
OCN 401        Biogeochemical Systems   (10.31.17) 

(Schlesinger:  Chapter 9)  
Part 3. Oceanic Carbon and Nutrient Cycling 

Lecture Outline 
 

1.  The Oceanic Carbon System   
2.  Nutrient Cycling in the Ocean 
3.  Other elements 

a)  Si 
b)  Fe 
c)  Passive uptake 
d)  Trace elements 

4.  Summary 



•  CO2 is the raw material used to build biomass 
(reduced to form organic matter) 

•  CO2 controls the fraction of inbound radiation 
that remains trapped in the atmosphere 
(greenhouse effect), which controls planetary 
climate 

•  CO2 controls the acidity (pH) of the oceans 

•  Distribution of CO2 species affects the 
preservation of CaCO3 deposited on the sea 
floor 

Oceanic CO2 system - Significance 



Speciation equations 

The equilibrium of gaseous and aqueous carbon 
dioxide: 

 
CO2(g)  ↔  CO2(aq) 

 
 
Subsequent hydration and dissociation reactions: 

 

CO2(aq) + H2O  ↔  HCO3
- + H+  

 
 

HCO3
-  ↔  CO3

2- + H+ 
 

CO2 speciation 



Dominant CO2 species is a function of pH 

WGBU (2006) from concepts in Raven et al. (2005) 

CO2(g) ↔ CO2(aq) + H2O ↔ H2CO3(aq) ↔ H+ + HCO3
-(aq) ↔ H+ + CO3

2-(aq) 



Carbon Transport to the Deep Sea: The Solubility Pump 

• Chemical and physical processes move surface ocean CO2 ! deep sea   
  

 - CO2 dissolves in seawater as a function of [CO2] in the overlying  atmosphere 
(PCO2), according to Henry’s Law: 

          
  [CO2]aq = k*PCO2  k = the solubility constant         (2.7) 

     
• CO2 dissolution rate increases with:  

 - increasing wind speed and turbulence 
 - decreasing temperature 
 - increasing pressure 

 
• CO2 enters the deep ocean with downward flux of cold water at polar 

latitudes  
- water upwelling today formed 300-500 years ago, when atmospheric [CO2] was 

280 ppm, versus 400 ppm today 
   
• In theory ocean surface waters should be in equilibrium with atmospheric 

CO2, but large areas are undersaturated due to photosythetic C-removal: 
 

    CO2 + H2O  --> CH2O + O2 



Figure 1. The carbon solubility pump. Credit: NOC/V.Byfield. 
The carbon solubility pump 
Cold, high-latitude water can hold more carbon dioxide than warmer water. If the water is under-saturated with CO2, gas molecules diffuse across the air-sea 
boundary, and may also enter the water from bubbles mixed down by breaking waves. In the surface ocean the gas reacts with water molecules to create 
carbonic acid [H2CO3], which in turn dissociates into hydrogen ions [H+] and bicarbonate ions [HC03-]. This transition allows more CO2 gas to be dissolved in 
the water. 
The surface ocean exchanges CO2 gas with the atmosphere at relatively short time scales. Most of the anthropogenic carbon taken up by the ocean is stored 
in the deep ocean, where it can remain for centuries. 
Deepwater formation occurs only in a few regions of the world - in the Southern Ocean, and in the subpolar North Atlantic. Here the cold, carbon-rich surface 
water becomes dense enough to sink into the deep ocean. North Atlantic Deep Water (NADW) moves southward at a depth of 3-5000 metres, eventually it 
crosses the equator, and flows into the Indian Ocean, and then the Pacific. The gradual return to the surface can take centuries. 

http://www.rapid.ac.uk/abc/background.php 



The Biological Pump:  Carbon Transport to the Deep Sea 

• Sinking photosynthetic material, POM, removes C from the surface 
ocean 

 
• CO2 stripped from surface waters is replaced by dissolution of new 

CO2 from the atmosphere 
 
• This is known as the Biological Pump, the removal of inorganic 

carbon (CO2) from surface waters to organic carbon in deep 
waters 

 
 - very little is buried with sediments (<<1% in the pelagic ocean) 

 
 - most CO2 will ultimately be re-released to the atmosphere in 

 zones of upwelling 
 

 - without the biological pump, atmospheric CO2 would be higher 
 

 - a more active biological pump is one explanation for lower 
 atmospheric CO2 during the last glacial epoch 



The Role of DOC and CaCO3 in Carbon-Cycling 

• DOC is supplied to surface waters via biological processes 
 - most DOC is labile and rapidly recycled in surface waters 
 - some DOC is down-welled, removes C from the surface ocean 
 - down-welled DOC respired in the deep sea adds to the CO2 

 inventory of deep waters 
 - DOC that remains is very old, possibly humic material from soils 

 
• Production and sinking of CaCO3 also removes CO2 from 

surface waters, and is replaced by dissolution of new CO2 from 
the atmosphere 
 - Ca2+ derives from river waters, is balanced by 2HCO3

- 
 - For each mole CaCO3 that is formed, 1 mole of CO2 is carried 
to the deep sea, 1 mole of CO2 is left behind in surface waters 
  
   Ca2+  + 2HCO3

-       CaCO3 (s)   +   H2O  +  CO2  
 

 - Globally, the sediment CaCO3 reservoir is 4x the organic C 
reservoir 

 
• Nearshore sediments contain most of the CaCO3 and organic C 



Figure 2. The biological carbon pump. Credit: NOC/V.Byfield. 
The biological carbon pump  
Just like plants on land, the microscopic marine phytoplankton take up carbon dioxide [CO2] and water [H2O]from their surrounding and use energy 
from sunlight to turn it into glucose [C6H12] and oxygen [O2]. 
The glucose powers the metabolism of the plankton cell, and can be turned into other organic compounds. If enough nutrients are available the 
plankton will grow and multiply. Phytoplankton is the 'grass' of the sea - at the bottom of the marine food chain. Eventually the plankton and the animals 
that feed on them die and sink into deeper water, where they decompose. 
The creating of organic carbon through photosynthesis, the sinking of organic matter and its subsequent decomposition in the deep ocean is known as 
the 'biological carbon pump'. It contributes to the ocean's uptake and storage of carbon dioxide, and keeps atmospheric CO2 about 200 ppm lower than 
it would be if the ocean were without life. 

http://www.rapid.ac.uk/abc/background.php 



Atmosphere-ocean CO2 exchange 

PMEL/NOAA, http://www.pmel.noaa.gov/co2/



•  Positive values at equator (esp. in the Pacific) and along west coasts 
are from upwelling and subsequent gas evasion to atmosphere 

•  Negative values where there is high biological productivity, and 
where cooling increases gas solubility and causes gas transfer into 
surface ocean 

Atmosphere-ocean CO2 exchange 

Libes (1992)



Perturbations to Ocean-Atmosphere CO2 Equilibrium 

• Equilibrium with ocean waters controls atmospheric PCO2 
 -  Atmospheric pool:  750 x 1015g 

 
 -  Oceanic pool:  38,000 x 1015g 

 
• When changes in atmospheric CO2 > rate at which the ocean 

can buffer the concentration, equilibrium is perturbed. 
 

 -  Seasonal cycle of photosynthesis (seasonally oscillating PCO2)  
 -  Fossil fuel burning (exponential increase in PCO2) 

https://scripps.ucsd.edu/programs/keelingcurve/ 



Perturbations to Ocean-Atmosphere CO2 Equilibrium 

• With enough time, the oceans could take up most of the CO2 
released from fossil fuel burning 

 
• With increased uptake of atmospheric CO2 ocean pH will be 

buffered at pH 8 by the carbonate system, e.g., dissolution of 
carbonates 
 - evidence exists of higher CO2 in surface waters  
 - Evidence for increased dissolution of CaCO3 controversial 

Similar to Fig. 9.10 
from 2nd ed.; see Fig. 
9.15 in 3rd ed. 



Models of Carbon in the Ocean 

Fig. 9.11 from 2nd ed.; see Fig. 9.17 in 3rd ed. 

• Numerous models predict 
response of ocean to higher CO2 
concentrations 

• Follow parcels of water in multi-box 
models 

• Rate of mixing calculated using 
passive transient tracers (e.g., 
14C, 3H) 

• Chemistry in each box adjusted 
according to CO2 equilibrium 
reactions 

• Ocean CO2 will increase with 
increasing PCO2 according to 
Henry’s Law 

• Surface ocean provides only 
limited volume for CO2 uptake 

• Rate of deep water formation 
ultimately controls oceanic CO2 
uptake 



Nutrient Cycling in the Ocean 

• NPP in oceanic euphotic zone is limited by nutrient availability. 
 - NPP is highest where nutrients are abundant: coastal & upwelling regions 
 - NPP is lower in the open ocean (fig. 9.8), where nutrients levels are low 

 
• Nutrients are stripped from surface waters by downward sinking dead 

organisms and fecal pellets. 
 
•  Mean residence time of N, P and Si in the surface ocean <<< surface water 

 - Nutrients are non-conservative elements 
 - Nutrient behavior is strongly controlled by biogeochemistry. 

 
• Nutrients are regenerated in the deep ocean (via microbial respiration 

reactions), where their concentrations are much higher than at the surface. 
 
• Pacific Ocean deep water nutrient concentrations > Atlantic Ocean nutrients 

 - Pacific deep water is older than Atlantic, has had more time to accumulate  
 nutrients from respiration of POM 

 - Nutrient concentrations progressively increase as NADW transits from the  
 Atlantic to the Pacific. 



Fig 2.23 (OU)  (a) Schematic of 
thermohaline circulation: orange = net 
transport of warm water in the uppermost 
≈1000 m,  blue = net transport of cold water 
below the permanent thermocline. Large 
ellipses = sources of North Atlantic Deep 
Water (NADW) and Antarctic Bottom Water 
(AABW); small orange circles represent 
areas of localized upwelling, (b) Schematic 
cross-section from the North Atlantic to the 
North Pacific, showing major advective flow 
patterns (thin lines) and the rain of particles 
(thick arrows).  



Classical Dissolved Nutrient Profiles Showing Progressive Increase in Deep 
Water Concentrations from Atlantic to the Pacific and Indian Oceans 

Vertical Nutrient Profiles in the Oceanic Water Column 



Fig 2.28 (OU)  Decomp-
osition (bacterial 
respiration) of POM 
exerts significant control 
on water column 
chemistry. Concentration 
profiles from central sub-
tropical Pacific, show 
contrasting shapes for 
dissolved nutrients and 
oxygen. Note that the 
silica maximum is 
reached at greater depth 
than that for phosphate.  
Most acidic pH occurs at 
O2 minimum zone, 
marking the zone of 
maximum organic matter 
respiration and CO2 
production, and thus 
carbonic acid. 



Nutrient Distributions & Thermohaline Circulation 
 

Phosphate Accumulation in Deep Water Along Thermohaline Trajectory 

Fig 2.22  Dissolved phosphate distribution at 2000 m depth (in 10-6 mol/L).  



The Redfield Ratio 
• C, N & P are taken up by phytoplankton in the atomic ratio 106C:16N:1P 
 

 - This is known as the Redfield Ratio, after A.C. Redfield (1958) 
 - Phytoplanktonic photosynthesis, taking N&P into account: 

 
  106CO2  +  16HNO3 

- +  HPO4
2-  +  122H2O  +  18H+ 

     (CH2O)106(NH3)16(H3PO4)  +  138O2           (9.6) 
 

 - Overall stoichiometric ratio in phytoplankton is, on average, 106C : 16 N : 1 P 
 

 - Redfield noted that biota determine the proportions of N:P in deep waters,  
 and the biotic demand is closely matched by the N:P ratio in   
 upwelled waters.  

•  Upwelling waters have a C:N:P ratio, on average of 800C:16N: 1P, 
indicating clearly that N & P are the limiting nutrients, they are non-
conservative. 

 
• Although biotic uptake is the major Ca-removal process, it affects the Ca 

reservoir only slightly, removing 1.25%; Ca remains well mixed 
(conservative) in the ocean. 



Nutrient Mass Balances Using the Redfield Ratio 
• Global NPP (50 x 1015 gC/yr) requires 8.8 x 1015 g N and 1.2 x 1015 g P 

per year. 
• Rivers provide only 0.036 and 0.002 x 1015 g N and P per year (4% N, 2% 

P). 
• An additional 15% of required nutrients are provided by upwelling. 
• The balance (85-90%) of required nutrients are supplied by recycling. 



Nutrient Cycling in the Ocean:  Internal Cycles 

• Phytoplankton maintain low N and P levels in surface waters (Fig. 9.18) 
 

 - much of the nutrient recycling takes place in close proximity to the dying cell 
 - growing phytoplankton cells in immediate vicinity take up N&P upon release 
 - N & P are preferentially released, relative to C, during mineralization, so the  
  C:N:P ratio of sinking particulate matter increases with depth. 

 
• Direct uptake of recycled N is as NH4

+, since uptake is immediate and 
there is no time for nitrification prior to uptake. 

 
• In contrast, most of the N mineralized in the deep sea is nitrified (NO3

-). 
 
• NO3

- is also the dominant form of N input by rivers and the atmosphere. 
 
•  The fraction of NPP that derives from NH4-uptake vs. that derived from 

NO3-uptake allows estimates of the sources (new vs. recycled) of N that 
support NPP:  New Production. 



Internal Nutrient Cycles:  New Production 

• New inputs of N are defined 
as those from rivers, 
upwelling, and the 
atmosphere, and support 
10-20% of NPP. 

 
• New production must 

balance nutrient export from 
surface to deep waters in 
order to maintain low, 
steady-state nutrient levels 
in surface waters. 

 
• Sources of nutrients that 

sustain new production 
globally ≈ annual losses of 
nutrients in POM that sinks 
below the thermocline to the 
deep sea. 



Nitrogen and Phosphorus Budgets for the Sea 
• Redfield ratios suggest that phytoplankton demand for N & P is closely 

matched by their concentrations in upwelled deep water:  Either N or P 
could be the limiting nutrient (vs. strong P-limitation observed in lakes) 

 
• N-fixation can alleviate N-limitation, especially in the oligotrophic open 

ocean 
 - requires Mo and Fe for synthesis of the N-fixing enzyme nitrogenase 
 - requires anaerobic micro-zones (marine snow, bundled organisms: e.g. Tricho) 
 - global N-fixation may account for 10-15 x 1012 g N/yr added to the oceans. 

 
• Denitrification:  an important removal pathway of fixed-N from seawater 

 - Requires anaerobic conditions, found both in water column and sediments 
 - O2-minimum zones in the the Pacific may result in loss of 50 - 60 x 1012 g N/yr via 
  denitrification 
 - Denitrification in coastal sediments may account for another 50 x 1012 g N/yr loss 
 - N-losses via denitrification push production toward N-limitation 

 
• Dust deposition can deliver N, significant in N-limited regions, and links 

oceanic NPP to distant terrestrial ecosystems; pollutive atmospheric-N 
from land can also have an effect on NPP down-wind from source of 
pollutive aerosols. 



The Oceanic Nitrogen Budget 
• Most NPP is supported by N-

remineralization in surface 
waters. 

• Only a small fraction of N is lost 
to the deep ocean. 

• Mean τR (MτR) of available N in 
photic zone << 1 yr, while MτR of 
total N pool is ≈10 yrs, implying 
≈10 cycles of N before removal. 

• MτR of N in deep sea is ≈500 yrs. 
• 50% of upward N-flux is from 

upwelling (localized); diffusion 
(important in open ocean). 

• Many fluxes known only to a 
factor of 2; however models 
suggest that N fluxes are not in 
steady state, with a net loss of N 
from the oceans:  N loss to 
atmosphere (110) exceeds N 
inputs from rivers + atmosphere 
(36 + 45 = 81). Fig. 9.16 from 2nd ed.; see Fig. 9.21 in 3rd ed. 



Fig. 9.17 from 2nd ed.; see Fig. 9.22 in 3rd ed. 
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• Most new P enters the 
ocean via rivers: input ratio 
40N:1P (only a small 
amount of P from dust 
deposition) 

• Recycling in surface waters 
accounts for majority of P 
uptake by phytoplankton. 

• C:P ratio increases with 
water depth and sediment 
burial, suggests preferential 
P-mineralization 

• No gaseous forms of P, no 
gaseous P-loss (in contrast 
to N), thus dissolved fluxes 
+ atmospheric inputs must 
balance P-burial. 

•  Biogenic P-burial in open 
ocean approximately equals 
dissolved P-flux. 

The Oceanic Phosphorus Budget 



Human Perturbations of Marine Nutrient Cycling 
• Sewage and fertilizer use have increased N & P input to oceans. 
• These inputs have increased NPP in coastal areas, perhaps ocean-wide. 
• Greater NPP could result in greater export of POM to deep sea, potentially 

serving as a sink for increasing atmospheric CO2. 
• However, this model suggests that increased C-uptake (0.12 x 1015 gC/yr) is 

small relative to anthropogenic C-release to atmosphere (6 x 1015 gC/yr). 

Fig. 9.18 from 2nd ed.; see Fig. 9.24 in 3rd ed. 
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Human Perturbations of Marine Nutrient Cycling 
(cont’d.) 

• Greatest human perturbations are seen in the coastal ocean 
 - occupy only ≈10% of ocean surface, but 
 - account for ≈18% of ocean productivity 
 - 83% of C buried in sediments is buried in the coastal  
  ocean 

 
• Globally averaged models mask the importance of the 

coastal zone. 
 
• A significant amount of POM may be transported from the 

shelf to the deep sea 
 
• If global climate change alters coastal upwelling rates, 

significant changes in overall ocean biogeochemistry should 
be expected (Walsh 1984). 



Silicon, Iron, and Trace Metals 
• Diatoms, important marine phytoplankton, require Si 

which they deposit as biogenic opal in their cell walls.  
 - Si is an essential nutrient for diatoms. 
 - Biotic uptake draws down dissolved Si in oceanic surface waters. 
 - Biogenic opal dissolves upon diatom death, and Si concentration 

 increases with depth below the photic zone. 
 
• Si thus displays a vertical profile similar to nitrate & 

phosphate; these are referred to as nutrient profiles. 
 
• Sr2+ uptake by Acantharians (protists with SrSO4 tests) 

create lower Sr:Cl ratios in surface vs. deep waters, 
despite the long Sr residence time of 12,000,000 years 



Other Elements display Nutrient-Like Profiles. 

• All phytoplankton require a suite 
of micronutrients (e.g., Fe, Cu, Zn, 
Ni) -- usually enzymes. 
 
• These elements are taken up in 
surface waters and regenerated at 
depth as dead organisms sink to 
the deep ocean and are 
decomposed. 
 
• In response to Fe-insolubility, 
some organisms produce 
chelators to increase Fe 
bioavailability 
 
• Some non-essential toxic metals, 
such as Cd and Hg, are also 
accumulated by phytoplankton and 
display nutrient-like profiles. 



HNLC Regions and the Fe Hypothesis 

• High-nutrient, Low chlorophyll 
(HNLC) regions:  low chl-a despite 
measurable nitrate and phosphate 
in surface waters. 
 
• HNLC regions occur in oceanic 
gyres, e.g., the North Pacific. 
 
• Hypothesis:  Fe limitation of NPP 
 
• Main source of Fe to these 
regions is atmospheric dust. 
 
• Fe Hypothesis was tested by 
fertilizing the HNLC region with Fe; 
a massive bloom ensued -- a 
solution to increased atmospheric 
CO2?? 

Fig. 9.19 from 2nd ed.; see Fig. 9.26 in 3rd ed. 



• Passive accumulation of 
elements: uptake of 
biochemically non-essential 
elements. 

 
-  Cd appears to substitute for Zn 

in certain biochemical 
molecules, and Cd is well 
correlated with P in seawater. 

 
-   Non-essential elements are 

likely passively accumulated by 
phytoplankton via co-
precipitation or adsorption/
scavenging 

-  Not always clear whether uptake 
is for biotic purposes. 

 
- The geochemistry of many trace 

elements in seawater is 
controlled directly or indirectly by 
the biota. 

Passive Uptake of Non-
Essential Elements 



Cadmium displays a nutrient-like profile in seawater.  
Cd:Ca in forams has been used as a paleo-P indicator. 

Cd:Ca Ratios and  Paleooceanography 

Fig. 9.20 from 2nd ed.; see Fig. 9.27 in 3rd ed. 



• The geochemistry of many trace 
elements in seawater is controlled 
directly or indirectly by the biota. 

 
-  Fig. 9.25 shows that the mean 

residence time for 14 trace 
elements in ocean water is inversely 
related to their concentration in 
sinking fecal pellets. 

-   Some of these elements are 
released upon remineralization of 
POM in the deep sea. 

-  The fate of many trace constituents 
is burial with sediments. 

-  Elements less involved with biota 
remain as the major constituents of 
seawater (Table 9.1). 

Relationship Between τR 
and  Biological 

Reactivity 

Fig. 9.21 from 2nd ed.; see Fig. 9.25 in 3rd ed. 



Summary 
•  N & P are non-conservative due to biogeochemical uptake and recycling 

 - oceanic water column nutrient profiles 
 - N & P evolution during thermohaline circulation 

 
•  Redfield Ratio describes the average phytoplanktonuptake ratio of C:N:P 

 - suggests that N & P can both be limiting 
 
• Recycled N & P support the bulk of NPP 
 
• The N and P budgets are still in revision, sources, sinks, residence times 
 
• Human perturbations are largest in the coastal ocean, but could cause 

global ocean changes in biogeochemistry. 
 
• Si and trace elements display nutrient-like behavior in seawater 

 - uptake may be passive or active 
 
• Residence time of an element is inversely related to its Kd 


