of the total dissolved carbon that 1is in the form of carbonate
ion. Dissolved carbon is present in the ocean in three forms:
dissolved carbon dioxide gas (CO,), bicarbonate ion (HCO3™) and
carbonate ion (CO3~). Carbon 1is one of the few elements in the
ocean that can exist in ions having different charges: as HCO3™
ion with a charge of -1; as CO3~ ion with a charge of -2. The
amount of gaseous CO, in the ocean 1s very small and will for the
sake of simplicity be neglected in the discussions which follow.

The ratio of CO3~ to HCO3~ plays an important role in the
sea's balance of -electrical charge. The major contributors of
positively charged ions (cations) in the sea are Na*t, K*, Mg*tt,
and catt (see table 2-5). To find the total number of units of
positive charge per kilogram of seawater, we multiply the moles/kg
of each cation by its charge and total the results. This yields
0.470 equivalents of charge from Na¥t, 0.010 equivalents from K%,
0.106 equivalents from Mgt*, and 0.020 equivalents from Cat*. The
total 1is 0.606 equivalents of positive charge per kilogram.*
Since sea water can have no overall charge, the number of equiva-
lents of negatively charged ions (anions) must add up to exactly
the same value. If we take the three major anions (chloride
(C1=), sulfate (S047), and (Gromide (Br~)), we find that thelr
charges add up to 0.604 equivalents of negative charge per kilo-
gram, so we are short 0.002 equivalents of negative charge per
kilogram of sea water. This difference between the sum of the
negative charges is balanced mainly by the dissolved carbon 1ons
HCO3~ and CO3~. The ratio of these two anions to one another
varies in such a way that charge is balanced. When more negative
charge is needed to balance the cations present, HCO3~ 1s con-
verted to CO37; when less 1s needed, CO3~ 1s converted ¢to
HCO3™. The amount of excess positive charge balanced by bicar-
bonate and carbonate ions is a small part of the total but, as we
shall see, a very important residual that holds the key to the
carbonate ion distribution within the sea.

In the discussion which follows we neglect the element boron.
The presence of boron in sea water requires a small correction 1in
all the calculations outlined here, for it also exists 1in two
forms (B(OH)j3; and B(OH),~). In this first look at carbonate chem-
istry we keep things more simple by considering a hypothetical
boron free ocean.

To understand what determines the ratio of carbonate ions to
bicarbonate ions in a given unit of sea water, we must recognize
two restrictions. First, the total amount of dissolved carbon
present in the water cannot be changed as a result of our manipu-
lation of the charges. There is a fixed number of carbon atoms and
these must exist in either bicarbonate or carbonate form. Second,
the sum of all the bicarbonate and carbonate charges must Just
balance the excess cations so that the sea water maintains its
electrical neutrality. Respectively, these two restrictions can
be stated mathematically as:

*Chemists measure alkalinity in units of equivalents/kg. An equiv-
alent 1is equal numerically to a mole. One mole of Na* ions
carries one equivalent of positive charge; one mole of SOy~ ions
carries two equivalents of negative charge.
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[ZC02]=[HCO3~] + [CO37] 2-23
where ICO, stands for total dissolved inorganic carbon, and
[Alk] = [HCO3~] + 2[C03~] 2~-24

where Alk is the alkalinity of the water (that 1is, the excess
positive charge to be balanced by CO3~ and HCO3~ ions). The
alkalinity is given by:

[Alk] = [Nat] + [K*] + 2[Mgtt] + 2[ca**] + .-
-[Cc1~] - 2[S047] - [Br=]-c-** 2-25

If we subtract equation 2-23 from equation 2=24, we find
that:

[CO3™] = [Alk] - [2CO2] 2-26

Thus the carbonate ion content of any unit of sea water sample 1is
equal to its alkalinity (excess positive charge) minus its total
dissolved carbon content. Substituting this result in either of
the original equations, we obtain:

[HCO3~] = 2[2C0,] - [Alk] 2=27

Here we see that the bicarbonate ion content equals twice the
total dissolved carbon content minus the alkalinity.

So to understand how the carbonate ion content of sea water
varies from place to place, all we need to know is how the alka-
linity of the water and how the total dissolved carbon content of
the water vary.

As we have already seen, the total dissolved carbon content
of sea water varies because plants extract carbon from surface sea
water and because the remains of these plants (or of the animals
they support) sink into deep parts of the oceans where they are
largely destroyed. Two processes are at work: organic tissue
formation and destruction and hard-part formation and destruc-
tion. The formation of organic tissue consumes carbon and hence
changes the ICO, of the water. This carbon loss has no effect on
the alkalinity of the water because none of the ilonic concentra-
tions appearing in the equation defining alkalinity change. How
ever the incorporation and release of nitrogen by organic matter
does make small changes 1in alkalinity. When organically bound
nitrogen is released during respiration, the NO3~ ilon. so produced
adds to the anionic charge and reduces the alkalinity of the deep
water, Correspondingly, the removal of the NO3~ ilon to form
organic matter increases the alkalinity of surface water.

Removal of CaCO; from the water changes both concentration of
the total dissolved carbon and the alkalinity. Organisms use car-
bon to form CaCOj; and thus remove it from the water. The alkalin-
ity of the water changes because when CaCO3 is formed, catt ion
(one of the contributors to the net positive charge) 1s removed.
Each mole of CaCO; formed results in the extraction of 2 moles of
positive charge; thus the creation of CaCO3 changes the alkalinity
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Resistance to the large scale usage of nuclear power runs high.
Despite the considerable talk of solar power, its fraction of the
"pie" will remain small until a major breakthrough in technology
comes which will permit electrical energy to be produced at a
competitive price. In a world pushed to grow enough food and
fiber it 1is difficult to believe that vegetation will become a
major source of energy. And so 1t goes; the end to the dominance
of fossil fuels 1s surely many decades away.

Another ingredient to CO; production estimates comes from
the fact that per unit of energy delivered to the user quite
different amounts of CO, are delivered to the atmosphere depending
on the kind of fuel used (see table 10-2). Methane, which has the
lowest CO, production to energy delivery ratio, 1is used as a
reference. For oll the ratio of CO, produced to energy delivered
is 1.3 times greater, for coal it is 1.7 times greater and for
synthetic fuels (methane and liquid hydrocarbons manufactured from
coal) and for oil derived from tar sands and shales the ratio
averages 2.5. Thus we see that, as we run out of natural gas and
0il and begin to use other fossil fuel sources, the amount of CO;
produced per unit energy consumed will rise dramatically.

Finally, it should be mentioned that as the population in-
creases and as fuel prices rise the temptation to even further re-
duce the planet's standing forest stocks will dramatically rise.
Forests will be converted to farms and forests will be cut for
fuel. We currently have more carbon in our forests than in our
0il plus natural gas reserves.

CAPACITY OF THE SEA FOR FOSSIL FUEL CD, UPTAKE

The distribution of the CO, produced by man's activities be-
tween the air and the sea 1is a function of both thermodynamic
(i.e., capacity) and kinetic (i.e., rate) factors. We will con-
sider the capacity factors first. Although CO,, 1like any other
gas, dissolves in the sea, were simple solution the only mechanism
for its uptake then the CO, produced by man would remain almost
entirely airborne. The ocean would take up only about 3% of that
added to the air. Significant amounts of CO, enter the ocean only
because of the reactions:

H,0 + COp, + CO3™ == 2HCO3~ 10-1
and
H,0 + CO, + CaCO03 == Ca*t + 2HCO3~ 10-2

The CO3~ in reaction 10-1 is that which is dissolved in the
ocean. The CaCO3 in reaction 10-2 is that in the sediments on the
sea floor. If present in great enough quantities these natural
bases will eventually neutralize the man-made carbonic acid.

Is there enough base to neutralize the amount of CO,; which
would be produced if all our fossil fuel reserves were burned9
The sea contains a total of about 12 x 10'® moles of CO3~™ 93
The upper 10 cm of marine sediments® contain about 8 x 10

*We take 10 cm as this is the depth to which burrowing organisms
penetrate.
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moles of CaCO3. Our combined fossil fuel reserves amount to about
35 x 10'° moles of carbon (see table 10-1). Thus viewed in this
way the system could neutralize only about one-half of the carbon-
ic acid man might ultimately produce.

As 1t turns out, both the estimate of the amount of base in
the sea and that in the dynamically available sediment are too
low. Our use of the mean amount of CO3~™ idon in the sea as a
measure of 1its capacity to take up CO, 1is misleading. Because
most of the water in the ocean is deep water, this inventory is
heavily biased toward the carbonate ion content of deep water.
Actually, the atmosphere "sees" only the carbonate ion in surface-
water, which, as shown in chapter 3, ranges from 1.3 times the
mean deep water value in regions of cold surface water to as much
as three times the deep water value in regions of warm surface wa-
ter. Hence, the capacity of the sea to neutralize CO, is larger
than the value of 12 x 10'® moles given above. As most of the
deep water in the ocean is cold it 1is the CO3~ 1ion of cold
surface water which is most important. Hence we should increase
our ocean capacity estimate by about 25 percent to a value of 15 x
10! moles, This 1s a more realistic estimate of the
neutralization capaclity of the sea itself.

Our estimate of the neutralization capacity of marine sedi-
ments 1s also low. We assumed that only that amount of CaCO3‘ly-
ing within 10 cm of the sediment-water interface 1is available for
solution on a reasonable time scale (i.e., several thousand
years), the reasoning being that molecular diffusion through
several centimeters of sediment coupled with the low solubility of
calclte would yield extremely low solution rates. Hence, we focus
on the layer stirred by organisms. This mixing would continually
bring new calcite close to the sediment water interface removing
the necessity for a long diffusion path. This reasoning is in er-
ror in that as the calcite in the upper 10 cm of sediment is dis-
solved, organisms would reach down into sediment which had previ-
ously been beyond their burrowing range. Indeed calcite would
continue to reach the interface as a consequence of their churn-
ings until a layer of calcite-free residue 10 ecm thick had been

generated! The amount of calcite kinetically available then
becomes:
fcaco
M = e x 10 g/cm? 10-3
1 - fcaco,

where fgaco, 1s the fraction of calcite in the original sedi-
ment.

In order to obtain a rough estimate of this capacity marine
sediments can be divided into two categories: calcite oozes
covering about 20% of the sea floor and averaging 85% calcite by
mass and red clays covering about 80% of the sea floor and con-
taining negligible calcite. The dynamically avallable calcite in
the carbonate oozes would then be:

0.85
M= x 10 = 57 g/cm2
0.15
= 0.57 moles/cm?
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The total calculated in this way comes out to be about 40 x 1016
moles.

These revised estimates are more promising! The total neu-
tralization capacity is half again the amount of carbon locked up
in recoverable fossil fuels. The bulk of this capacity, however,
resides in the sediments rather than in the water column. As we
shall see, it will take man's CO, several thousands of years to
get at this CaCOj.

UTILIZABLE CAPACITY - SIMPLIFIED CALCULATION

While the approach we have just taken provides a ready means
of getting at the ultimate buffering capacity of the ocean, it
says nothing about the amount of this capacity utilizable for any
given amount of CO, added to the atmosphere. As we are involved
with a reversible chemical reaction, only a fraction of the CO;
will be neutralized before an equilibrium distribution 1s achiew
ed. Once the pressure of CO, in the atmosphere has fallen to the
equilibrium pressure, the neutralization will proceed no further.

In the discussions which follow, we will consider separately
the cases of neutralization by the carbonate ion in the sea alone
and of the sea plus the calcium carbonate in its sediment because
the time required for atmosphere and sea to come to equilibrium is
many hundreds of years while the time for atmosphere, sea, and
sediment to come to equilibrium is many thousands of years. The
case for the sea alone will be considered in this section.

We will first consider the situation for an ocean with uni-
form chemistry and with no borate. This simplification is useful
in that it allows us to understand the big picture without mathe-
matical complexity. The equilibrium equation for reaction 10-1 is
as follows:

[HCO3~]?
o = =

where K is the equilibrium constant for reaction 10-1 (see table
3-7) and o is the solubility of CO, in sea water (see table 3-7).

In our hypothetical borate-free ocean we can write down the
following equation relating alkalinity to the concentrations of
CO03™ and HCOj3™:

10-4

[Alk] = [HCO3~] + 2[C037] 10-5

Eliminating the [HCO3;~] concentration between the two equations
ylelds:
=742
Alk] - 2[LCO
ke = ([ALK] - 200057]) Tote
Pco, L[CO37]

This equation contains only [CO3~] as an unknown.

A rough estimate of what happens when additional CO2 is
added to our simplified ocean-atmosphere system can be obtained by
assuming that the numerator of this expression remains constant.
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This approximation yields the following relationship:
pCO2 [CO3=] = poco2 [CO3=]° 10—7

Thus to the first approximation for each 10% the CO2 content of
the atmosphere rises the CO3~ ion content of surface water drops
by 10%. CO3~ 1ion constitutes between 7% (for cold water) and
12% (for warm water) of the ICO, in the surface ocean. As the to-
tal CO, content rises by the same amount as the CO3;~ ion content
falls (see reaction 10-1) a 10% rise in pgg, will lead to a 0.7%
rise in ICO, for cold surface water and a f.2% rise 1in IC0O, for
warm surface water.

What we seek 1is the equilibrium fraction of CO2 remaining
in the atmosphere. In honor of Charles D. Keeling whose monitor-
ing of the atmospheric CO, forms the foundation for all studies of
the fate of fossil fuel CO, we sill refer to this fraction as the
Keeling fraction, fk, where:

*
M atm
fr = 10-8

* %
M atm * M ocean

The amount of fossil fuel CO, accumulated in the air, M*atm,
is given can be approximated by:

_(pco, ~ P°co,) 10-9

*
Moatm

atm

P°co,

where p°cp, 1s the partial pressure of CO, in the air prior to
the industrial revolution and M°g¢, is the mass of CO, in the
preindustrial atmosphere. The amount of excess CO, taken up by
the ocean can be approximated by:

M*ocean = ([CO0371° - [CO3=1) Vocean

where [CO37]° is the mean carbonate ion content of the surface
ocean prior to the industrial revolution and Vggean 1is the vol-
ume of the ocean. It 1s the drop in CO3~ ion concentration in
surface water that provides the measure of the amount of CO2 taken
into the sea (one mole of C03~ is utilized for each mole of CO2
removed from the atmosphere). Thus fx 1is given by the following
equation:

[o]
(pco, - P CO,) e
atm

o]
D CO
fg = : . 2 10-11
pCOz - b COz) = -
M°agm + ([C0371° - [CO3=1) Vocean

[}
P co,

514




	ts1.pdf
	ts1bis
	ts2
	ts3
	ts4
	ts5

