8.  Carbonates in the earth
Starting at a depth of 5 km and for the next 85 km of the earth's surface we have what is called the crust.  The crust is lean in the oceans, 6 km thick only.  At the other extreme, it is especially robust at the Himalayas underneath which are 70 km of crust.   But the crust contains just 0.7% of the earth's mass so, even though it is important and influential to our topic, it is a small piece of the pie.  But it’s very dynamic, being destroyed by earthquakes, erosion, and subduction and regenerated by volcanoes and at sub-ocean ridges.  The next layer down from the crust is called the mantle.  It extends halfway to the center of the earth where pressure exceeds a million atmospheres.  The mantle contains two-thirds of the earth's mass.  Subduction is the sinking of crustal plates into the mantle and causes magma generation.

The ~700,000 million tons of carbon dioxide in the atmosphere represent a tiny fraction of the carbon that is in the earth's crust: ~20,000,000,000 million tons.  Much of this carbon is tied up as carbonate, CO32-, in chalk, coal, dolomite, limestone and other deposited materials, much of it sediment.  About 75% of all land is underlain with sedimentary rock.  Sediment is essentially recycled detritus most often layered.  Strata have thicknesses that can be up to 8-10 miles.  Most carbonates produced in the last half billion years are skeletons of animals that took advantage of the chemistry of the ocean.   Some examples of these skeletons are shown here.   (Egg shells are also calcium carbonate.)  Despite all this carbon dioxide, it is estimated that nearly half of the mass of the mantle consists of compounds of its relative on the Periodic Table, silicon dioxide (SiO2) and silicate, the analog of carbonate.
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 Evidence is that it is only during the most recent half billion years – the Phanerozoic Era – that life forms had developed skeletons.  The sediments containing skeletons are usually deposited locally although not always.  Thus sedimentary deposits are considered representative of the region.  Globally, the total mass of limestone is ~350,000,000 gigatons, one-quarter of which is presumably Precambrian.  (The Cambrian was the most ancient age in the Phanerozoic Era.)  The emergence of biomineralizers like those whose skeletons are shown above accelerated the sedimentation process significantly.

The CaCO3 exists predominantly in two forms, calcite and aragonite.  These minerals are both almost three times as dense as water, the aragonite being about 8% denser than the calcite.  Other carbonate minerals of interest include dolomite (calcium magnesium carbonate), siderite (iron carbonate), ankerite (calcium magnesium iron carbonate), rhodochrosite, grapestone, oölite (all of which see).  Interestingly, both calcite and dolomite have recently been detected in dust around distant stars (Nature 415 295-7 2002).

Seventy million years ago the east coast of England was below sea level.  Algae skeletons (cocoliths) rich in calcium carbonate settled as a mud, slowly accumulating at perhaps a fraction of a millimeter every year.  Over time, lots of time, up to 500 meters piled up in places.  Fossils of other sea creatures occasionally deposited in with the layers.  At some point, the sea level rose, and we have the spectacular white cliffs of Dover to admire.
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The white (chalk) cliffs of Dover, England

Calcium, element number 20 and the fifth most abundant element in the earth's crust is present mostly as massive sedimentary deposits of calcium carbonate (CaCO3), the fossilized remnants of early marine life.  These deposits include such minerals as chalk, dolomite, iceland spar, limestone, marble, and corals, sea shells and pearls.  A mineral is a naturally occurring, inorganic, homogenous solid having a definite chemical composition and characteristic crystalline properties.  Rock is a naturally formed mixture of minerals.

Living or formerly living organisms are responsible for nearly all calcium carbonate precipitation in the ocean today!  (How do we know this?)  But this issue is not totally resolved because there is evidence also of inorganic processes leading to aragonite precipitation.  

Solubility, saturation and supersaturation

The solubility of CaCO3 as calcite in otherwise pure water at 25˚C is 0.00575 g/L.  Aragonite is 23% more soluble.  Valerite is twice as soluble and hydrocalcite is almost three times as soluble.  Vaterite is a form of CaCO3 that tends to form micron-sized spherical deposits.  It is most familiar as one form of gallstones.  Solubility varies with temperature.   For calcite, this is shown below.
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Most surface waters of the ocean are “supersaturated” with respect to calcium carbonate.  That is, they actually contain more calcium ions and carbonate ions in solution than they would at equilibrium.  In contrast, for reasons that are well-understood, deep ocean waters are undersaturated.  The reasons for the latter involve decreasing temperature and increasing pressure with depth.  The progressive oxidation of organic matter contributes as well.  A result of undersaturation of calcium carbonate in deep water is the dissolution of calcite and aragonite deposits by the ocean water at great depths.  Large portions of the Pacific Ocean floor, for example, are pretty much free of solid carbonate.

Since it must take at least some modicum of time for calcium ions and carbonate ions to combine to form calcium carbonate, the concept of supersaturation seems simple, but it is not.  Supersaturation is actually still a poorly understood phenomenon in general.  Some compounds can be prepared in solutions that last almost indefinitely even though concentrations are well above those dictated for formation of insoluble solid.  Calcium carbonate ordinarily precipitates quickly in the laboratory.  However, in the complex ocean environment, supersaturation to twice the normal concentration and even greater is not that unusual.  No completely satisfactory theory has been forthcoming although there are rational explanations for the effect.

The overall picture at this stage can be summarized by a few chemical equations now.

CaCO3 + H2CO3 ( Ca2+ + 2 HCO3-
Ca2+ + 2 HCO3- ( CaCO3 + H2CO3
CO2 + H2O ( H2CO3
H2CO3 ( CO2 + H2O

The top reaction expresses what is occurring when limestone dissolves and when marble dissolves.  The next reaction indicates how calcium carbonate precipitates in the ocean, since at sea water pH, the dominant carbon dioxide species is the bicarbonate ion.  At acid pH’s, most of the dissolved carbon dioxide is in the form of carbonic acid as in the top equation implying that calcium carbonate would then dissolve.  At the opposite extreme, in base where H+ is consumed, the reverse situation pertains, leading to the precipitation of calcium carbonate.  If carbonic acid is removed, as in the evaporation of carbon dioxide out of solution, the equilibrium would be restored through the second reaction, precipitating more solid.  Increasing the pressure of carbon dioxide gas above the solution (this is the partial pressure of just the CO2, not necessarily the total pressure) puts more carbon dioxide into solution, forming more H2CO3 via the third reaction, and consequently dissolving more calcium carbonate as indicated by the first reaction.  A process that drops the amount of CO2 in the air in contact with the solution does the opposite, causing CaCO3 to precipitate.

Earlier we noted that the solubility of calcium carbonate decreased with increasing temperatures.  To this we add the fact that at warmer temperatures, there’s also significantly less CO2 in solution, compounding the direction of the change.  Calcite dissolves at great depths where sea water is almost permanently cold, but at the surface, especially in warm regions, it precipitates.  Also at great depths, pressure itself affects solubility, increasing it by as much as a factor of two compared to atmospheric pressure.  

Ca2+ ions delivered by rivers into the oceans are precipitated as calcium carbonate owing to the presence of CO32- from dissolved CO2, even though most is present as HCO3-.  The CaCO3 is precipitated and redissolved several times before settling “permanently”.  Such calcium ion input is estimated to be 7 X 1014 grams per year corresponding to 18 X 1014 grams (or 0.8 Gt) ultimately of calcium carbonate per year.  If this were spread uniformly over the ocean floors, the deposit rate would amount to about a half gram per square centimeter every millennium.  That doesn’t sound like much, but considering geological times are much longer, the more appropriate way of expressing this rate is one to two meters of solid layer per million years.  Look back at the list of geologic periods and epochs to remind yourself that tens of millions of years are typical of times assigned.

An inventory
 of carbon dioxide from the atmosphere through sequestering in the crust is as follows (the units are 1012 tonnes or teratonnes):

	
	domain
	Tt

	
	atmosphere
	2.3

	
	ocean and fresh water
	130

	
	living organisms and undecayed organic matter
	14.5

	
	carbonate rocks
	67000

	
	organic carbon in sedimentary rocks
	25000

	
	coal, oil, etc
	27

	
	Total
	92000


If the upper part of the mantle, the layer that is presumably mostly degassed by now, is included in this tally, the total rises to about 350,000 Tt.  The mantle still contains plenty more carbonate, as much as 800,000 Tt equivalent of carbon dioxide.

Additionally, methane hydrates found on some continental shelves might contain the equivalent of more than another 100 Tt since, if released, would be oxidized to CO2 in the atmosphere.  In units of atmospheric totals – letting the total amount of carbon dioxide in the atmosphere now represent one unit – the above numbers can be more clearly compared as in the table below.

	domain
	relative to atmosphere = 1

	atmosphere
	1

	ocean and fresh water
	56

	living organisms and undecayed organic matter
	6

	coal, oil, etc
	12

	carbonate rocks
	29000

	organics in sedimentary rocks
	11000


This is what makes the carbonates special and understanding their tendency to precipitate (and redissolve) important.  Most sea shells are either calcite or aragonite forms of calcium carbonate.  Reefs are carbonates.  Accumulation of carbonates above subocean volcanoes gives rise to many tropical islands such as those of Hawaii.

Nearly three-quarters of carbon is sequestered as carbonate in rocks.  It originated as carbon dioxide that once dominated the atmosphere.  And since coal, for certain, and oil, most probably, were generated by life processes using carbon dioxide, they too effectively sequestered another 25% of the carbon dioxide available.  Only 25 millionths of the potential carbon dioxide gas is still in the atmosphere now.  If all of the carbon currently in the crust and oceans had been in an early atmosphere, that atmosphere would have been loaded with 40,000 times the current amount or upwards of 14 atmospheres of carbon dioxide, enough to ensure, through the greenhouse effect, that the surface temperature of the earth remained well above the boiling point of water thus trouncing any reasonable chances of life on the planet.  Recall that our neighbor Venus has an atmosphere that is 96.5% carbon dioxide with a pressure of 90 atmospheres and a surface temperature of 470 (C (880 (F). 

There is paleontologic evidence and evidence from isotope ratios that temperatures were abnormally high during the Cretaceous period, 145-65 million years ago.  Later, we will talk further about this and also about how the large amounts of limestone, including chalk, among the Cretaceous sedimentary rocks leads one to infer higher carbon dioxide abundance in the past.  (Creta is the Latin work for chalk.)  But speculations about temperature variations and CO2 fluctuations are difficult to be fully confident about.

Much current thinking is that the early atmosphere, after losing its light volatiles, was fed carbon dioxide by degassing of the earth's interior, the mantle, and by abundant impacts from comets and meteors early in prehistory.  High levels of carbon dioxide in the atmosphere would have equilibrated with early oceans, themselves much more acid than at present due to the formation of carbonic acid (H2O + CO2 ( H2CO3).   In turn, this would have kept calcium and magnesium carbonates as soluble rather than causing their precipitation.  Somehow, then — and this is still a controversial topic — life began and photosynthetic processes started consuming carbon dioxide, producing oxygen as a by-product.  Such a hypothesis does explain the scarcity of carbonate sedimentary rocks dated through much of the Precambrian age and into the early Paleozoic era prior to some 570 million years ago.

Calcium ions, Ca2+,  are one of the more plentiful chemical species in seawater.  

	Dissolved substances (ppm) in seawater and river water after Krauskopf

	Dissolved ion
	Seawater
	River water

	HCO3-
	137 ppm
	52 ppm

	Ca2+
	413
	13

	Na+
	10800
	5

	Cl-
	19000
	6


Calcium ions can combine with the carbonate ion, CO32- to form calcium carbonate.  We discussed this in Chapter 6.  The amount of carbonate, though, is very dependent on the pH (acidity) of the solution.  As we have seen, in very acid solutions, there is essentially no carbonate but rather carbonic acid (H2CO3) and solubilized carbon dioxide.  At intermediate acidity, the most prevalent form is the bicarbonate ion (HCO3-), but some carbonic acid may still be present, and some carbonate as well.  In low acidity (or alkaline) media, carbonate is indeed the dominant form present.  Calculating the type of species involves knowing not only the pH of the solution under consideration, but also the pressure of carbon dioxide in the air above and in equilibrium with the solution.  

Expressing the relevant calcium carbonate chemistry in its least encumbered form, leaving out many complicated details, follows the fact that in the oceans, the dominant carbonate providing species is the bicarbonate ion, HCO3-:

Ca2+ + 2 HCO3- ( CaCO3 + CO2 + H2O

although some license is taken with this, writing it instead as

Ca2+ + CO32- ( CaCO3
because the latter form allows one to spot shifts that occur in the ocean environment.  That is, removing carbon dioxide (as CO2 and by any means) raises the pH of the aqueous environment because CO2 is in equilibrium with bicarbonate.  Removing carbon dioxide inevitably results in restoration of equilibrium by generating more of it from the combination of bicarbonate with H+.  That, in turn, means less acidity and a higher pH.

Most solids are soluble to some extent in water.  The amount dissolved in a given quantity of water is an indication of the substance's solubility in water.  For most substances, warming increases the solubility.  We're not talking about how rapidly a substance dissolves, but the ultimate amount that dissolves.  In contrast to the common situation, the solubility of calcium carbonates ( calcite and aragonite ( decreases with rising temperature.  At the temperature of ocean depths, near 4˚C, the solubility of calcite is about 6 milligrams per liter.  In tropical surface waters, say 30˚C, the solubility is 10% lower.  However, this effect is magnified significantly by the concomitant drop in solubility of carbon dioxide in water at higher temperatures, a property common to all gases.  (Think of warmed soda pop.)  Less carbon dioxide is in equilibrium with calcium carbonate at warm temperatures consistent with the presence of reefs and carbonate-laden tropical islands in warm climates but rarely where there is colder water
.

Of course, as we drop below the surface of the ocean, the pressure grows due to the weight of the water overhead.  Every additional thirty-two feet of water overhead adds another atmosphere of pressure, roughly 15 pounds per square inch.  Solubility of the calcium carbonates are also affected by pressure and at ocean depths can as much as double the solubility of calcite.  Carbon dioxide is also more soluble at greater pressure.  Think once more about the soda pop, but in a sealed container under pressure, and what happens upon opening, that is, upon releasing the excess pressure.  Now think further about shaking that can of soda.  The disturbance causes the more rapid release of the gas.  This is what also can happen at reefs.  Even just wave motion facilitates carbon dioxide loss.

Carbonate-containing sediments are restricted from deep parts of the sea floor which is under-saturated.  They accumulate at shallower depths which are supersaturated.

The measured carbonate (ion) concentrations as a function of depth are shown in the figure below (adapted from Broecker and Peng, 1982).  The data connected by the curved, dashed line shows concentrations above those allowed in a saturated solution down to depths of some three kilometers.  At the topmost layers, photosynthetic processes consume carbon dioxide leading to very high supersaturations.
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In the table of dissolved substances, the sodium ion is present in the amount of 10800 ppm or 10800 gm sodium for every million grams water.  The total concentration of all salts in sea water amounts to 35000 ppm, also written as 3.5% (percent) or even 35 O/oo (parts per thousand).

Algae seem to be the most prolific producers of carbonate .  These species live for the most part in the upper one hundred meters of the ocean where there is plenteous light.  The top 15% or so of this region is called the "carbonate factory" and is where most of the productivity is concentrated.  If shallow, warm waters are considered, algae and also corals and mollusks can produce sedimenting calcium carbonates in abundance.  These can accumulate as undersea platforms or shelves.  Not surprisingly, if the waters are not calm, if there are rough waves, frequent storms, or river deltas, for example, the sedimentation can be disrupted and not uniform.  If the waters are calm, the deposits can be very useful sources of information on flora and fauna and ocean chemistry over eons.

In fact, since insoluble carbonates will not form from their separate parts – calcium ions and bicarbonate ions – unless those are above certain threshold concentration levels, the removal of carbon dioxide as carbonate would have been much slower than is recognized.  Acceleration was due to the evolution of efficient mineralizing species (  biomineralizers ( whose death would contribute to carbonate sedimentation.

Caves
Maybe as many as 100,000 caves are to be found on our planet.  Most common among these are limestone caves.  One famous such cave is in Carlsbad, New Mexico, once the site of a horseshoe-shaped reef.  That was apparently a quarter of a billion years ago.  But then the sea above the reef evaporated or receded and the reef was covered with other deposits, slowly uplifted by geologic movements a few million years ago.  Subsequently, year after year after year, rainwater, slightly acidic from CO2 in the air seeped into the fossil reef structure, perhaps mixing further with sulfates trapped in the structure forming sulfuric acid.  Over the many ensuing centuries, the slow corrosive action of the acid ate away at the limestone, dissolving it, washing it away and creating tremendous caverns.  Carlsbad’s “Big Room” is 400 m long, 200 m wide and nearly 100 m high.
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The seeping water, now laden with dissolved limestone, would drip from the ceiling.  As each drop slowly formed, carbon dioxide was lost and with it, the ability for the limestone to remain completely in solution.  So small crystals of calcium carbonate would precipitate on the ceiling.  They would form conduits for the next drop, and so the deposits would build up over time forming stalactites and soda straws as seen in the above pictures.  The drops didn’t necessarily evaporate, but would fall to the cavern ground where they could similarly lose more CO2 and deposit additional limestone, accumulating the stalagmites directly underneath the ceiling growths.  There’s one that’s 19 m tall in Carlsbad.

These huge cave rooms, like the White Cliffs of Dover, were once solid with carbonates which originally had been part of the carbon dioxide rich atmosphere eons ago.

Sinkholes

The re-dissolution of carbonate minerals play not only an important role in the global scheme of carbon dioxide cycling, but also in local effects.  When subterranean limestone re-dissolves in acidic water, the disappearance of underground support structure can have incredibly theatrical effect as evidenced by the photograph of a sinkhole shown below.  The phenomenon is a known risk in limestone-rich areas of the world.
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Another fate of carbon dioxide in the earth is reminiscent of dissolving CO2 in water.  Carbon dioxide is also soluble in the silicate melts that are present at great depths and temperatures below the surface.  The solubility depends on conditions of pressure, temperature and composition of the melt.  The amount is fifty times less than the amount of water that would dissolve yet, in total, is appreciable.  At typical magma temperatures of a thousand degrees and pressures of two thousand atmospheres, up to 0.10-0.15% of the mass is dissolved CO2.  As with soda pop, releasing the pressure can cause the carbon dioxide to re-volatilize.  Some of the carbon dioxide is from carbonates that may have originated from subduction of marine sediments.  The extent of subduction of deep ocean carbonates back into the mantle is poorly known at present.

Other minerals

Hundreds of carbonate-bearing minerals are known.  Among the “pure-carbonate” minerals, those not also containing halide or sulfate or borate or silicate for example, are many combinations with elements from the periodic table as illustrated by the highlighted symbols below.
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Dolomite (calcium magnesium carbonate) and magnesium silicate minerals may have managed to act  approximately as carbon dioxide “buffers” during much of geologic time.  (Holland, PNAS 53 1173-83 ’65, Holland “Origin and Distr. of Elements” Ahrens, ed. 949-54 ’68, Bartholome, Chem. Geol. 1 33-48 ’66).  For example, chrysotile (Mg3Si2O5(OH)4) dissolves in aqueous carbon dioxide (forming magnesium carbonate?)  In the depth zone that is rich in decaying organic matter, H2CO3 is generated.  This can be neutralized to HCO3- by silicate minerals in the ocean.  Nevertheless, maybe 90% of the carbon dioxide produced in this zone from decay (and biorespiration by microorganisms responsible for the decay chemistry) diffuses back into the atmosphere.

Like the carbonates, the formation of silicates can also generate carbon dioxide from the bicarbonate ion.  (Confirm this.)

Granites, illite and montmorillonites react with carbon dioxide during weathering to yield kaolins (aluminum hydroxysilicates).  An example is calcium montmorillonite

6 Ca.17Al2.34Si3.66O10(OH)2·2H2O + CO2 [image: image9.png]


 CaCO3 + 7 Al2Si2O5(OH)4 + 8 SiO2 + 4 H2O

            montmorillonite                                                                  kaolin

The kaolins react further with carbon dioxide to form bauxite minerals (aluminum hydroxyoxides) which are the main ores from which aluminum is extracted.

Both carbonates and silicates consume carbon dioxide, but the amount is only about a half percent of what is consumed by photosynthesis.

Cement
Cement is the key ingredient in concrete and concrete is the most widely used building material in the world.  More than a billion tons of cement are produced per year globally corresponding to about a cubic mile of concrete.

The Romans were the first to use what would be acceptably recognized today as a cement in concrete.  They combined slaked lime (calcium oxide, CaO) with a volcanic ash from Mt. Vesuvius.  This was similar to hydraulic cement used nowadays in situations where hardening under water is advantageous.  The Roman structures of ages ago was remarkably durable, contributing for example to the longevity of the Coliseum in Rome.

In 1824, an English bricklayer named Joseph Aldin invented "portland cement", obtaining a patent on his process in which limestone and clay were ground up and burned, yielding granular material that was subsequently ground again into cement.  Approximately 98% of the cement produced in the United States is portland cement.  The cement, when mixed with water, gravel, sand and frequently other materials as well, acts as the glue binding all the ingredients together.  

Besides generating large quantities of carbon dioxide from burning fuel to achieve the high temperatures, around 1650oF, necessary for cement production, the limestone itself releases a roughly equal amount of CO2 since it is slaked lime, CaO, that is the reactive species in the production process.  Heat decomposes the limestone's CaCO3 leaving behind the CaO and generating the CO2.  In 1999, the US generated nearly 40 Tg of carbon dioxide in the manufacture of cement and another 13 Tg for lime production.  Limestone is also used in processing iron ore and in desulfurizing flue gas, producing more than 8 Tg of CO2 per year as a result.

Marble
Sedimentary limestone (precipitated carbon dioxide in the form of calcium carbonate), when subject to heat and pressure undergoes chemical changes.  If deep and near hot magma or igneous rocks and buried in the crust at sufficient depths so that pressure is roughly ten times what it would be on the surface, the limestone with its impurities including, sometimes, fossils changes its appearance dramatically giving rise to what we familiarly call marble.  Even the “purest” of marbles, like the ones Michelangelo used from Carrara, Italy, contained significant quantities of quartz (silicon dioxide) and bits of graphite, pyrite and iron oxides.  In other marbles, various silicate minerals can add different colors when reacting with the limestone.  Even fossil corals may be found.  Many marbles date their metamorphic origin back to the Paleozoic era as much as a half billion years ago.

White marble.  [image: image10.jpg]


  [image: image11.png]



� From Krauskopf, Intro to Geochemistry, p. 617


� But there are, indeed, some live coral reefs near Alaska.
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