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EAEE E4001, Industrial Ecology of Earth Resources

Week 2: THE GRAND CYCLES : CARBON, SULFUR, NITROGEN, AND PHOSPHORUS


As we will see in this course, the consumption of materials increased nearly exponentially in the second half of the 20th century. Much of the human “consumption” of materials it is actually released  on land, water, or the atmosphere. For example the nine tons of fuel “consumed” per U.S. citizen result in the emission of about 26 tons of carbon dioxide.. These human emissions have already had an impact on what are called the “grand geochemical cycles”  of carbon ( C), sulfur (S), nitrogen (N) and phosphorus (P). 


What differentiates these four elements from others is that they undergo a continuous chemical transformation between biota and the inanimate Earth. For example, long before humans were to have a major effect on the Earth’s climate, in one of the many wonderful balances of nature, animals oxidized organic carbon to carbon dioxide, while plant life, by means of photosynthesis, reduced carbon dioxide to organic carbon and oxygen. The largest anthropogenic mass flow is that of carbon, nearly 7 billion tons per year, followed by sulfur and nitrogen, both of which amount to about 140 million tons/y. 

The anthropogenic emissions of carbon are principally due to combustion of fuels and biomass and they represent about 6% of the pre-industrial carbon flow. The sulfur emissions are mostly due to coal combustion and the production of metals from their sulfide minerals; and represent about 65% of the natural flow of sulfur. The nitrogen and phosphorus emissions are due to very high use of man-made fertilizers in agriculture, animal husbandry, and combustion of fuels (in the case of nitrogen); these emissions have increased the pre-industrial mass flow by about 50%.

THE CARBON CYCLE

Life resource reservoirs

Before we discuss the carbon cycle, let us recall that the life resources of the planet can be divided into three classes of reservoirs of elements:

· Bio-unavailable reservoirs:  Nutrients in forms that cannot be used directly by plants or animals without being first transformed chemically to some intermediate compound (e.g.  nitrogen gas, N2 ; also N2O are very stable and have long residence time in atmosphere.

· Nutrient reservoirs: Nutrients in bio-available form (NH3,NOx,NO202,NO) 

· Life form (both alive or dead)

Mobilization of an element is its transformation from the bio-unavailable to the nutrient reservoir (e g transformation of N2 in atmosphere to nitrate ion, N03-, by oxidation, or to NH4+, by reduction. Assimilation is the transport of an element from a nutrient reservoir to plant or animal life. The transport of nutrients from life form to nutrient reservoirs can occur by decomposition (organic matter)or, e.g. for nitrogen and other compounds, by mineralization.
The cycling of carbon dioxide


The carbon element cycles continuously between land/water and the atmosphere. Carbon to the atmosphere is in the form of carbon dioxide (CO2) that is produced either by decomposition of dead plants and animals or by respiration of animals; both are low temperature combustion reactions. Carbon is cycled back from the atmosphere to the land and the oceans by means of the photosynthesis reaction. These reactions can be represented in very simple form (using a hydrocarbon formula that appears in at least ten organic compounds that form living matter)

Decomposition and respiration:
         C6H10O4) + 6.5 O2 = 6CO2  + 5H2O +energy



Photosynthesis:


6CO2  + 5H2O + sunlight = C6H10O4 + 6.5O2

If you have never stopped to admire the delicate balance of nature, this the time to do it: Half of the living beings on the Earth, the animals, are users of oxygen and producers of carbon dioxide. The other half, the plants, by some happy miracle (??) are users of carbon dioxide and producers of oxygen. The “wastes” of one are the feed material of the other. And after they all live a more or less happy life, there are “scavengers” (bacteria, worms, animals, etc. ) to make sure that the carcasses of plants and animals do not clatter up the place but are transformed to useful nutrients, carbon dioxide and water.

The net productivity of land vegetation

All these systems and reactions were honed to perfection over millions of years and an equilibrium came to prevail between carbon going out to the atmosphere and coming back from the atmosphere into land and oceans,  every year.  The amount of carbon moving to the atmosphere and cycling back to the Earth every year was about 100 billion tons. Of the 100 billion tons of net primary productivity, an estimated 60 billion tons of carbon were produced by vegetation on land and 40 billion tons  by phytoplankton plant life in the oceans.


Let’s now do some IE calculations on the net productivity of land vegetation. The land surface area of the Earth has been estimated at 15 billion hectares, where an are is 100 square meters and a hectare is equal to 100 ares, i.e. 10000 square meters. Considering that the net productivity of land is 60 billion tons, we can conclude that 



net productivity of land = 4 tons carbon per hectare per year

To smaller units 4000/l0000m2~ 
     =
0.4 kg carbon/m2

Of course this is only an average. Areas with more vegetation are more productive and vice versa. Here are some productivity numbers:

· Productivity of estuaries and forests 
0 8 kg carbon /m2
· Marshes




1.2 kg 

· Grassland




0.2 kg

· Desert scrub




0 04 kg

The productivity of intensely planted land is comparable to that of estuaries.

I

Carbon reservoirs



There are two bio-unavailable reservoirs for carbon, both in the form of deposits or sediments: Carbonates (e g MgCO3, CaCO3) and reduced organic carbon (“kerogen”).  

Bio-available carbon also exists in two principal forms: As CO2 in the atmosphere, and as bicarbonate ions (HCO 3 -) in water .

Long-term feedback in carbon cycle

In the long term, i.e. over millions of years, CO2 in the atmosphere slowly reacts with rocks, using geothermal energy (“weathering”). In the presence of water and carbon dioxide, calcium and other metal silicate rocks are transformed to calcium carbonate  and silica:





CaSiO3+CO2 = CaCO3+SiO2

Therefore, if there were no chemical reaction in the reverse direction, nearly all the C02 in the atmosphere and biosphere would have disappeared little by little. However, the reverse process does occur at elevated temperatures and pressures, inside the earth where sediments are carried  by tectonic  processes; e.g. carbon dioxide is emitted to the atmosphere during volcanic eruptions. The decomposition of calcium carbonate in high temperature kilns is also utilized by humans in the production of cement. 

The Carbon Reservoirs


As discussed earlier, carbon is one of the go-in between elements  in the three reservoirs of life resources. If we now look at all the material reservoirs of the Earth, we identify four reservoirs of carbon. The largest by far is what is called the “lithosphere” or the “solid earth”. Carbon is stored in the lithosphere either in the form of inorganic carbonate compounds or in the form of fossil fuels (coal, oil, gas) 

The estimated amounts of carbon in the four reservoirs are:

· Lithosphere


1.4E+08 billion tons

· Soil, peat,litter (detritus)

1750
billion tons

· Plants



  830 billion tons

· Biota



      3 billion tons

The fossil fuel resources will be discussed in another section.

The Heavy Hand of Humanity on the Carbon Cycle

As we saw earlier, in the pre-industrial period there was an annual exchange of about 100 billion tons pf carbon between the Earth and the atmosphere. The first of the adjacent two figures show how, starting from nearly zero at the end of the 19th century, cumulative human emissions of carbon dioxide increased to about 900 billion tons by the end of 1995. Since the molecular weight of CO2 is 44 and carbon 12, this amounts to a total addition of about 250 billion tons of carbon, or 250% of one year’s natural carbon transport. Both of these figures do not include the effect of deforestation and urban build up on the carbon cycle.


The second figure shows the sources of anthropogenic carbon dioxide. The two major ones are combustion of oil and coal. They are followed by the CO2 generation in cement manufacture, about 3% of the total, and by the flaring of gas at oil wells and refineries. This figure also shows that despite the warnings of global warming, it is business as usual: The annual generation of CO2 increased by nearly 1.5 billion of tons (0.4 billion tons of carbon) in the period 1990-1995.


You can see that at this time, we are generating yearly 23.8 billion tons of CO2, i.e. 6.5 billions of carbon .It might seem a small amount in comparison to the 100 billions of Mother Nature but remember that it took a long time to reach her equilibrium. 


At the same time, we have cut down the forests to such and extent that if biomass productivity per unit area had remained the same, there would be an additional 1.2 billion tons of carbon to worry about. It is fortunate that because of the higher concentration of CO2  in the atmosphere, the photosynthesis reaction in the oceans has been increased by about 2 billion tons and in the life forms reservoir by 0.4 billion Ayres et al, 1994). The one thing  we know for sure is that the carbon dioxide in the atmosphere is increasing by about 1.75 ppm per year is a clear indication that nature cannot absorb all of the new CO2. We should be happy that an estimated 50% of the 6.5 billion tons of carbon that we put out there is taken up by plants on the land and in the oceans. Otherwise, the annual increase would be near 3.5 ppm of CO2.
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The Sulfur Cycle
The total Earth resources of sulfur are estimated at 1115 E+12 (11.15 trillion tons) . Sulfur exists primarily in sedimentary (7800E+12 t) and deep oceanic rocks (2375E+12t ). About 10% of the total (1280E+12t) is in the form of sulfate ions S (SO4--) dissolved in seawater (residence time: 10 million years). About 6 E+06 (six million tons) exist in the atmosphere, in comparison to nearly one trillion tons of carbon that is in the form of carbon dioxide.

The most prevalent sulfur compound in the atmosphere is carbonyl sulfide (COS) (concentration 500 parts per trillion), average life in atmosphere). Carbonyl sulfide is produced by sulfur  reducing bacteria, by inefficient biomass burning, and by chemical reactions with organic matter, mostly in the oceans. It eventually reacts with hydroxyl ions (OH-) or by photochemical reaction with sunlight; its average life in the atmosphere is 5 years. The concentration of sulfur dioxide in the atmosphere is about 50 parts per trillion or an order of one million less than carbon dioxide. Four fifths of all S emissions into the atmosphere return to the Earth by means of rain/dew; and the rest by direct dissolution of sulfur oxides through the water surface.

Sulfur as an Earth resource
a) Sulfur exists in volcanic deposits in elemental form (S). It can be mined as a solid, or by injecting superheated water,  melting “in situ” (MP of S: 111o C) and pumping out (Frasch Process). Then, it is combusted with oxygen to SO2 and used in the manufacture of sulfuric acid, fertilizers, and many other chemical substances. 

b) Sulfur also exists in the form of “gypsum” (hydrated calcium sulfate: CaSO4.2H2O). When heated (usually in a rotary kiln at 190oC), 75% of the water is driven off to produce “plaster of paris”( 2 CaSO4.H2O) that is used for building plaster, wallboard, coating papers, and ornaments.

c) Sulfur dioxide is a by-product of coal combustion, mostly to generate electricity, and metal production from various sulfide minerals (e.g. FeS2 , CuFeS2, Cu2S , NiS, ZnS, PbS). 

Natural (i.e. pre-industrial) sulfur cycle
There has always been atmospheric and hydrologic transfer of S between the “reservoirs” of land mass, fresh water mass, and oceans. The primary reactive forms of sulfur are SO 4--, H2S, (CH3)2S, SO2, organic S). Natural sulfur is mobilized mostly by the weathering of minerals and by volcanic eruptions. 

Biogeochemical mobilization in soils: 60 -70 million tons/y: Mostly as SO4- - ion carried in riverine flow  to the oceans. In hydrologic transport, sulfate, under anaerobic (low oxygen) conditions can be reduced to metal sulfides, that accumulate in the sediments, or as hydrogen or methyl sulfide gas, that  it is emitted to the atmosphere. 

Estimated sulfur emissions to the atmosphere are:

   As reduced sulfide from continents:


35 +/- 15E+6 t/y

  In form of sulfate ( ocean spray)


140 +/- 60E+6 t/yr

       “               ”        (dust, spray)


20 +/- 10E+6 t/y

Sulfur emissions from volcanoes: 20 +/- 10E+6 t/y: Such  emissions in the atmosphere have a  residence time of a few days only, because of oxidation to SO2  gas that is rapidly oxidized further to sulfate ions that form either sulfuric acid (H2SO4) ,that precipitates with dew/rain, or metals sulfate particles that are also deposited on land and water.

Biogeochemical mobil  

Anthropogenic effects on sulfur cycle 
As of 1995, global human activities mobilized about 150 million tons per year, in the following ways:

: 


!  S emissions to the atmosphere: 

93E+6 t/y

!  Increased rate of dust emission:
 
10E+6 t/y

!  Fertilization

29E+6 t/y

!  Waste water emissions
   13E+6 t/y


! 93E+6 t/y

!  Increased rate of dust emission:
 The contribution of anthropogenic sulfur to S in riverine flow has been estimated at  about 100 million tons per year, i.e. in the same order as the total natural biochemical mobilization.  One-half of the anthropogenic sulfur  is generated as SO2 from fossil fuel combustion (power plants, transportation) and metal production. Various grades of coal contain from 1 to 4% sulphur; petroleum fuels contain from 0.1% (No.1 fuel oil) to 4% sulfur (No.6 fuel oil). The rest of the anthropogenic sulfur is generated as dust from plant/animal farms, land development (e.g. exposure of lake sediments), and emissions of reduced sulfur (sulfides) from wetlands fertilized by human emissions of nitrogen.

Consequences of sulfur  mobilization

 The immediate effects of sulfur emissions are well known to anyone who has breathed smoke from coal combustion. Acidification of the atmosphere can have impact on the health of all biota and acidification of the ground can destroy both flora and fauna. The term“acid rain” was first used in England in 1872 but the first international conference on acid deposition was held a hundred years later, in Columbus, Ohio. The seriousness of the problem of sulfur dioxide emissions led to the “Clean Air Act” in the U.S. and the imposition of strict regulation of the amounts emitted by electric utilities and the metallurgical industry..  

The Nitrogen Cycle

In contrast to sulfur, over 99% of the Earth’s nitrogen resources are in the atmosphere, in the form of N2; air consists mostly of nitrogen (about 79%) and oxygen (about 21%). It has been estimated that atmospheric nitrogen amounts to about 3900 trillion tons; 0.71 trillion tons are stored in sea water and 0.032 trillion tons in rocks and sediments. Under normal atmospheric conditions nitrogen is very stable (residence time of about one million years). The reactive nitrogen species are ammonia (NH3), ammonium ion (NH4+), organic N, NO, NO2, nitric acid (HNO3), and the NO2- and NO3-  ions. 

Natural (i.e. pre-industrial) nitrogen cycle 


The natural processes for mobilizing nitrogen are principally terrestrial biological fixation (transformation of atmospheric nitrogen to organic N by plants and animals), estimated at 90-130 million tons of nitrogen per year, biofixation in marine systems (estimates vary from 14 to 200 million tons per year), and lightning, that amounts to 3-5 million tons per year.

Anthropogenic effects on the nitrogen cycle


Humans increased the mobilization of nitrogen by about 50 million tons by the middle of the last century and by 140 million tons by 1990. The major sources in 1990 were the production of fertilizers (80 million tons), agriculture (40 million), and fossil-fuel combustion (20 million). Figure 1 shows a more detailed breakdown of global fixation rates and emissions to the atmosphere from a) pre-industrial and b) anthropogenic activities (Galloway, 1996). The dotted boxes indicate processes by which non-reactive nitrogen is converted to reactive forms. 


In nature, reactive nitrogen that is formed by biological fixation is converted back to inert N2 by microbial denitrification but a certain amount is transferred from land to sea in riverine flows. The  wide use of fertilizers in agriculture and fossil fuel combustion have increased the amounts of reactive nitrogen in coastal waters by an estimated 40 million tons, i.e. about 30% of the total reactive nitrogen due to anthropogenic activities.


Of the 80 million tons of nitrogen in fertilizers and the 40 million tons generated by legume and rice production, an estimated 47 million tons of ammonia are emitted to the atmosphere from animal waste (32 million t), soils (10 million), and biomass burning (5 million).

Consequences of nitrogen  mobilization

          
As in the case of sulfur, the mobilization of nitrogen has both  immediate and delayed consequences. The immediate effect of using fertilizers is increased productivity in agriculture. The immediate effects of NOx emissions from combustion are what is called photochemical smog and acidification. Also, reactive nitrogen in the atmosphere increases its oxidizing capacity and can reduce forest growth and crop yield. Human activities have resulted in nearly doubling the flux of nitrogen in riverine flow and that can lead to increased productivity in plant life in estuaries and coastal areas that eventually lead to “eutrophication”, waters that are very rich in nutrients but seasonally deficient in oxygen to sustain many ecosystems. Indeed satellite photos show high-eutrophication zones in coastal waters, e.g., the Long Island Sound (photo).

It is evident that too much of a good thing can become bad. 

The phosphorus cycle


Phosphorus exists mostly in rocks and sediments, most of them in the bottom of the oceans. 

About  one hundred billion tons is in the form of dead plants and animals and nearly an equal amount is dissolved is is in soluble form, most of it in sea water. There is very little phosophorus in the atmosphere, mostly in the form of fine dust particles that soon react with water vapor or droplets and precipitate in the form of acid rain.


The pre-industrial cycle of phosphorus is shown in the adjacent chart in black letters. The 

anthropogenic flow amounts to about 14 million tons per year and it is mostly in the form 

of fertilizers. Phosphorus is a nutrient like biofixed nitrogen and has a similar effect as 

discussed above on eutrophication of rivers and coastal waters.
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References: Socolow, Andrews, Berkhout, and Thomas, editors, 1994, "Industrial Ecology and Global Change", ed., p. 367, Cambridge Press. James N. Galloway, “Anthropogenic Mobilization of Sulphur and Nitrogen: Immediate and Delayed Consequences”, Ann. Rev. Energy and Env’t, p. 261-292 (1996).
   Figure 1b . Anthropogenic global fixation and emission rates of nitrogen (Galloway, 1996)
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