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The Nutrients  
 

The phytoplankton in the surface waters of the ocean, and for that matter all living 
organisms are made up of just a few basic chemicals that are "eaten" and turned into body 
material.  

 
The basic elements, the form they are used in, and a few of the optional chemicals 

are listed in the next table.  
 

Table 1. 
 

Essential nutrients for soft tissue building 
 
Carbon 

 
bicarbonate (HCO3-) from carbon dioxide (CO2) 

Nitrogen nitrate(NO3-), nitrite(NO2-), ammonia (NH4+) 
Phosphorous phosphate (PO43-) 
  

Optional skeleton building materials 
 
Calcium 

 
Ca2+ 

Silicon Si(OH)4 
  

Micronutrients used in very small quantities 
 
Magnesium 

 
Mg2+ in chlorophyll 

Iron Fe3+ used in converting light energy 
Vanadium 
Molybdenum 
Selenium 

used in various enzymes 

 
Used in small quantities but of no known value 

 
Cadmium 

 
mistaken for PO43- ? found in carbonate shells 

Barium mistaken for Si(OH)4 ? 
 
 
The basic ones are carbon, nitrogen and phosphorous, you must have all three of 

these present in order for the plant material to grow. They are all required to build the soft 
tissues of all plants and animals. Because they are all required, if one is absent it is called 
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the limiting nutrient. This is because its absence limits (prevents) further growth from 
taking place in that body of water.  

 
There is another set of chemicals that are used for building the skeletons of 

organisms. They are used in fairly large quantities but are not required by all organisms. 
For example, calcium (Ca2+) is used by organisms that build shells out of calcium 
carbonate and silica (Si(OH)4) is used by organisms that have siliceous skeletons, but 
neither of these are needed by organisms that do not build these types of skeletons.  

 
There is also a third group of chemicals that are required in very low 

concentrations by some species. Magnesium (Mg2+) is required by all plankton that 
photosynthesize because it is at the heart of every chlorophyll molecule. Chlorophyll is 
the essential compound for trapping light energy to permit organic matter to be made 
from carbon dioxide. In the case of magnesium, there is no shortage since it is one of the 
major ions in sea water. Iron (Fe) is also needed in the chemical system of phytoplankton 
that allows them to turn light energy into chemical energy. Vanadium, molybdenum and 
selenium are also used in the enzyme systems of some organisms.  

 
How does the growth and death processes of phytoplankton affect the distribution 

of nutrients? First, we must examine the sources of the nutrients to the ocean. As already 
shown, most of the chemicals get into the oceans from rivers, but this is not true for 
carbon which gets into the ocean as carbon dioxide from the atmosphere. As we shall see 
later, this forms the basis of the very important link between the ocean, the atmosphere, 
and the climate.  

 
There is a large amount of carbon dioxide in the atmosphere and carbon dioxide is 

very soluble in seawater. Therefore there is no shortage of carbon for growth. Given that 
79% of the atmosphere is made of nitrogen and that nitrogen is quite soluble in seawater, 
we might expect the nitrate, nitrite and ammonia in seawater to originate from dissolved 
nitrogen gas. However, it is very difficult chemically to turn nitrogen gas (N) into nitrate 
(NO3-), nitrite (NO2-) or ammonia (NH4+). Only lightning and a few microorganisms 
are capable of doing this. The result is that virtually all of the nitrate, along with all of the 
phosphate, come into the oceans from rivers.  

 
As we have already seen the residence time of phosphorus is about 70 thousand 

years and the residence time of Si about 20 thousand years. Since the mixing time of the 
oceans is about 1,000 years then we might expect the distribution of both of these 
nutrients to be fairly uniform --after all, 20 to 70 mixes is good enough to mix most cakes 
thoroughly.  

 
Vertical distributions  

 
Figures 1 and 2 show the vertical distribution of three nutrients at the Hawaii 

Ocean Time-series site (HOT) which is ~60 miles north of Oahu.  
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The axis on the left of each figure is the depth in the ocean. So the figures run 
from the top where 0 is the surface of the ocean, to -5000 (meters) which is the 
approximate depth of the bottom of the ocean at this station. On the phosphate (PO43-) 
figure, the axis along the bottom represents the concentration of phosphate. The crosses 
in the body of the figure are the measured concentrations of phosphate at various depths. 
The line connects the measured points. In the case of the phosphate profile, we can see 
that at the surface of the ocean the values are very low but that they increase rapidly to a 
maximum at about 800 m. The values then gradually decrease into the deeper waters. 
Nitrate and silicate are also extremely low in the surface waters. The deep water profile 
of nitrate looks identical to that of phosphate, while the silica profile shows some 
differences.  

 
Figure 1. Nutrient distribution at the HOT site January 1990  

 
 

Expanding the upper 500 meters (Figure 2) shows that each of these nutrients has 
been almost totally removed from the surface waters. Phytoplankton in the surface waters 
are "eating" all the phosphate and nitrate (and bicarbonate) that they can get in order to 
grow. The fact that the nitrate values are zero in the upper waters while the phosphate 
shows a very low but measurable value in the same water is because the nitrate ran out 
first. With no more nitrate the phosphate cannot be used. This is a demonstration that 
nitrate is the limiting nutrient in this place.  
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The role of light  
 
Figure 2 also shows that the depth to which each of these nutrients are uniformly 

removed is about 140 m and is almost identical for P and N. The reason that the nitrate is 
only removed by growth processes down to 140 m is the availability of sunlight. Plants 
need light to grow, whether they live on land or in the ocean. The depth to which the 
phytoplankton grow depends on how deeply the sunlight can penetrate which in turn is 
determined by the strength of the sun (summer/winter or time of day) and by the amount 
of particulate material in the water. Particles in the water scatter the incoming sunlight 
and prevent it from penetrating deeper.  

 
Figure 2. Phosphate and nitrate in the upper 500 m at the HOT site in January 

1990 (upper panels) and Photosynthetically available radiation (PAR) as a function of 
depth (lower panel)  

 
Figure 3. Photosynthetically available radiation (PAR) as a function of depth at 

the HOT Site, January 1990 

 
 
Figure 3 shows the amount of light penetrating into the surface waters at the 

HOTS site during May 91. The vertical axis from 0 to -200 is the depth below the surface 
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of the ocean in meters. The horizontal axis (from 0-150) is the amount of 
photosynthetically available radiation (PAR). The line shows that the near surface PAR 
of 140 drops extremely rapidly with depth to a value of ~2 at 140 m. This depth is the 1% 
light level since only about 1% of the light coming into the surface waters can penetrate 
this deeply. It is an important depth because phytoplankton can only function down to 
about the 1% light level, and it is also about the depth to which the nitrate is being totally 
removed by plankton from the surface water.  

 
The depths to which the nutrients phosphate and nitrate can be removed from the 

ocean is determined primarily by the depth to which enough light can penetrate -- the 1% 
light level. The 1% light level can be as shallow as 1-2 meters in coastal waters with very 
high particulate loads in the water, it can also be as deep as 200 meters in remote regions 
of the ocean with low particulate levels.  
 
Iron as a micronutrient  

 
There are some places in the ocean, the northern North Pacific and southern South 

Pacific and certain regions near the equator in the Pacific, where neither phosphate or 
nitrate are completely removed from the surface waters. This unusual situation has lead 
some oceanographers to speculate that in these remote regions there may be another 
nutrient that is limiting production. They have suggested that very low levels of iron (Fe) 
in the surface waters of these regions is preventing phytoplankton growth. As we saw 
earlier, iron (Fe) is required in the chemical cycle that phytoplankton use to turn sunlight 
into the energy they need to grow. Iron has a short residence time in seawater, less than 
100 years. Therefore it does not have time to get mixed from the rivers into the centers of 
the ocean before it is removed. Because of this, it is thought that one of the main ways 
that iron gets into surface seawater is from dust that blows off the continents. The areas 
where the phosphate and nitrate are left in surface waters are also regions that do not 
receive very much dust. This theory has been tested by adding iron to a small patch of 
surface water in one of these regions (near the Galapagos Islands). The experiment 
showed that in the patch with iron added there was a significant increase in the growth of 
the phytoplankton.  

 
Recycling and removal  

 
Since plankton under non-iron limiting conditions are capable of removing the 

nutrients phosphate and nitrate to almost zero in the surface waters, there must be some 
mechanism that brings nutrients back into the surface waters. This must happen or 
otherwise there would soon be no foodstuff for the plankton, they would not be able to 
grow, and then there would be nothing for the zooplankton to live on etc. all the way 
through the food chain up to fish and large mammals like whales. Part of the answer is 
that much of the material from the plankton is immediately recycled in the photic zone. 
Of 100 units of primary production (phytoplankton growth) in the surface waters, 
approximately 90% is recycled within the same zone. Approximately 10% leaves the 
surface waters and must be replaced. Of this 10%, only 1-3% reaches the sea floor and 
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less than 1% is preserved (i.e., not recycled in the ocean, but buried) in the sediments. 
This rapid recycling can be seen clearly in Figure 4. 

  
Figure 4. Schematic of the fate of primary production  

 
 
Figure 5. Average vertical flux of carbon at the HOT site 1989-1991  

 
Figure 5 shows the average amount of carbon falling past the 150, 300 and 500 m 

depths at the HOT site for the period 1989-1991. The important thing to note is that at 
150 m there are between 30 and 40 milligrams of carbon per square meter per day (the 
important point here is the trend, not what the units are), at 300 m the value has dropped 
to between 12 and 22, and by 500 m the value has dropped to 10-15. The reduction in the 
amount of carbon is because of remineralization (breakdown) of the dead organic matter 
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as it falls through the water column. So, even though most of the organic matter and its 
phosphate, carbon and nitrate are recycled, some does escape from the photic zone and 
must be replaced if the phytoplankton are not eventually going to all die.  

 
Vertical mixing of water from below up into the photic (lighted) zone is the way 

in which nutrients are brought back up into sunlit surface waters. This is why there are 
always a lot more fish around islands because the underwater bulk of the land blocks 
currents and causes some deep water to upwell bringing nutrients into the surface waters 
and stimulating productivity.  

 
The removal of nitrate and phosphate from the surface waters takes place in a 

ratio of approximately 15:1 which is the ratio needed to form the so-called soft tissues of 
organisms. This ratio has been found to be fairly uniform throughout the oceans and it is 
known as the Redfield Ratio. It is interesting to note that the NO3

- and PO4
3- run out at 

about the same time in the surface waters. Does this happen just by coincidence or have 
the phytoplankton adapted to live on the ratio of NO3- to PO43- that is delivered to the 
oceans? Nobody knows the answer. On the other hand, silica is only a required nutrient 
for plants that build silicate skeletons. Since many of the plankton use calcium carbonate 
for their skeletons and others have no skeletons at all, silica is not considered a bio-
limiting nutrient. For this reason, we can find places where although NO3- and PO43- are 
reduced to zero, Si is not. Diatoms are plants that build silica skeletons, Radiolaria are 
animals that do the same.  

 
While the all nutrients (phosphate, nitrate and silicate) are similarly depleted in 

the surface waters of the oceans, in the deep water their distributions are distinctly 
different. This is because of how these nutrients are used in different body parts. Nitrate 
and phosphate are incorporated into the soft (fleshy) tissues of plants and organisms. 
Silicate is incorporated into hard skeletal parts of the organism.  

 
When the plants and animals die and fall out of the photic zone the soft, fleshy 

parts are the first to be remineralized. Remineralization is the result of bacterial 
degradation (eating) of the organic material which results in the reforming of nitrate and 
phosphate. This is why in the deep waters (Figure 1) the nitrate and phosphate show a 
maximum in concentration at around 1000m. Silicate skeletons, on the other hand, are not 
degraded by bacteria because they do not contain anything worth eating. Instead, they 
just slowly dissolve as they fall into the deep ocean. In fact, they dissolve so slowly that 
most of the dissolving takes place at the boundary between the sediment and the water. 
This results in a continual increase in silicate all the way down through the deep water to 
the bottom. Our profile at the HOT site does not show this behavior because below 3000 
m is some water that is moving into the area from elsewhere that has less Si in it.  

 
What this means is that organic or soft tissues rarely make it to the sediments 

intact and therefore rarely get buried in the sediments. Hard parts, like silicate skeletons 
or calcium carbonate shells, have a much better chance of falling all the way to the 
bottom of the ocean and even getting buried into the sediments before they have time to 
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completely dissolve. We will come back to the great value of these skeletons that do not 
dissolve later when we consider sediments and the paleoceanographic record.  

 
Figure 6. Silicate profile from the Eastern Pacific 122°W, 30 °N  

 
Physical flows and deep water distributions  

 
The result of this continual removal by phytoplankton of the nutrients from 

surface waters and their remobilization in the deep and bottom waters means that there is 
a continual enrichment of nutrients in the deep waters. This shows up very dramatically if 
we compare the deep water concentrations of the nutrients in the major oceans with the 
deep water flow pattern.  

 
In the first panel the deep waters of the oceans are shown forming in both the 

North and South Atlantic. The waters once formed travel around Antarctica in the 
circumpolar current and then branch off into the Indian and Pacific Oceans. The deep 
water is then like a conveyor belt continually being formed in the North Atlantic and 
circulating through the Indian and Pacific oceans, where it returns to the surface and 
travels back into the Atlantic. All along this route plankton are growing in the surface 
waters, dying and falling into the deep waters where the bacteria remobilize the soft 
tissues. This continuous input from above means that the deep water becomes enriched in 
nitrate as it travels along its deep path. So, we can see why the Pacific deep water values 
are higher than those of the Atlantic. Phosphate distributions would look exactly the 
same. This same process of enrichment along advective flow lines (direction of travel) is 
seen in other elements that are transported from the surface to the deep waters in the soft 
tissues of plants and animals.  

 
In the case of the silicate, its slow dissolution results in a much greater gradient 

between the Atlantic and Pacific than is seen for nitrate.  
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Figure 7. Flow direction and deep water (below 4,000m) distribution of nitrate 
and silicate in the world's ocean. 

 

 
 

The differences that we see in the deep waters between the oceans is a direct 
result of the direction in which the deep ocean water circulates. The distributions of the 
nutrients were in fact the first properties that told us what direction the global deep water 
circulation took.  

 
Biological removal of trace species  

 
While plankton deliberately remove phosphate, nitrate and sometimes silicate 

from surface waters, they also remove a variety of other trace chemicals, in some cases 
because they are important micro-nutrients such as iron, vanadium etc., and in other cases 
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because chemically they have difficulty distinguishing between the trace species and a 
major component. While this might appear to be a foolish strategy, wasting energy to 
remove unwanted chemicals from seawater, it may be that chemically speaking it isn't 
worth using energy to avoid taking up these other chemicals because they don't do any 
harm to the plankton.  
 

For example, cadmium (Cd), for which there is no known biochemical 
requirement, has a vertical distribution in the ocean that looks identical to phosphate in 
the oceans. It appears that phytoplankton may chemically mistake cadmium for 
phosphate. This is very useful for trying to reconstruct paleo-circulation models of the 
ocean. The cadmium that ends up in the shells of foraminifera can be used to tell us what 
the phosphate content of the ocean was like in the past.  

 
Another element, barium, looks like silica and some, like selenium and nickel 

(shown in figure 7), have vertical distributions that look like a combination of both the 
(PO43- and Si(OH)4 distributions.  

 
In summary, the growth and death of phytoplankton in the surface waters and the 

organisms that feed on them are capable of transferring nutrients such as nitrate and 
phosphate from the surface waters to the deep water and also to the sediments. In this 
same way, by incorporation into either the soft tissues, the skeletons, or merely adsorbed 
onto the surface of dead organic matter, most of the other elements are also removed 
from the surface waters to the deep ocean and to the sediments. The rate at which a 
particular element might be removed from the ocean by these pathways depends very 
much on the amount that is removed by the falling biological matter and whether or not it 
is remobilized along with the soft tissues in the deep water. If the element is remobilized 
in the deep water then it will be returned to the surface waters by the oceanic stirring 
process and will again participate in another removal and remobilization cycle. If the 
element is contained in a phase that falls all the way to the bottom of the ocean then it 
may leave the ocean permanently as it becomes buried in the sediments.  

 
Tracing water mass movements with chemicals  
 

While the biological processes largely affect the vertical distribution of chemical 
species, we have already seen that the horizontal movement of the deep water from one 
basin to another also affects the distribution of chemicals. In fact, we can use chemical 
distributions to tell us about the movement of water masses. One of the things that makes 
chemistry such a powerful tool in the oceans is that there are so very many dissolved 
chemicals each of which is affected by the physical, chemical and biological processes in 
a different way. These chemicals can be thought of as colored dyes, which as they move 
through the ocean from their source, show the circulation of the water. Some of the most 
useful chemical species for showing water circulation are those that have been 
accidentally introduced into the oceans by humans. These so called anthropogenic 
(meaning generated by humans) tracers are especially good because frequently they do 
not occur naturally in the ocean. We also know when they were produced or released and 
as a result can study the rate at which they find their way into the deep ocean.  
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Bomb testing and tritium  

 
One of the earliest tracers that geochemists started using to track the physical 

movement of water masses was tritium. Tritium is a radioactive form of hydrogen that is 
produced during the detonation of atomic weapons. During the early 1960's in the middle 
of the cold war a lot of countries including the US, UK, Soviets, French etc., were testing 
their nuclear weapons by exploding them in the atmosphere in remote places. The result 
of these explosions was to add a large amount of tritium to the surface oceans in the form 
of tritiated water. The water molecule is made of H2O, two hydrogen atoms and one 
oxygen atom. Tritiated water is formed when one of the hydrogen atoms is replaced by a 
tritium atom, i.e., HTO. Because the tritium in tritiated water is radioactive it is relatively 
simple to measure at low concentrations. Also, because it is just a special form of water, 
it should go everywhere the rest of the water goes and won¹t be affected by biological 
processes. It is therefore an extremely good tracer of the physical movement of the water.  

 
Figure 8. Tritium (3H) content of rain falling in Ireland and the total strontium 90 

(90 Sr) deposition in the northern hemisphere between 1952 and 1974.  

 
 
Figure 8 shows the amount of tritium in rain that fell in Ireland between 1952 and 

1974. In 1962 a test ban treaty was signed which virtually ended all atmospheric testing 
of nuclear weapons and hence the input of tritium and strontium-90 to the atmosphere. 
However, in the figure the maximum amount of tritium in the rain was in 1963-1964, -- 
1-2 years after the atmospheric test ban treaty came into effect. The reason for this was 
that just before signing the treaty, the US, USSR and UK exploded their most powerful 
weapons ever. The power of the weapons was such that the tritium from the explosion 
went into the upper atmosphere (the stratosphere – which is more than 12 km above the 
Earth's surface). It takes 1-2 years for material in the stratosphere to re-enter the lower 
atmosphere (the troposphere) from where it is rained out onto the surface of the ocean.  
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As the tritiated water from the testing ended up as rain, it entered the oceans either 
directly from rain on the surface ocean or from rivers feeding into the edges of the ocean. 
Because tritium acts as a dye that is added to the surface waters, following it through the 
ocean can show us where the surface waters sink to form deep waters.  

 
Figure 9. Contour maps showing the penetration of tritium (3H) into the deep 

waters of the Atlantic Ocean between 1972 and 1981.  

 
 
Figure 9 shows two contour maps of the tritium distributions in the North Atlantic 

-- the first in 1972, the second in 1981. Each of the figures shows a cross section of the 
Atlantic Ocean running from the surface of the ocean to the bottom (shown as solid) 
between 10°S and 80°N.  
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The numbers on the lines in the body of the figure show the amount of tritiated 
water. Values decrease rapidly from the surface waters (the source) into the deep waters 
as the sinking water mixes with water that has no tritium in it. The figure shows very 
clearly that the highest concentrations of tritium in deep water are found in the northern 
part of the North Atlantic indicating that it is in the northern regions that the surface 
waters are sinking to form the deep waters and that from there they spread south. The 
1TU contour in the upper panel can be visualized as the leading edge of a descending 
plume of this new cold deep water.  

 
Comparing the upper and lower contour plots, it is possible to see how in the 

space of 9 years between these two data sets the bomb tritium has invaded a significant 
way into the deep ocean. These distributions can be used to calculate the rate at which 
deep waters in the ocean are being formed and, along with other tracers, this can be used 
to identify exactly where the deep waters are forming. As we shall see later, both of these 
pieces of information are critical to understanding the linkages between the ocean and the 
climate. It is worth pointing out that data sets like the one shown above are very 
expensive to produce. Each of the two plots are the result of several oceanographic 
cruises each lasting more than one month. The water samples once collected were 
returned to a shore laboratory where it took several people a number of years to complete 
all of the tritium measurements. All told the two figures probably represent an investment 
of many millions of dollars.  

 
There are many other tracers, both anthropogenic and natural, that can be used to 

study the movement of the water through the ocean. One of the exciting areas in 
oceanography is to find new tracers that will allow us to "see" more details of the deep 
water formation process and to follow the newly formed deep water as it journeys around 
the deep basins of the oceans. 


