14.  Sequestration
Storing carbon dioxide, or rather removing it from the atmosphere, is a hot discussion topic these days.  But before you can sequester CO2, you’ve got to capture it.  This can be done by a variety of natural and man-made schemes: absorbtion, vegetation, mineralization, distillation, and gas-separation.

The monoethanol amine process uses the reaction of that substance with CO2 as follows

C2H4OHNH2 + CO2 + H2O [image: image1.png]


 C2H4OHNH3+ + HCO3-
where the arrow pointing toward the right indicates the capture of carbon dioxide to form bicarbonate.  After carbon dioxide is so separated from whatever its environment is, the reagent has to be recovered, releasing the carbon dioxide into a storage environment.  This reverse reaction is indicated by the arrow pointing to the left.  The forward reaction occurs at colder temperature and the reverse at hotter temperatures.

In talks about putting carbon dioxide away, there are four reservoirs that can be categorized as being adoptable as sequestration depositories:  saline aquifers, coal mines, gas and oil wells and the ocean

Half of carbon dioxide emissions are finding their way into ocean and terrestrial sinks.  The evidence for this is simply the known increase production of carbon dioxide by a variety of human activities does not result in an equivalent rise in atmospheric carbon dioxide.  In the case of saline aquifer sequestering, the question of reaction of acidic brines with aquifer minerals is currently unanswered.  On the other hand, Norway’s Statoil, before selling their product, extracts carbon dioxide from natural gas where it is present to the extent of 9% and has been putting the CO2 into a saline aquifer under the ocean.  The estimated storage capacity of land-based deep saline aquifers is 10,000-20,000 gigatons of carbon dioxide (ES&T ’02).  (The Economist says 100-1000s of Gt.) With mines and wells, there is already some limited experience as the technologies for putting carbon dioxide into oil and gas reservoirs are well known.  In many cases, these are usually porous rock covered by non-porous layers acting as seals.   About 55-75 gigatons of carbon dioxide are in unminable coal beds, 150-200 gigatons are in depleted oil wells, and 300-400 gigatons are in depleted gas reservoirs.

Carbon dioxide can be liquefied under proper conditions.  Mixed with water and limestone, an emulsion can be made which is dense enough to sink.  

In a variation of the weathering process in nature, power plant exhausts can be put through aqueous slurries of calcium silicate to capture carbon dioxide 

CaSiO3 + 2 CO2 + H2O ( SiO2 + Ca(HCO3)2
A review of sequestering in Physics Today states

“Scientists continue to debate aspects of the spatial distribution and the mechanisms of these sinks.  The future behavior of these sinks turns out to be highly sensitive to whatever mechanisms we assume.”

The terrestrial biosphere stores the second largest pool of carbon after the oceans.  To a depth of one meter, the equivalent of approximately 8000 gigatons of carbon dioxide are contained in vegetation and soil.  Contributing factors, both in a positive and negative sense, include deforestation, decomposition of organic matter and cultivation.

The estimates of carbon dioxide equivalent stored in soils in the upper meter are approximately 5500 gigatons which is about three-quarters of terrestrial carbon as carbon dioxide.  It is this upper meter that is assumed to be most likely to be interacting with the atmosphere, partially through land use and partially through environmental changes.

The greatest stores of carbon in the soil are found in the tundra and the forests of the northern hemisphere.  Vegetation stores of carbon are greatest in the tropics and northern hemisphere forests, but tropical savannas and temperate forests contribute significantly to the storage of carbon as well.  The carbon balance is not static.  Growth rates vary greatly from year to year, correlated with El Niño’s southern oscillation climate mode.  The idea of “reforestation” seems to offer little long-term impact on the amount of carbon dioxide in the atmosphere.  Short-term effects are being argued about currently.  Very recent analyses show that growth enabled by fertilization is too small to explain more than a small part of the terrestrial sink for carbon dioxide.

Current estimates are that about one-fifth of man-made generation of carbon emissions are from deforestation and degradation of forests.

When cultivated soil is exposed to air, the soil organic material is decomposed by microscopic organisms such as fungi and bacteria and the carbon is released as carbon dioxide.  About one-third of the 1.5 gigatons of carbon emitted to the atmosphere because of changes in use of tropical lands is from this oxidation.

The total terrestrial production of carbon compounds “consumes” 480 megatons carbon per year.  The oceanic production (?) is 250 gigatons carbon per year.  These total about 11% of atmospheric carbon dioxide sequestered in one year.  At that rate, hypothetically, all carbon dioxide would be gone from the atmosphere in just nine years.  Of course, that is a gross oversimplification.  If carbon dioxide content of the atmosphere were to drop, the rate of photosynthesis would decrease and the amount of carbon dioxide dissolved in ocean waters would also feed back into the atmosphere.

Holland’s Table 2-13 has the “World Inventory of Terrestrial Organic Carbon into Material with Short and Long Lifetimes”  Some totals are

	Reservoir
	living
	dead
	Inventory (Mt)
	

	tropical and subtropical rain forest
	200
	220
	420
	

	woodland or forest
	282
	315
	597
	

	non-forest (tundra, grass, agriculture, desert, wetlands)
	63.6
	515.6
	579.2
	

	Total
	550
	1085
	1560
	


(Animal equivalents in above table?)

The “short lifetime” for turnover averaged two-and-a-half years and the “long lifetime” averaged about sixty years.

(Fossilization)

Most burial of carbon occurs as hemipelagic “blue mud” on continental slopes.  (“pelagic” refers to sea-bed.)  The carbon content and sedimentation accumulation rates of these are high.

There might be another significant contribution from terrestrial organic matter resistant to decay and washed into the sea.

There is consensus that most burial of carbon occurs in the ocean, accompanied by the release of oxygen to the atmosphere.  If this is so, the “Silurian period” of about 400 million years in the past, when plants appeared, a significant change in the evolution of the atmosphere – growth of oxygen concentration – did not occur.

Entombment in marine sediments is a major control for carbon dioxide over geological periods.  Burial today might amount to 440 megatons CO2/year.  There are 44,000,000 gigatons of CO2 in sedimentary rock (despite the fact that carbon is present only to the extent of about 0.5% in the rock).  These quantities reflect crustal estimates.  If the crust interacts with the mantle, true fossilization amounts may be much larger.  Remember, sediments do not reside indefinitely on the ocean bottom.  Such processes as sea floor spreading, volcanism, and other tectonic shifts may eventually put sediments back on the terrestrial surface where oxidation can reform carbon dioxide.  Subduction can bury ancient ocean floor sediments very deeply, recycling them into the mantle at deep ocean trenches.  No part of the sea floor is much older than 200 million years.

The two fates of carbon dioxide as carbonate deposits are (tectonic) uplift and subduction.  Heat induced metamorphosis causes calcium carbonate to convert to calcium silicate, releasing carbon dioxide,

CaCO3 + SiO2 ( CaSiO3 + CO2
recreating silicates.  These metamorphic composites can later de-gas the carbon dioxide at volcanoes or at mid-ocean ridges.  Carbonates and silicates on the surface can then be re-weathered (again and again).  These cycles are taking place on a slow time scale by geophysical processes.
Measurements of carbon dioxide content in the oceanic current demonstrates the role of an underwater “conveyer belt” that starts in the upper North Atlantic where cold, dense water sinks to great depths with its dissolved carbon dioxide.  At the opposite end, the southern oceans mostly around the Antarctic have upwelling ocean currents which bring to the surface “older” mostly uncontaminated deep water that has a high capacity for uptake of carbon dioxide from the atmosphere.  Although about 90% of fossil fuel carbon dioxide emissions occur in the northern hemisphere, the difference between measurements in the north and south is much smaller.  There are now two opposing hypotheses that emerged during the past decade’s development of models of carbon dioxide transport.  Keeling, from the Scripps Institute, suggested that carbon dioxide taken up by the northern North Atlantic sinks, and on reaching the south, upwells thereby returning carbon dioxide to the southern hemisphere.  Pieter Tans and co-workers from NOAA, by comparing partial pressures of carbon dioxide in the atmosphere and in the North Atlantic ocean surface, conclude that ocean circulation cannot account for the transport but rather, the terrestrial biosphere must.

The U.S. has > 5 gigatons of carbon dioxide emissions per year right now (Sci. 296 1787 ’02); that is about 25% of the world total and about half of that figure is tied in to cars and homes.  The mainland’s ecosystems absorb about 10-13% of this, an amount regarded as surprisingly large.  Carbon dioxide is picked up by plants to make leaves, stems, wood and roots.  Absorption is actually increasing.  The proposed explanation, one that implies a likely limit to carbon dioxide sequestration by photosynthesis on land, is that rainfall and humidity are increasing, a point previous models have not included.  Humidity “allows plants to open wider the pores that allow carbon dioxide into their leaves, allowing photosynthesis to proceed more rapidly”.

A somewhat controlled study done recently on islands in Sweden tried to quantify the net gain or loss of carbon dioxide in biomass.  On these islands, the dates of forest fires were fixed by 14C of charcoal.  The fires were necessarily induced by lightening strikes, larger islands having greater probability of strikes and therefore fires than smaller islands.  Results bear this out.  The larger islands (>1 hectare) had mean time since most recent fire of 585 years.  The smaller islands (<0.1 hectare) had such mean times of 3250 years.  Measurements of biomass and type indicated that extended fire-free periods have less carbon sequestered by plants per area.  By extended period, the estimate was greater than 2500 years.  The significance of the fires is that they foster new growth and change of plant population.  Different plant types have different productivity in terms of carbon dioxide sequestration and debris formation.  Canopies that appear over old forests change light exposure at near ground level.  Litter decomposition, which releases CO2 again, varied with fire-free age.  Longer fire-free times resulted in greater storage amounts.  Extrapolated to a global scale, which the investigators admitted was a stretch, corresponded to a several percent increase in net storage due to suppressed decomposition with age.  Still, though, the total is only about one percent of the fossil fuel combustion release.

To compensate for an annual addition of 8 gigatons of carbon would require planting a forest four times the area of the United States.  Furthermore, to work, the trees must never be allowed to die and decay.  Complex counter-activities should not be a surprise.  That is, when the climate warms owing to increased levels of carbon dioxide in the atmosphere, the overall rate of decay of organic material in and on the soil will reasonably be expected to increase as well, returning carbon dioxide to the air.

Photosynthesis on land removes carbon dioxide from the atmosphere to the extent of 220 gigtons per year.  (Sci article by Wofsy says forests remove 7.4 Gt/yr?)  Terrestrial vegetation stores about 2750 gigatons of carbon dioxide, mostly as cellulose and lignin in the stems, branches and tree trunks.  Soils, on the other hand, typically contain more than two-and-a-half times that amount as humus, dead organic matter.

Photosynthesis occurs in the ocean surface waters too.  Martin and Fitzwater (Nature 331 341-2) argued in 1988 that phytoplankton productivity in parts of the ocean is limited by the supply of iron.  It was suggested, for example, that during the last glacial maximum, atmospheric carbon dioxide was 60% of current levels because aridity empowered dust storms sweeping iron into the oceans and stimulating photosynthetic activity.  Over the past decade, his was tested several times.  The first was by seeding an ocean area near the Galapagos with a half ton of iron (as iron sulfate) and noting phytoplankton growth blossoming to a twenty-fold increase in population.  This led to the idea that “iron fertilization” of oceans could be used to draw down carbon dioxide atmospheric levels.  Several similar experiments were conducted in different ocean locales.  However, the complex ecology and previous experiences suggest caution when tampering with chemical balances.  Furthermore, the phytoplankton blooms were in ocean surface waters and there was no convincing evidence that removal of carbon dioxide to long-residence-time depths occurred.

Iron seeding was repeated most recently in July 2001 (A. Tsuda et al., Science 300 958-61, 2003 “A Mesoscale Iron Enrichment in the Western Subarctic Pacific Induces a Large Centric Diatom Bloom”).  What was observed was a change in phytoplankton population in terms of numbers and species.  Unlike earlier studies where pinnate diatoms dominated, the subarctic study showed centric diatoms to prevail.  Centric atoms are characterized by aggregation and sinking at the end of a bloom.  This would be a very positive factor for CO2 sequestration as carbonate.  The centric diatoms bloomed even more rapidly than the pennite species of previous investigations.  The two species are pictured here (centric on the right).
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The ocean waters would seem to be a reasonable place to sequester carbon dioxide.  Carbon dioxide from the atmosphere reacts with CO32- in the ocean to form bicarbonate, HCO3-.  The upper hundred meters in a mixed marine layer should reach equilibrium in roughly one year.   The capacity of the oceans to take up carbon dioxide into the water is estimated to be 6600 gigatons.  However, the ocean’s ability to do this is controlled more by chemistry than by actual capacity.  Absorbtion at the ocean’s surface depends, at least in part, on the buffer situation at the surface as determined by the levels of carbonate (and to a lesser extent, borate).  But most of these ingredients are found in the deep ocean, where circulation and mixing with the surface are quite slow.  This means that for the ocean’s total CO2 sequestering capacity to be reached, thousands of years are required to enable the chemistry to occur.  Furthermore, models seem to indicate that the more the atmospheric CO2 level changes, the more time it takes for equilibrium to be restored. 

Such restrictions could be circumvented if a way were found to put carbon dioxide directly into the North Atlantic deep waters whose residence time of about a millennium would serve as long-term, yet still interim, storage.

With an estimated subterranean pressure of ~100 atmospheres/km depth (~175 atm/mi) and a parallel temperature increase of 30 (C/km (90 (F/mi), carbon dioxide can be sequestered as a supercritical fluid below 800 m (a half mile) at which depth its density is already ~260 kg/m3 or >200 times the density of air.  Counteracting this is the fact that brine solutions at this depth have a density four times greater still, implying the supercritical carbon dioxide fluid would be buoyant and pushed upwards.  This is in contrast to dissolving the CO2.  Solubility at these depths and temperatures in brine (T decreases solubility, P increases) is ~35 kg/m3 or twenty times the solubility in pure water at the surface.  The carbon dioxide also reacts, to some extent, with silicates forming carbonates.
Vast quantities of organic carbon have been metabolized to methane (CH4) by certain methanogenic bacteria.  Deposits of this methane in combination with water as methane-hydrates exist beneath the sea floor.  It has been hypothesized that a slope sediment failure resulted in a catastrophic release of such stored methane to the atmosphere.  After its release, the methane could be oxidized by oxygen in the ocean increasing the acidity of the water by formation of carbonic acid, H2CO3, changing the distribution of carbonate species.  Presumably this occurred some fifty-five million years ago.  Methane reaching the atmosphere would also be oxidized rapidly to carbon dioxide implying this event and its sudden effect on climate may have been influential in the rising importance of mammals.
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