Carbon Cycle Lesson Plan: Background

IB curriculum addressed: 

5.2.1 Carbon cycle: Carbon is one of the main elements found in all organic molecules including carbohydrates, proteins and lipids.

California Science Content Standards Addressed: 

Earth Sciences 7b: global carbon cycle: the different physical and chemical forms of carbon in the atmosphere, oceans, biomass, fossil fuels, and the movement of carbon among these reservoirs. 

Learning goals:

1. There are 4 large reservoirs of carbon on Earth (atmosphere, ocean, lithosphere, biosphere).

2. The different forms carbon takes within these reservoirs. 

3. The processes that transform carbon (photosynthesis, respiration, combustion, burial, carbonate weathering, carbonate secretion, volcanic outgassing, ocean/atmosphere gas exchange) and rules governing them.

4. The relative sizes of these reservoirs, and fluxes in/out of them.

5. Breaking chemical bonds releases energy. Forming chemical bonds requires energy. 

6. Understand the origin and composition of the different fossil fuel reservoirs. 

Acceptable evidence of understanding:

1. The ability to draw a carbon cycle from memory with the relative sizes and fluxes of those reservoirs (largest, large, small, smallest).

2. The ability to tell a story of how a single carbon atom might cycle through all 4 carbon reservoirs; what form it might take in each reservoir, and by what process it would move from one reservoir to the next. 

3. Details of at least 4 processes, one for each reservoir, that would move a carbon atom out of that reservoir.

4. Know whether the reactions in those 4 processes are endothermic, exothermic, or neither. 

5. The ability to explain how a change in the flux from the lithosphere to atmosphere would change the equilibrium of carbon in those reservoirs.

Expected student misconceptions: 

1. Fossil fuels come from dinosaurs.

2. All carbon released into the atmosphere is bad.

3. Trees don't respire, they only photosynthesize. 

4. Only living things participate in/are important for the carbon cycle.

5. On a chemical level, respiration and burning are different. 

6. The atmosphere is the biggest carbon sink.

7. Shells are part of the biosphere (they are part of the lithosphere).

8. All organic matter in the soil is part of the lithosphere.

Vocabulary:

Fossil fuel: Any source of carbon in which the carbon was last in the atmosphere more than 150 years ago. This definition includes coal, oil, gas, peat, and old-growth forests. 

Coal: A fossil fuel formed from the remains of ancient organisms (usually plants) that were isolated from oxygen, then buried, compressed, and heated in the Earth. It is almost pure carbon. 

Oil: A fossil fuel usually formed from the remains of algae, and accumulating at continental margins. It is composed of straight-chain carbohydrates with between 4 and 30 carbons in the chain. 

(Natural) Gas: Methane (CH4).

Active carbon cycle: The transport and transformation of carbon between reservoirs. 

Photosynthesis: The light-powered combination of CO2 and water to form glucose and oxygen. 

Respiration: The opposite of photosynthesis in which oxygen combines with organic matter to form CO2 and H2O. Energy is released in this reaction.   

Calcite: CaCO3. A mineral formed by living organisms. 

Combustion: The unregulated burning of reduced carbon in the presence of oxygen (i.e. oxygen stealing lots of electrons). It produces light and heat. 

Carbonic Anhydrase: The enzyme that photosynthesizers in the hydrosphere use to convert unusable bicarbonate, HCO3-, into usable CO2 for photosynthesis. 

Remineralization: The process by which organic matter is broken down (decomposed), and the vitamins and nutrients it stored are again made available for living things.  

Background:

Introduction: reservoirs and fluxes


The active carbon cycle includes all carbon that has been transported and transformed between the 4 reservoirs within the last 150 years. Carbon that has not been transported or transformed within these 4 reservoirs within 150 years may be considered to be "sequestered". While still a part of the carbon cycle, it is no longer part of the "active" carbon cycle. There are 4 main carbon reservoirs on Earth: atmosphere, biosphere, hydrosphere (or ocean), and lithosphere. Carbon has many different forms within each of these reservoirs, and the carbon cycle is how the carbon changes forms, thus moving from one pool to another within a reservoir, or moving to a different reservoir completely. This movement between reservoirs is particularly important, because while movement within reservoirs is important, it is the movement between different reservoirs that ultimately controls both the climate and the chemistry of the hydrosphere. Humans have an interest in both these things because it affects our food and water supply, among other things. 


This movement of carbon between the reservoirs is called the “flux”. Generally, flux is the amount of something of interest moving across a barrier per unit time. In carbon cycling, carbon is of interest, the barrier is where one reservoir meets another, and the unit time is generally the year. As it turns out, on Earth, the flux is inversely proportionate to the total size of the reservoir; i.e. the smaller the reservoir is, the faster carbon moves in and out of it. The bigger the reservoir is, the slower carbon moves in and out of it. This may prove a useful memorization tool for students. 

The reservoirs of carbon and their relative sizes and fluxes are (see Figure 1 for reference): 

1. Atmosphere 

a. Size = 750 GtC 

b. Flux in = 217.1 GtC/yr

i. 5.5 from fossil fuels (from lithosphere)

ii. 1.6 from land use changes/deforestation (from biosphere)

iii. 60 from land plants (from biosphere)

iv. 60 from biological activity in soils (from biosphere) 

v. 90 from the surface ocean 

c. Flux out = 213.8 GtC/yr

i. 121.3 from photosynthesis (to biosphere)

ii. 0.5 for reforrestation (to biosphere)

iii. 92 to surface ocean

2. Biosphere

a.  Size = 1,403 GtC

i. 610 from land vegetation

ii. 790 from soil bacteria, fungus, roots (calculated: 1580/2)

iii. 3 from Marine biota

b. Flux in = 171.8 GtC/yr 

i. 121.3 from land photosynthesis (from atmosphere)

ii. 50 for marine biota (from ocean)

iii. 0.5 for reforrestation (from atmosphere) 

c. Flux out = 170 GtC/yr

i. 60 from soils (to atmosphere)

ii. 60 from land biota (to atmosphere)

iii. 40 from marine biota (to surface ocean)

iv. 4 from marine biota (to deep ocean)

v. 6 from marine biota (to dissolved organic matter in ocean)

3. Ocean

a. Size = 39,823 GtC

i. 1,020 in surface ocean

ii. 3 in marine biota

iii. <700 in dissolved organic matter

iv. 38,100 in deep ocean.

b. Flux in = 142 GtC/yr

i. 92 from atmosphere

ii. 40 from marine biota to the surface ocean.

iii. 4 from marine biota to the deep ocean.

iv. 6 from dissolved organic carbon to deep ocean.

c. Flux out = 140.2 GtC/yr

i. 90 to atmosphere

ii. 50 to marine biota. 

iii. 0.2 to sediments.

4. Lithosphere

a. Size = >> 4,940 GtC

i. 790 in soils

ii. 150 in ocean sediments

iii. 4000 in fossil fuels and cement reserves. 

iv. Earth's interior has more carbon stored inside than all the other reservoirs put together. For perspective, consider that the average ocean depth is ~3.8 km, but the Earth's radius is 6,378 km. 

b. Flux in = 0.2 GtC/yr from burial in ocean sediments

c. Flux out = 5.5 GtC/yr from fossil fuel burning and cement production.


Note that most fluxes in and out of a reservoir are very similar and, hence, near equilibrium. Yet, no reservoir has equal fluxes in or out, indicating that all reservoirs are slightly out of equilibrium. In most cases, the difference between flux in and out is close to the uncertainty of the measurements. But the disequilibrium is real, and these small differences have a big effect on climate over time. The ocean, atmosphere, and biosphere all have greater carbon fluxes in than out (meaning greater carbon accumulation resulting in ocean acidification, enhanced greenhouse effect, and enhanced biomass, respectively). These excesses have to come from somewhere, and sure enough the lithosphere, specifically fossil fuels in the lithosphere, are the source (with a greater flux out than in). Also of interest is that the flux in and out of marine biota is more than 10 times the size of the reservoir! This is because marine phytoplankton have such a short lifespan before sinking out of the photic zone and being remineralized. You will also note that volcanic outgassing is not mentioned anywhere above, because volcanoes emit only 1% as much CO2 per year as is emitted by the burning of fossil fuels (Skeptical Science, 2011). 


The processes that move carbon between the different reservoirs are:

1. Photosynthesis: Takes place in either the atmosphere or the hydropshere. Moves carbon from atmosphere to biosphere

2. Respiration: Takes place in the biosphere. Moves carbon from biosphere to atmosphere or hydrosphere.

3. Combustion: Takes place in the atmosphere. Moves carbon from biosphere and lithosphere to atmosphere. 

4. Burial: Isolates carbon in the lithosphere such that it won't have the opportunity to change reservoirs for a very, very long time. I.e. removes carbon from the active carbon cycle. 

5. Carbonate weathering: Takes place in atmosphere or hydrosphere. Moves one carbon from the atmosphere and one from the lithosphere to the hydrosphere.

6. Carbonate secretion: Takes place in the hydrosphere. The opposite of carbonate weathering, it removes two carbon atoms from the hydrosphere, isolating one in the lithosphere and one in the hydrosphere (which may then exchange with the atmosphere). 

7. Volcanic outgassing: Moves carbon from lithosphere to atmosphere and hydrosphere (in the case of underwater volcanoes).

8. Ocean-atmosphere gas exchange: Moves carbon between atmosphere and hydrosphere.


The flux into and out of each reservoir (without perturbation by humans) is roughly equivalent on an annual cycle. 

Photosynthesis, respiration, combustion, and burial. 


Breaking chemical bonds releases energy. Forming chemical bonds requires energy. A broken C-C bond releases more energy than a C-H bond. This is why coal releases more energy per unit weight than natural gas. This breakage is caused by oxidation, or “electron stealing”. The process of oxidation is named after oxygen, because it is particularly good at stealing electrons. Stealing these electrons both breaks bonds and releases energy. The energy released can be used for many things: to form new bonds, to make fire, or to run the human body. This electron-stealing property of oxygen is in fact why we need to breathe it: so that it can break chemical bonds in the food we eat, releasing heat (calories), which we can use to keep ourselves warm, move our muscles, transport nutrients around the body, form new bonds to make new cells and grow, and power every other process of the human body. This controlled oxidation of organic matter by oxygen is called “respiration”. 


Chemically, burning something is the exact same chemical reaction as respiration: Oxygen is stealing electrons, and this is releasing heat. The only difference between burning and respiration is that respiration is controlled and regulated by the body, whereas burning is uncontrolled by any process except how quickly oxygen can get to the bonds. Burning fossil fuels (combustion) is basically unregulated respiration. 


The opposite of oxidation is reduction. Just as oxidation is electron-stealing, reduction is electron-giving. Photosynthesis is the greatest and most important reduction process in the world. In this case, water is giving the electrons. Photosynthesis also produces O2, the electron-stealing champion, ready to reunite with those electrons it lost once the organic matter formed via photosynthesis is consumed or dies. [It may be a common misconception among students that plants only photosynthesize. Plants also perform respiration. They use the energy released by respiration to function, grow, and reproduce, just as humans do. This is why they perform photosynthesis in the first place: so they have the glucose to respire to live!]


Sometimes, oxygen fails to re-unite with electrons it lost. This most often happens in very productive areas such as swamps or coastal areas, where the production of organic matter is faster than the aeration rate. In such cases, not enough oxygen is available to oxidize the reduced organic matter.  This “extra” organic matter then settles to the bottom, and if aeration is prevented for long enough, it builds up, is buried under more organic matter, and you have the beginnings of what will with time, heat, and pressure become a fossil fuel deposit. 


There are 3 main types of fossil fuels: coal, oil, and natural gas. Coal is almost pure carbon; chemically the same as a diamond. The difference is that the carbon in the coal is not as compressed or ordered as in a diamond. Most of the coal deposits on the planet were laid down between 400 and 200 million years ago (Prothero and Schwab). 400 million years ago in the Devonian period, the first land plants evolved. By the Carboniferous (so named for all the coal that was formed in that time period), two families of seedless vascular plants, the "lycopsids" and "sphenopsids", had evolved to become the dominant coal-forming groups. Some lycopsids could grow to be over 30 m tall, and members of both group persist today (Wicander and Monroe). During the Carboniferous, sea level changed frequently. When it was low, vast swamps would form near the coast full of lycopsids and sphenopsids. Then sea level would rise, covering the swamps with sediments and permanently isolating the reduced carbon from oxygen. Permanent, that is, until humans dug it up, and reunited oxgyen with its electrons. 


While coal comes from ancient swamps, oil comes from algae fat. Most oil deposits date from the Mesozoic and early Cenozoic, a time when hard-shelled phytoplankton such as diatoms and coccolithophores evolved (Falkowski, 2005). The hard, mineral shells of these species helped them sink to the bottom faster. This isolated them from oxygen quicker (which is most concentrated at the surface of the ocean), and so they were able to be buried. Oil is formed from hydrocarbons, chains of carbon with 4-30 carbons in them in a line, and with hydrogens attached. Written out, the chemical formulas look like caterpillars, with carbons forming the body, and hydrogens forming the legs. These carbon chains ultimately come from algae fat. Just like grease is hard to get off your hands when washing the dishes, this algae fat is hard to break down, and so it lasted a long time in the sediments. Heat and temperature liberated this fat from the rest of the carbon, and because of all those hydrogens, it is lighter than the surrounding material, and so they slowly make their way up through the sediments. Typically, they eventually make it out of the sediments into the water above, where specialized bacteria can break them down. But sometimes, they get trapped between an impermeable layer of sediments, most typically salt or shale. There it accumulates, and there is where oil companies look to drill. 


Natural gas is mostly methane, CH4. O2 is not the only common molecule wanting to steal electrons, but it is the best. So, whereas oxygen can break the bonds holding CH4 together, other oxidizers (such as nitrate, manganese oxides, iron oxides, and sulfate) can't do it. In anoxic environments, therefore, bacteria and archaea use these other oxidizers to break down organic matter as far as they can, but in the absence of oxygen, methane accumulates, and you form natural gas deposits. Such deposits are found in association with both oil and coal deposits, as well as on their own. 

Carbonate secretion, carbonate weathering, and air-sea gas exchange. 


All three of these processes (carbonate secretion, carbonate weathering, and air-sea gas exchange) require a good understanding of carbonate chemistry. Though it may be tricky to get used to the different species and the chemical equations, once you know them the chemistry is fairly straight-forward. I like to think of it like the transitions between the states of matter (solid, liquid, gas, and plasma). There is even an analogy to sublimation. The species are: CO2, H2CO3, HCO3-, CO32-, and CaCO3.  Their names are carbon dioxide, carbonic acid, bicarbonate, and carbonate, respectively. CO2 combines with water to form H2CO3. H2CO3 loses a hydrogen atom to form HCO3-. HCO3- loses a second hydrogen atom to form CO32-. CO32- combines with Ca2+ to form the solid calcium carbonate (CaCO3). Chemically:


CO2 + H2O <=>  H2CO3


H2CO3 <=> H+ + HCO3-


HCO3- <=> H+ + CO32-


Ca2+ + CO32- <=> CaCO3


In the direction discussed above (from CO2 to CaCO3), you have the process of carbonate secretion. A shell-forming animal (such as a mussel, bivalve, coccolithophore, or coral) takes up bicarbonate (HCO3-) from the water, converts it to carbonate (CO32-) by raising the pH in a vacuole in its cell (thus stripping away the hydrogen), and then combines the carbonate with calcium to form calcium carbonate. Note that more alkaline conditions favor pushing this system towards the CaCO3 end (Kleypas et al., 2006). 


Just as animals must remove hydrogen atoms to raise the pH and form calcium carbonate, by adding hydrogen atoms back into the system (i.e. making it more acidic), you drive equilibrium the other way. So, when a drop of acid is put on a piece of chalk (which is made mostly of CaCO3), the drop will fizz. The fizz is caused by CO2 being released, because all the extra H+ ions pushed the carbonate chemistry from CaCO3 to CO2 very rapidly. This is an example of the process of carbonate weathering. 


Air-sea gas exchange is simply the first of the equations listed above. When CO2 dissolves in water, it exists as H2CO3. CO2 flits between this gaseous state and the dissolved state all the time. 

Volcanic outgassing and carbonate baking


The solid Earth contains the largest quantities of carbon of any of the reservoirs. When a volcano erupts, it emits huge quantities of CO2 into the atmosphere. Some of this CO2 has always existed as CO2 in the solid earth. Some of it was evolved as a result of carbonate baking, which is the analogy to sublimation for the carbonate system mentioned in the previous section. When calcium carbonate is subjected to temperatures above 825oC (http://www.jtbaker.com/msds/englishhtml/c0330.htm), it breaks apart into CO2 and CaO, or lime. This process is used by humans to make cement. It also occurs naturally in the Earth when ancient reefs or calcium carbonate-rich sediments are buried or subducted into the earth. Once the minerals reach 825oC, they break down, and CO2 is released into the lithosphere. 
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Figure 1: The Earth's Carbon Cycle. GtC = Gigatons of Carbon. See background document for how this lesson counts each resevoir. From NASA at: http://earthobservatory.nasa.gov/Features/CarbonCycle/carbon_cycle4.php








