ -> H2O + CO2 (gas)
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Air-Sea Gas Exchange

The flux across the gas-water interface occurs as molecular 
diffusion. This diffusion is always occurring even when the 
net flux is 
= 0.0 (i.e. flux in = flux out). 

The net flux will be from higher concentration (water or air) to
lower concentration (water or air).   

Equilibration - is when the gas concentration in the 
atmosphere becomes equal to the concentration in the 
water, then the net air-sea flux will be = 0.0.



9

Air-Sea Gas Exchange

Equilibration Time - is the time it takes to reach 
equilibration given a transfer velocity and initial gas 
concentrations in the air and water.

The timescale of equilibration for most gases (O2, N2) 
is a typically a few weeks.

The timescale for CO2 is much longer (~ 1 year) 
because CO2 reacts chemically with the seawater.



10
(from Najjar, 1993)

Flux = D / � Z (Cw - Csat),

where D is the molecular diffusivity of the gas in seawater.
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Flux of Gas Across the Air-Sea 
Interface

Flux = dC/dt = D (dC/dz)
Flux = (D/Hz) [PG(air) - PG(soln)]

Flux = k [PG(air) - PG(soln)] = k DPG

k is gas exchange coefficient
z is laminar layer thickness
H is Henry’s Law constant
D is diffusion coefficient

Chemical Oceanography, Millero
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Air-Sea Gas Exchange

The gas exchange coefficient, K, is often estimated as a 
function the Schmidt number and wind speed at a 
reference height (typically 10m).

K = Sc-n * f(V)

Schmidt number (Sc) = �  / � D
where �  is the viscosity of the seawater, �  is seawater 

density, and D is the molecular diffusivity of the gas. 

n ~ 0.67 at low wind speeds, ~ 0.5 at high wind speeds.
Kgas = (Scgas/Scref)-n * f(V)

Flux = K ([X(aq)] – [X(g)]) where [X(g)] = pX/H
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Flux = KW ([CO2(aq)] – [CO2(g)])

http://www.pmel.noaa.gov/pubs/outstand/feel2331/feel2331.shtml
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Air-Sea Gas Exchange
Increasing wave height at the surface ocean increases the 

surface area over which air-sea exchange can occur.
Breaking waves generate sea spray and bubble injection, both 

of which help to dramatically increase the air-sea flux of 
dissolved gases.

Traditionally wind speeds are used in estimating the air-sea 
gas flux as a proxy for turbulence / surface roughness.

Recently, satellite algorithms have been developed to 
measure surface roughness directly using radar 
backscatter to estimate surface roughness due to small 
waves.

These remote sensing algorithms may improve our estimates 
of air-sea gas exchange in the near future.
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Causes of Changes in pCO2(aq)

• Removal
– Photosynthesis
– Precipitation of CaCO3

– Solar Heating
– Upwelling (air/sea exchange)

• Addition
– Oxidation of Organics
– Dissolution of CaCO3

– Input from Fossil Fuels (air/sea exchange)

Chemical Oceanography, Millero
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• ~1 yr to equilibrate CO2(aq)
with CO2(air), so it is not 
unusual to observe large 
� pCO2. 

• Most differences caused 
by variability in the oceans 
due to biology and ocean 
circulation

• Elevated pCO2(aq) in 
equatorial region related to 
upwelling

• Cold polar regions act as 
sinks

Chemical Oceanography, Millero



17
(from Takahashi et al., 1999)
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What controls carbon export?
i.e. efficiency of biological pump

Primary Production

� � � � � � � � 	
 � � � � � � 
� � 
� � � � � � � 
� 	� �

Biological pump and the 
ocean C sink-

an inverted pyramid

<5 to >15% (decades)

~1% (centuries)

~0.1% (millennium)

From Ken Buessler (http://cafethorium.whoi.edu/Fe/Why-Iron.html)
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pCO2 in Seawater
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• Surface seasonality – blooms 
drawn down pCO2(aq) (the plant 
material must be exported to deep 
waters and oxidized there to be 
removed from the atmosphere for 
100s of years.

• 1000m maximum – Pacific has 
higher surface productivity and 
more sinking organics (greater 
oxidation of plant material; >AOU)

• Deep Pacific waters have higher 
concentrations due to age (older) 
and subsequently greater 
oxidation of plant material

Chemical Oceanography, Millero
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CaCO3 Precipitation

• When CO3
-2 is removed through precipitation of CaCO3, CO3

-2 is 
removed from reaction K2

• The H+ is left behind decreasing pH (more H+ = lower pH; pH=-log[H+])
• The loss of CO3

-2 forces more HCO3
- to dissociate to add back some 

CO3
-2

• This causes more H+ to be added
• The increase in H+ along with the fact that there is still plenty of HCO3

-

in solution forces reaction K1 to shift toward CO2(aq)

• The result is more CO2(aq) and less TCO2.

CO2(g) « CO2(aq) K0

CO2(aq) + H2O  « H2CO3 « HCO3
- + H+ K1

HCO3
- « CO3

-2 + H+ K2

Ca+2 + CO3
-2 « CaCO3 Ksp
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CaCO3 Dissolution

• When CO3
-2 is added through dissolution of CaCO3, CO3

-2 is added to 
reaction K2

• The increase in CO3
-2 forces reaction K2 back toward HCO3

- and 
consumes H+ in the process

• The decrease in H+ increases pH (less H+ = higher pH; pH=-log[H+])
• The decrease in H+ causes more H2CO3 to dissociate to add back H+

• This, in turn causes more CO2(aq) to go into H2CO3

• The result is less CO2(aq) and more TCO2.

CO2(g) « CO2(aq) K0

CO2(aq) + H2O  « H2CO3 « HCO3
- + H+ K1

HCO3
- « CO3

-2 + H+ K2

Ca+2 + CO3
-2 « CaCO3 Ksp
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Supply of CaCO3 in the Oceans

http://www.oberlin.edu/faculty/swojtal/SFWpage/161Stuff/161Lect8/sld019.htm
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Carbonate Compensation Depth (CCD)

http://www.oberlin.edu/faculty/swojtal/SFWpage/161Stuff/161Lect8/sld019.htm
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CaCO3 Deposition
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Seawater pH

• The pH of seawater varies only between about 7.5 
and 8.4 (i.e., slightly alkaline)

• Over geological time, pH is thought to be controlled 
by water/mineral equilibria

• Over shorter time scales (104 to 105 yrs) the CO2 
system (and its shifting equilibria) regulate seawater 
pH
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• Surface max due to 
photosynthesis (loss of 
CO2)

• Decrease due to 
oxidation of plant 
material (inc. AOU)

• Minimum corresponds 
to O2 minimum

• Dissolution of CaCO3
increases pH at depth

pH in Seawater

Chemical Oceanography, Millero
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TCO2 = CO2(aq) + H2CO3 + HCO3
- + CO3

-2

NTCO2 = TCO2 x 35/S

Eq. Upwelling

Oxidation of plant material

Once normalized they agree

Chemical Oceanography, Millero
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Total CO2 Profiles in Different 
Ocean Basins

Chemical Oceanography, Millero
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Ocean-Atm CO2 Exchange Effects on TA-pH-SCO2

CO2 equilibrium exists between 
atmosphere and surface 
waters

Decreasing CO2 in seawater 
through photosynthesis will 
cause increase in pH

Loss of CO2 to atmosphere from 
upwelled cold high PCO2 water  will also cause 
increase in pH

pH increases occur because 
protons are removed to 
make CO2 from HCO3

-

TA does not change (loss of 
HCO3

- is balanced by loss 
of H+)
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Calcification

• Surface-ocean plankton 
also remove CO3

2- and 
Ca2+ from seawater to form 
CaCO3 tests (calcification)

• Calcification alters both 
alkalinity and the CO2
system

• Amount of TA reduced by 
calcification is 2X the effect 
on carbon content because 
of double negative charge 
of CO3

2-
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Carbonate buffering

• Keeps ocean pH about same (8.1)
• pH too high, carbonic acid releases H+
• pH too low, bicarbonate combines with H+
• Precipitation/dissolution of calcium 

carbonate CaCO3 buffers ocean pH
• Oceans can absorb CO2 from atmosphere 

without much change in pH
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However….
If large amounts of 
CO2 are added to 
the seawater, the 
capability of the 

water to buffer can 
be exceeded

Figures from Thurman and Burton

pH increases Carbonate sediments start to dissolve to increase
alkalinity and prevent pH change

Oceans can absorb CO2 from atmosphere 
without much change in pH
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Chemical Oceanography, Millero
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http://www.pmel.noaa.gov/co2/wcc.html
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Ocean pH and increasing CO2

• The ocean already holds 400 Billion tons of 
fossil fuel CO2. 

• Consequently, the ocean is already 0.1 pH units 
more acid than before industrial CO2 emissions.

• Nutrients for plankton in the North Sea, and all 
shallow ocean waters, are changing rapidly. This 
is the base of the food chain for invertebrates, 
shells and, eventually, economic fishing. 

• By 2050 the ocean will be five times more acidic 
than at any time since glaciation (change pH 8.4 
to pH 7.8). More information on ocean 
acidification

From: http://www.geos.ed.ac.uk/ccs/

http://pubs.acs.org/subscribe/journals/esthag-w/2004/nov/science/pt_warming.html
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Nutrients in Seawater
• Nutrient does not mean food

• Nutrients are elements and compounds other than C,H & O, that 
are the primary elements of organic matter, necessary for 
growth

• Major nutrient elements are N & P (CH2O)106(NH3)16(H3PO4)

• In the ocean Si is also considered a major nutrient- used by 
diatoms which are common phytoplankton

• Minor nutrients- many metals; Fe especially important

• Nutrients are found in dissolved and solid phases

• Solid and dissolved organic matter contains usable nutrients

• Concept of “limiting” nutrient
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Oxidation State of Nitrogen

• +  5 NO3
-, N2O5

• + 4 NO2

• + 3 NO2
-, N2O3, HONO

• + 2 HONNOH, N2O2
-2

• + 1 N2O
• 0 N2

• - 1 H2NOH, HN3, N3
-

• -2 H2NNH2

• -3 NH3, NH4
+, R-NH2

Oxidation State Compound

Chemical Oceanography, Millero
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Sources to the Ocean

• Volcanic input (NH3)
• Atmospheric sources (e.g. NO2 from 

fixation – lightning)
• Rivers (fertilizers – NH3, NO3

-, urea)

Chemical Oceanography, Millero
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The 
Nitrogen 

Cycle

http://www.alken-murray.com/Nitrogen.html
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Nitrogen Cycle
• Nitrogen Fixation (N2 � NO3

-)
– Bacteria on land plants, blue green algae, molds, and yeast can fix 

nitrogen.
– Not much N2 is thought to be fixed in the oceans

• Assimilation (NO3
- � Amino Acids)

– Phytoplankton utilize NH3, NO2
-, and NO3

- in the photic zone (amino 
acids can also be used)

– NO3
- � NO2

- � N2O2
- � NH2OH � NH3 � Glutamic Acid � Amino 

Acid
• Nitrification (NH3 � NO2

- � NO3
-)

– Oxidation of NH3 by bacteria may be responsible for deep NO2
-

maximum in O2 depleted waters
• Reduction (NO3

- � NO2
- )

– Bacteria can reduce NO3
- usually when organics are high in anoxic 

sediments
• Denitrification (NO3

- � N2 or N2O)
– Bacteria can use NO3

- instead of O2 as an electron acceptor in low 
O2 waters (O2 < 2µM).  N2O is found throughout the water column 
with a maximum at the O2 minimum.

Chemical Oceanography, Millero



44

Oceanic
Nitrogen

Cycle

Atmospheric Nitrogen
(N2, NO, NO2, N2O)

NO2
- NO3

-

Nitrate
Deposits

Organic
Nitrogen
(plants)

Ammonia

Organic Nitrogen
(microorganism)

Loss of NO3
-

to Deep
Water

Loss of Nitrogen
to Sediments

Organic Nitrogen
(animals)

Assimilation

Decomposition

Upwelling

Combustion
Physical Fixation

Biological Fixation

Chemical Oceanography, Millero



45

Decomposition of Organic N
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Chemical Oceanography, Millero
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Distribution of Nitrogen

NO3
- NO2

- NH3

Surface 0.05 mmmmM 0.03 mmmmM 0.10 mmmmM

Deep 15-45 0.03 0.05

Coastal 0.10-15 0.1-1 0.1-10

Estuarine 0.1-200 0.1-25 0.1-200

Chemical Oceanography, Millero
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•N2O produced is proportional to AOU

•1 N2O : 10,000 O2 used during consumption of NO3
-

Chemical Oceanography, Millero
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Phosphate Distribution

Dissolved and Particulate Forms are Present

1.  Organic Phosphate  - Upper layer 
Sugar Phosphates

Phospholipids
Phosphonucleotides 

(Decomposition Products)

2. Inorganic Phosphate (H3PO4)
http://scifun.chem.wisc.edu/chemweek/H3PO4/H3PO4.html

Chemical Oceanography, Millero
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Inorganic Phosphorus

H3PO4 ® H+ +  H2PO4
-

H2PO4
- ® H+ +  HPO4

-2

HPO4
-2 ® H+ +  PO4

-3

K*1 =  [H+][H2PO4
-]/[H3PO4] 

K*2 =  [H+][HPO4
-2]/[H2PO4

-]
K*3 =  [H+][PO4

-3]/[HPO4
-2]

Chemical Oceanography, Millero
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Oceanic
Phosphate

Cycle
Bacter ia Or ganic Phosphor us
       in Plants

          Dissolved Or ganic  Or ganic Phosphor us
            Phosphate       in Animals

Dissolved I nor ganic Guano and Other
    Phosphate Animal Feces

I nor ganic Phosphate Detr ital Or ganic
M uds       Phosphate

Or ganic Phosphate
M uds

Chemical Oceanography, Millero
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Distribution of Phosphate

Oceanic Value

Surface  Average   0.05 mM
Deep Maximum  1.0 to 3.0 mM  

Coastal and Estuarine Values

Coastal    0.3  to  1.0 mM
Estuarine  0.3 to 3.0 mM

Chemical 
Oceanography
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•~50% organic P in surface

•Mostly inorganic P at depth

•Bloom consumption of 
inorganic P in surface waters

•Mostly inorganic P at all depths

•Nearly uniform with depth

•Winter mixing

Chemical Oceanography, Millero
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• Consumption in 
surface waters

• Regeneration at depth

• Maximum at O2
minimum

• Higher concentrations 
in older waters

Chemical Oceanography, Millero
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• N:P ratio taken from 
seawater by 
phytoplankton as they 
grow is ~15:1

• Lower values in upper 
N. Pacific due to 
conversion of NO3

- to N2O 
under low O2 conditions

• The NO3
- goes to zero 

before the PO4
-3

indicating NO3
- limitation

Chemical Oceanography, Millero
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Redfield Ratio
• Redfield proposed that the phytoplankton kept the ratio of N:P 

“constant” at about 16:1 in the ocean.
• The fact that the NO3

- : PO4
-3 ratio in the interior of all major 

ocean basins is remarkably similar to the N:P ratio of plankton is 
due to the residence times of these two elements in the ocean 
(roughly 104 years), relative to the ocean©s circulation time 
(roughly 103 years)

• The specific elemental composition that is the Redfield ratio is
truly an "emergent" property that reflects the interaction of 
multiple processes, including the acquisition of the elements by
plankton, the formation of new biomass and the remineralization
of the biomass by bacteria in the ocean interior, as well as losses 
of nutrients from the ocean because of burial in the sediments (for 
example, phosphorus in apatite), or outgassing to the atmosphere 
(for example, production and loss of N2, due to denitrification)

From: P.G. Falkowski and C.S. Davis (Nature 2004 431:131): 

(CH2O)106(NH3)16(H3PO4)  +  138 O2 ®
106 CO2 + 122 H2O  + 16 HNO3 +  H3PO4
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Anthropogenic Impacts on Oceanic 
Nutrients

• Sewage and Fertilizers add N and P to 
rivers that then input into to the oceans

• Atmospheric deposition of N and S from 
emissions from fossil fuel burning

• Coastal areas have seen increases in 
primary productivity and, consequentially, 
eutrophication (e.g. Chesapeake Bay, Gulf 
of Mexico)
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Eutrophication
• Dead Zone

• In Gulf of Mexico - bloom 
caused by nutrients from 
Mississippi

• Decomposition results in 
hypoxic conditions just 
above the seafloor

• Any organisms that can’t 
swim away suffocate

• In 1999 area equaled size 
of New Jersey

http://oceancolor.gsfc.nasa.gov/cgi/image_archive.cgi?c=CHLOROPHYLL

http://hypoxia.tamu.edu/hypoxia/mch_pix.htm
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Hydrothermal Vents
• Hydrothermal circulation occurs when seawater penetrates 

into the ocean crust, becomes heated, reacts with the 
crustal rock, and rises to the seafloor. 

• Seafloor hydrothermal systems have a major local impact 
on the chemistry of the ocean that can be measured in 
hydrothermal plumes. 

• Some hydrothermal tracers (especially helium) can be 
mapped thousands of kilometers from their hydrothermal 
sources, and can be used to understand deep ocean 
circulation. 

• Because hydrothermal circulation removes some 
compounds from seawater (e.g. Mg, SO4

-2) and adds many 
others (He, Mn, Fe, H2, CO2), it is an important process in 
governing the composition of seawater. 
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• Plates move apart
• Mid-ocean ridge

– Rift valley
• New ocean floor 

created
• Shallow 

earthquakes
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Earthquakes
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Tectonic
Plates
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Global hydrothermal vent fields
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Hydrothermal Vent Chemistry

– Warm-water vents <30oC
– White smokers >30oC <350oC

– Black smokers > 350oC
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Hydrothermal vents are one of the most 
spectacular features on the seafloor. They form 
in places where there is volcanic activity, such 
as along the Mid-Ocean Ridge. Water seeps 
through cracks in the seafloor and is heated by 
molten rock deep below the ocean crust to as 
high as 400°C. The hot fluid rises to the surface 
and gushes out of the vent openings. This 
hydrothermal fluid carries with it dissolved 
metals and other chemicals from deep beneath 
the ocean floor 

http://www.divediscover.whoi.edu/vents/vent-infomod.html#
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Hydrothermal 
Vents

View of the first high-temperature vent (380 °C) ever seen by scientists during a dive of 
the deep-sea submersible Alvin on the East Pacific Rise (latitude 21° north) in 1979. 
Such geothermal vents--called smokers because they resemble chimneys--spew dark, 
mineral-rich, fluids heated by contact with the newly formed, still-hot oceanic crust. This 
photograph shows a black smoker, but smokers can also be white, grey, or clear 
depending on the material being ejected. (Photograph by Dudley Foster from RISE 
expedition, courtesy of William R. Normark, USGS.)

http://pubs.usgs.gov/publications/text/exploring.html
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Deep-sea hydrothermal vent 
biocommunities

• First discovered 1977

• Chemosynthesis
• Archaea use sea floor chemicals (sulfides) to 

make organic matter
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Deep-sea hydrothermal vent 
biocommunities

• Tube worms

• Giant clams and mussels
• Crabs

• Microbial mats 

� �� �	� � �� � �http://pubs.usgs.gov/publications/text/gi
ant_clams.html
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Deep-sea hydrothermal vent 
biocommunities

• Vents active for years or decades
• Animals species similar at widely 

separated vents
• Larvae drift from site to site
• “Dead whale hypothesis”

– Large carcasses may be stepping stone for 
larvae 
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Deep-sea hydrothermal vent 
biocommunities

• Life may have originated at hydrothermal 
vents

• Chemosynthesis also occurs at low 
temperature seeps (Cold Seeps)

– Hypersaline seeps
– Hydrocarbon seeps

– Subduction zone seeps


