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Moho rock cycle

radioactive decay
radiometric dating

silicate mineral

Pangea sea-floor spreading
plate tectonics sediment

polarity sedimentary rock
P wave seismic wave

Chapter 7 W Circulation of the Solid Earth: Plate Tectonics

slab
subduction
surface waves
S wave
transform fault
Wilson cycle

Review Questions

1. Why was the theory of continental drift not immediately
embraced by the scientific community in the 1920s?

2. What is the Moho?

3. What are the bases for the two major divisions of Earth’s
interior-—one that distinguishes crust, mantle, and core and
the other that distinguishes lithosphere and asthenosphere?

4. Compare and contrast P and S seismic waves,

5. Why are earthquakes focused along plate margins?

6. What are the sources of heat in Earth’s interior?

7. What is magnetic polarity? What role did it play in the pen..

eration of ideas regarding sea-floor spreading?

8. What are the three types of plate boundaries, and what sy

face features are characteristic of each?
9. What is erosion?
10. How can radioactivity be used to determine the age of a roc
11. What are the driving forces for plate movement?
12, Whatis hypothesized to drive the Wilson cycle of plate fra
mentation and reassembly?

Recycling of
the Elements:
The Carbon Cycle

g%.g

K y (uestions

Critical-Thinking Problems

1. We have seen that cooling of the oceanic lithosphere caus-
es contraction, leading to subsidence of the sea floor away
from the axis of spreading. The depth d of the ocean floar,
measured in meters, increases with age 7, measured in mil-
lions of years from the present, according to the following
equation (valid for sea floor younger than 80 million years
old):

Graph a cross-section of a mid-ocean ridge that is
spreading symmetrically in both directions at a rate of 1
em/yr (10 km/million yr). The age of the oldest sea floor
shown should be 80 million years.

2. Duplicate Figure 7-10 (see color version) and answer the
following questions.

a. Draw a line from the tip of Florida horizontally across
the Atlantic to northwest Africa, a distance of about 6400’
km. Now, graph the age of the sea tloor {on the y-axis)’
against the distance from the ridge axis (on the x-axis).
From this graph, determine the spreading rate for each
geologic interval represented, averaging the two values;
determined for eastward and westward spreading, Graph’
these values (y-axis) as a function of time (in million-:_

vears, on the x-axis).

b. How has the Atlantic spreading rate varied over the last

200 million years?
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well Scientific.

What determines how reservoirs (such as the atmos-
heric CQ, reservoir} respond to imbalances in the
flow of materia! to and from them?

- Which reservoirs and processes are important to the
:_.'r'ecycling of carbon and other essential nutrients in
:f'.'ihe Earth system?

f:]:Do feedback mechanisms regulate the amount of at-

ospheric CO,?

hapter Overview

e recycling of the elements among the components of
¢ Earth system is key to the continued functioning of
arth as a living planet. Although many elements are
itical, none is more central to the workings of the

th system than carbon. All life is based on carbon;
aseous carbon dioxide is an important greenhouse gas;
acidity of the ocean is regulated by carbon com-
‘ounds; and the maintenance of an oxygen-rich atmos-
here depends on the transfer of carbon to sedimentary
ocks. To perform these functions, the carbon cycle in-
Olves a hierarchy of subcycles that operate on different
e scales, ranging from decades (for the replenish-
lent of CO, in the atmosphere) to hundreds of millions
Otyears (for the recycling of carbon through sedimenta-
Y rocks and for the exchange of carbon within Earth’s

interior). Both bjological and physical processes are in-
volved in the recycling of carbon, and they are so close-
ly intertwined that it becomes difficult to separate the
two. In this chapter we trace the movement of carbon
as it cycles through the Earth system and we develop
additional systems theory notions of steady state and
residence time along the way. We also discuss the
nutrient elements, because the rate of carbon recycling
depends strongly on the rate of nutrient recycling.

Systems Approach
to the Carbon Cycle

Why is Earth the only planet in our solar system that sup-
ports life? The direct answer is that Earth is the only plan-
el that has liquid water at its surface. (Jupiter’s moon
Europa may have water only a few kilometers beneath
its icy surface.) But part of the reason Earth is able to
maintain liguid water is that our planet has natural recy-
cling systems for the elements essential for life, incluch.ng
carbon, nitrogen, phosphorus, and sulfur. These recycling
systems are ultimately linked with the global process of
plate tectonics, discussed in Chapter 6. The link between
tectonic activity and the carbon cycle is important to the
regulation of atmospheric CO, concentrations and thus
to climate as well.

The winds and ocean currents discussed in Chapters
4 and 5 and the moving lithospheric plates discussed in
Chapter 7 make up Earth’s circulatory system: They trans-
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port energy and material to different parts of the Earth
system where they are utilized in biological and physical
processes, This mixing of Earth’s fluid and solid parts also
helps accomplish an important task: the recycling of the
clements. Essential elements are released to the biosphere
(the part of Earth that supports life, including the oceans,
atmosphere, land surface, and soils) as rocks weather, vol-
canoes erupt, and nitrogen is made available from the at-
mosphere by chemical transformations stimulated by
lightning discharge. Compared with the rates of utiliza-
tion by the biota, these releases are very slow; they would
support only very low rates of biological activity were
there not highly efficient nutrient recycling mechanisms.
Nutrients are substances, normally obtained in the diet,
that are essential to organisms. Nutrient elements are in-
corporated into living tissue during growth and rapidly
returned to the soil or ocean on death. This cycle is re-
peated many times before the elements are lost from the
biosphere, mostly as constituents of sedimentary rocks.
The situation is much like our recycling of aluminum cans:
Recyeling substantially reduces our dependence on the
extraction of aluminum from Earth and allows us to pro-
duce aluminum products much more rapidly. Similarly,

Solar energy

Burial

FIGURE 8-1

The global carbon cycle. (From J.P. Davidson, W.E. Reed, and P.M. Davis, Exploring Earth: An Introduction to Physical Geology, 1997.

Reprinted by permission of Prentice Hall, Upper Saddle River, N.J J
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element recycling within the biosphere allows for my
higher rates of biological productivity.

A number of important recycling systems operate
Earth. We've already discussed the water cycle in Ch
ter 4. The cycles of the nutrient elements nitrogen and ph
phorus are discussed later in this chapter. The recycling
carbon js especially important: As a major constituen;
the greenhouse gases carbon dioxide and methane, it
fects not only biological productivity but Earth’s cli
as well. We focus on the carbon cycle in this chapter
cause of its overarching importance to the Barth syste

A Journey through the Terrestrial
Urganic Carbon Cycle

As an introduction to just one part of the global carb
cycle, imagine that we could follow the carbon atom g
CO, molecule as it cycled through the terrestrial (lan
based) part of the cycle (Figure 8-1). The carbon in C
is inorganic carbon—it is not associated with compoung;
formed by living organisms and it does not contain car.
bon-carbon or carbon-hydrogen bonds. After spending
nearly a decade moving with the winds in the troposphere.

sé'e olor section] Satellite image of the vegetation coverage of the
siirface in the Northern Hemisphere in (a) summer and (b) win-
rom Felix Kogan, NOAA/NESDIS/ORA, Climate Research
“Application Division.)

he gaseous CO, molecule will have visited both the
Northern and Southern Hemispheres several times. Then
né spring, during the annual greening of the Northern
Hemisphere (Figure 8-2), the CO, molecule passes
rough a small opening in a leaf, the photosynthetic ap-
aratus of a plant. Through a frenzy of collisions with
ther molecules and atoms, the oxygen atoms are ripped
om the molecule while hydrogen, nitrogen, and other
bon atoms become attached. Our carbon atom, as part
he leaf, is now organic carbon. Some leaves are con-
ed and digested by animals. The carbon in these
gaveés is then released back to the atmosphere by the an-
> respiration as CO,.
ummer passes, fall arrives, and the leaf that contains
1e carbon atom has not been eaten. The nourishing sub-
tarices and water that the leaf has received from the tree
-_&V_e ceased to flow. The leaf is released from the branch
and settles to the ground. Other leaves fall on top, bury-
11t in a thick mat of decaying matter. The carbon atom
Part of the soil, where it will remain for about the next
U years. By the end of that time, bacteria and fungi will
. Mave decomposed the organic matter that contains the
tom. The chemical reactions that result transform the
arbon atom once again into a gaseous CO, molecule,
"hich escapes back to the atmosphere.
~ This life cycle of a carbon atom is repeated nearly 500
Mmes on average before a “leak” occurs. Once in a while,
tfore the organic matter that contains the carbon atom
Stomposes, the soil erodes and is transported by rivers

\F\ CO, gas
IR in atmosphere

%

Precipitation
-of skeletons
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to the oceans. There it settles with the other particles to
the sea floor and is buried by subsequent sediments or
carried with its underlying oceanic plate deep into a sub-
duction zone. Under elevated temperatures and pressures
the carbon atom may be converted into gaseous carbon
atoms and escape to the surface, or be converted into a
component of sedimentary or metamorphic rock.

The carbon atom may spend millions of years in the
sedimentary/metamorphic rock reservoir, as mountain
belts form, thrusting deeply buried rocks to Earth’s sur-
face and beyond to great elevations. Eventually our car-
bon atom will be transferred from its burial place within
Earth’s interior to the surface. Here environmental forces,
both biological and physical, will cause the sedimentary
rock containing the carbon atom to disintegrate during
the process of weathering. In this process, the organic car-
bon reacls with oxygen from the atmosphere and forms
(inorganic) CO,, which escapes as a gas to the atmos-
phere. The weathering process, then, is the connecting
link in the long path this particular carbon atom has
taken—from the atmosphere, to the plant, to the soil, to
the sediment, to the sedimentary rock, and back to the
atmosphere.

The path the carbon atom has taken encompasses the
terresirial organic carbon cycle, operating on time scales
that are short (years to decades) and those that are long
{centuries and millennia to multimillion years). If instead
of being incorporated into a plant leaf the carbon atom
had entered the ocean and been converted to organic car-
bon by marine algae, it would have become part of the
marine organic carbon cycle. There are also a host of
processes not involving organic carbon that compose the
inorganic carbon cycle. These various parts of the carbon
cycle are discussed below.

Carbon Reservolr Dynamics

Carbon resides in many reservoirs at or near Earth’s sur-
face (Figure 8-3), ranging in size from the relatively tiny
amount of carbon in atmospheric methane to the tremen-
dous amount of carbon stored in sedimentary rocks. One
of our ultimate goals is to understand how this system of
reservoirs responds to perturbations. We will use the re-
sponse to the release of carbon dioxide from the burning
of fossil fuels as an example of the dynamics of the carbon
cycle and of material recycling systems in general.
Figure 8-4 shows the seasonal fluctuations in the at-
mospheric CO, level for three years (1999-2001) mea-
sured from atop Mauna Loa, Hawaii. We saw a similar
graph in Figure 1-2. In Figure 8-4, however, we focus on
the natural seasonal cycle rather than the gradual increase
in CO, from fossil-fuel burning and deforestation. The
CO, content falls during the Northern Hemisphere sum-
mer, when photosynthesis (and the growth of leaves) sur-
passes respiration and decomposition. It then rises during
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FIGURE 8-3

Reservoirs of carbon at or near Earth’s surface.

atmospheric pCO2 (ppm)

FIGURE 8-4

Seasonal ﬂuctuatifans in atrrospheric CO, from the Mauna Loa Observatory for 1999-2001. The gradual in-
crease Flue to fgssﬂ-fuel burning and deforestation accounts for the offset from year o year, (Data courtesy
Oak Ridge National Laboratory: http://cdiac.esd.ornl, gov/trends/coZ/sioc-mlo.htm)

the late fall to early spring, when respiration and decg:

- " \ _ . B . Outflow:
position of the previous season’s crop of leaves exceg " Atimosphéric 60 Gton(Cifyr
photosynthesis. Because Hawaii is in the Northern ; _ GO

sphere (17° N), measurements made at Mauna LO&"ri 760 Gton(C) Photosynthesis
flect the annual cycle in that hemisphere (see Chapte;

for further discussion). Let us cast these observatioy

hg
terms of systems theory. i

A spheric carbon (i.e., CO,) reservoir, showing inflows and
Reservoirs. From the systems point of view, the atmg
phere is a reservoir of carbon in the form of CO, (Figy
8-5). Reservoirs are typically characterized in termg,
the amount of material they are holding at any particy;
time. Their sizes are commonly expressed either in i
units or volume units. (The units are typically moles; ref
to the Box “The Concept of the Mole” if you need g;
fresher.) In Figure 8-5, the amount of carbon is expresg;
in gigatons (Gton) of carbon, or Gton(C). A gigaton i
billion metric tons, and 1 metric ton is 1000 kg. With {
notation Gton(C), we are keeping track of the mags
only the carbon atoms, not the other atoms to which th
are attached.

Reservoirs are temporary repositories for materizp
that flows through them, and their sizes vary in respon:
to imbalances between inflow and outflow, typically e
pressed in unit mass, unit volume, or moles per unit tim
The inflow to the atmospheric CO, reservoir is the cof
bination of the processes of respiration and decompos

o 'fhi_s inflow can be expressed in units of gigatons of
- ponper year. The outflow from this reservoir is pho-
thesis, and the rate of outflow is also expressed as gi-
of carbon per vear.

ady State. If the rates of inflow and outflow were such
4t the atmospheric CO; level remained at a constant
e with time, we would say that steady state had been
eved. Steady state is a condition in which the state of
stem component is constant with time. Steady state
1d be achieved if no inflow and no outflow existed,
is;if both processes ceased. A constant level could
e maintained if the rate of inflow of CO, into the at-
here equaled the rate of outflow.
Any imbalance in these rates leads to a change in the
f atmospheric CO,. When the inflow exceeds the
, the atmospheric CO, level rises. (This situation
imalogous to the Northern Hemisphere winter con-
o) When the outflow exceeds the inflow, the level
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falls {(analogous to the Northern Hemisphere summer
condition).

In the record of atmospheric CO, variations in Figure
8-4, we see that one maximum and one minimum is
reached each year. At these times the fiuxes are in bal-
ance. The system is not really in steady state at these
times, however, because the reservoir size is unchanging
only for an instant. Averaged over longer times, though,
the natural cycle of CO, is thought to be close to steady
state, despite seasonal imbalances. Because of anthro-
pogenic disturbances, the atmospheric CO, level is not
currently at steady state, as demonstrated by the steady
rise in CO, over the past several decades.

Steady state can be maintained over time only if the
rates of inflow and/or outflow are sensitive to changes
the size of the reservoir. In systems terminoclogy, this
means that there must be couplings that link the reser-
vOir size to the processes that govern inflow and outflow
{see Chapter 2). Consider what would happen if a reser-
voir in steady state were perturbed by an addition of ma-
terial. If the coupling governing inflow was negative or if
that governing outflow was positive (i.e., inflow decreased
or outflow increased), the reservoir would return to its
original state. One such negative feedback loop exists be-
tween the photosynthetic rate of plants and atmospheric
CO,. As (0O, levels go up, plants photosynthesize more
rapidly; this effect has been called CO; fertilization
(Figure 8-6). But as they do, CO, levels tend to fall, be-
cause CO, is consumed by plants during photosynthesis.
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Effect of changes in CO; concentration on the photosynthetic rate of typical plants. Photosynthetic rates are rela-
tive 1o the value for today’s atmospheric CQ;, level. Inset represents the negative feedback loop that results from

this dependence.

Thus, the terrestrial biota tend to stabilize atmospheric
CO, levels.

Residence Time. To help us monitor the recycling of el-
ements through the Earth system, the concept of resi-
dence time can be useful. Residence time is defined as
the average length of time a substance spends in a given
reservoir that is at steady state. We can calculate the res-
idence time by dividing the reservoir size at steady state
by the inflow or outflow rate:

reservoir size at steady state

residence time = — .
inflow rate or outflow rate

Reservoir size has units of mass, and the inflow or out-
flow rate is in mass per unit {ime. Thus the quotient has
units of time.

We can determine the residence time of the atmos-
pheric carbon reservoir from the size of that reservoir,
which Figure 8-3 gives as 760 Gton(C), and from the rate
of respiration and decomposition (the inflow rate) or the
rate of photosynthesis (the outflow rate), both of which
are given as 60 Gton(C)/yr. Thus, if we assume steady
state, the residence time of carbon in the atmosphere with
respect to these processes is 760 Gton(C)/60 Gton{C)/yr
=12.7 yr. This means that carbon in the atmosphere is re-
plenished about once per decade.

We can also think about residence time as an indica-
tor of how long a reservoir takes to respond measurably
to large imbalances in inflow or outflow. In our atmos-
pheric carbon example, if photosynthesis were to cease
but respiration and decomposition were to continue at
their current rate, the atmospheric CO, level would dou-
ble in about a decade. Thus, the residence time, defined

at steady state, becomes the characteristic response tim

when a system is not at steady state. The concept of:

characteristic response time is similar to that of a half-lif
in radioactive decay (see Chapter 5). Stated formally;;
disturbance from steady state (in a system where the ratg
of removal is proportional to the amount of disturbance]
diminishes to 1/e {about 38%) of its original size in one
characteristic response time.

Oxidized and Beduced Carbon

The many identities that carbon assumes in the Earth s
tem can be lumped into two general categories: oxidizéd
carbon and reduced carbon. Oxidized carbon is carb
that is combined with oxygen. Examples of oxidized ¢
bon include the carbon in the skeletons of some organisms
and in atmospheric CO,. Reduced carbon is carbon th
is combined mainly with other carbon atoms, hydroger;
or nitrogen. Organic carbon is a form of reduced carb
Perhaps a more familiar pair of reduced and oxidized sub
stances is metallic iron and its oxidation product, rust
(iron oxide). In the presence of oxygen gas at Earth’s s
face, reduced substances, such as organic carbon and
metallic iron, tend to be highly chemically reactive. OXt
dized substances, such as CO, and rust, tend to be moré
inert,

In the next few sections, we explore the organic a
inorganic carbon cycles. We begin with the organic carboll
cycle as it operates on land—the terrestrial organic carbof
cycle, which we already introduced in our journey throu
the carbon cycle. We then move to the oceans, where botl
oxidized and reduced carbon recycling are important
short time scales. Finally, we consider the longer-tim
scale cycles, which involve geological processes.

”

Sha
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: than others. In its simplest representation, primary pro-
duction involves a chemical reaction between CO, and

water to form organic matter and oxygen:

hort-Term Organic Carbon Cycle

Hort-term organic carbon cycle involves processes

s .
; g" from those we can observe and appreciate on a

i seasonal time scale (see Figure 8-2), such as the Photosynthesis:  CO, + H,O0—  CH;O + OQ,.
o esis and respiration, to processes (Primary carban  water carhohydrate  oxygen
8€S of phOtOSYnth > p p Production)} dioxide £as

;'(-jmposition that are somewhat slower (Figure 8~7_).
& key step in this cycle is the conversion of inorganic
pon: (atmospheric CO,) to organic carbog by the
ocess of photosynthesis. We are not so much interest-
thie process itself but rather in its impact on the glob-
gele, which is generally expressed as primary

jvity. Primary productivity is the amount of or-
tnatter produced by photosynthesis in a unit time
aunit area of Barth’s surface. That amount depends
he population size of primary producers—that is,
ts (or other types of photosynthesizers or even
emosynthesizers) that provide energy other organisms
+1se: The relationship is not simple, however, because
e primary producer species are much more productive

Here, organic matter is represented by CH,O, the sim-
plest carbohydrate, or compound of carbon, hydrogen,
and oxygen. In reality the molecules making up organic
matter are much larger than this simple carbohydrate,
and they contain small amounts of many other elements,
including nitrogen and phosphorus. For our purposes,
however, this simpler representation suffices.
Photosynthesis does not occur spontaneously at
Earth’s surface but instead requires an input of energy
from the Sun. Plants, algae, and bacteria have evolved
pigments that are able to capture the energy of sunlight
and convert it to chemical energy, part of which is stored

Photosynthesis
g 60

Respiration
30

Atmospheric CO»
760

Primary
producers

Decompaosition -

Terrestrial soil and
marine sediments
1600

negligible

rt-term, terrestrial organic carbon cycle,
IDg reservoir sizes, inflows, and outflows. Dark
d area represents the long-term cycle (see Fig-
)le) Reservoir sizes in Gt(C), fluxes in

pis
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in living tissues. This chemical energy is then utilized by
other organisms that cannot utilize solar energy directly.
Such organisms, including animals, are called consumers,

Most of the photosynthesis that occurs each year
leads to the formation of tissue that is recycled rapidly,
including the leaves of trees. This recycling is the cause of
the seasonal variations observed in the CO, record of
Figure 8-4. However, most of the organic carbon that
makes up plant tissues has a residence time of many
decades. That is because the bulk of the organic carbon in
terrestrial plants is contained not in the leaves but in the
roots and trunks of slow-growing trees. In other words,
most of the biomass of primary producers on Earth is con-
tained in tree roots and trunks. Biomass is the total mass
of organic matter in living organisms in a particular reser-
voir. In terms of carbon, the total living biomass—the
combined biomasses of all primary producers and con-
sumers—is about equal to the atmospheric carbon reser-
voir (see Figure 8-3).

Consumer biomass is a small percentage {only about
1%} of the biomass of the producers. Consumers derive
their metabolic energy from the chemical energy stored in
plant tissues by ingesting the tissues and respiring.
Respiration is the reverse of photosynthesis: It is the
chemical reaction between oxygen and organic tissue that
yields CO, and water:

Respiration: CH,0 + O, — CO, + H,0.
carbohydrate oxygen carbon water
gas dioxide

During photosynthesis, plants use solar energy to create
tissue. But, like animals, plants produce their metabolic
energy through respiration. Hence, respiration is more
than just the “breathing” performed by animals. Unlike
photosynthesis, respiration would proceed abiotically be-
cause it releases rather than requires energy. However,
it would do so very slowly. Organisms are able to accel-
erate this chemical reaction by the use of enzymes, chem-
ical compounds (specifically, proteins) that they
synthesize for this purpose.

Onland, about half the organic material produced by
photosynthesis is respired by animals and by plants them-
selves. The remaining material is added to the organic-
rich upper layers of soil. A host of microscopic bacteria
and fungi live in soil. Their metabolic requirements are
satisfied through the decomposition of the large store of
organic matter that is buried there, fueled by the supply
of oxygen from the overlying layers. A biological process
that uses oxygen is said to be aerobic, and an organism
that carries out aerobic metabolism is an aerobe. The
chemical reaction for this aerobic decomposition is iden-
tical to that for respiration.

Because the only source of oxygen is the air, the mi-
croorganisms that live well below the surface must be

adapted to environments that are devoid of oxygen. A
ological process that occurs in the absence of OXygey
said to be anaerobic, and an organism that carrieg &
anaerobic metabolism is an anaerobe. In the O,-free 6
vironment of deep soil live anaerobic bacteria thy q
compose organic matter by an overall process knowy,
methanogenesis. Methanogenesis is an anaerobic forn;,
metabolism that involves multiple steps, carried out}y
different bacteria. One step involves fermentation of ¢q;
plex organic materials into simpler forms, including j
drogen (H,) and acetate that methanogens can then
to form both oxidized carbon (in CO,) and reduced car
bon (methane). The overall process can be representedsy

Methanogenesis: 2CH,0 — CO, + cH,:

carbohydrate

varhbon
dioxide

methane

Organic
matier
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Oxygen Nitrate Total dissclved C
(mmol/kg} {(umol/kg) {pmol/kg)
0 2000
i 2700 2400
T T

0 106 200 0 20 40 60
T

(Other, more complex compounds can also be used
and produced during anaerobic metabolism, but for t
purposes of studying the carbon cycle, this representatig
is adequate.) The gases CO, and CH, can escape to the';
mosphere. Once there, the CO, continues the short-ter
cycling path described earlier. Methane, however,
chemically unstable in our O,-rich atmosphere and is d
stroyed by a series of oxidation reactions. The carbon cor
tained in CH, combines with O, to form CO,. With a
atmospheric reservoir size of 5 Gton(C) and a supply rat
from fermentation of 0.5 Gton(C)/yr (see Figure 8-7). th
residence time of CH, in the atmosphere is approximate
10 years. :

The land surface is continuously stripped of its so
cover by the action of winds and water. On average, abou
5 cm of soil is eroded from the land surface every 1,00
years and transported by rivers to the oceans. Althoug
river systems have a substantial capacity for storing sed
iment in flood plains and deltas, eventually most of th

Depth {km}
o
T

Oxygen
minimum
ZONe

1

sediment makes its way to the oceans and is deposited 0
the sea floor. These sediments contain whatever organi
matter has survived the trip from land to sea. Thus, ther
is a transfer of organic carbon from the terrestrial to th
marine realm, one that amounts to about 0.1 Gton(C) pe
vear. However, this {ransfer is small compared with th
flux through the oceanic water column of organic mate
preduced in the ocean.

r algae, such as coccolithophorids (Fig. 8-8b)—live
¢ photic zone. The photic zone is the uppermost part
le oceanic water column where there is sufficient light
for photosynthesis: about the upper 100 m of the water
olumn in the open ocean, and in shallower waters near
Shore, where water clarity is reduced. It roughly corre-
onds to the “surface ocean,” which, as we saw in
Chapter 5, is the upper part of the ocean mixed by the
Witids.

Phytoplankton consume CO, and produce O,
IElr.()llgh photosynthesis in much the same way as do land-
Sed plants. Although the gases phytoplankton use and
Produce are dissolved in seawater, there is continuous gas
e'XChange between the atmosphere and the ocean. Thus,

The Marine Organic Carbon
Cycle on Short Time Scales

Producers and Consumers. The dominant primary pra
ducers in the ocean are the free-floating, photosyntheti
marine microorganisms referred to as phytoplankton. (
more general terms, plankton are organisms with any typ
of metabolism that float freely in aquatic environments.
These organisms—primarily diatoms (Figure 8-8a) an

[

the activities of phytoplankton affect the atmosphere as
well as the ocean.

Much of the organic matter produced in the surface
ocean by phytoplankton is consumed by zooplanktgn.
Zooplankton are free-floating marine copsumers, in-
cluding small invertebrates and microorgamgms such as
foraminifera (Figure 8-8¢) and radiolarians (Figure 8-8d),
that cannot photosynthesize. Zooplankton produce fecal
pellets that, together with other large particles of decay-
ing organic matter, settle through the water column to
great depths. In contrast to the flux of organic matter from
treetops to the ground, though, only about 1% of this ma-
terial survives the trip to the sea floor. Even then, t];te ma-
terial is subject to efficient recycling by aerobic and
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Bic decomposers that live on the sea floor or in the
t layers of sediment. As a result, only about
he organic matter that settles from the surface
is 'p'reserved in marine sediments.
‘marine organic matter is decomposed by ani-
microbes as it settles through the water column.
mposition releases CO, (the product of both
breathing animals and microbial respiration) and
ats to the oceanic deep waters. For marine organ-
iirients lead to high rates of primary productivity
te available in the appropriaie concentrations.
is critical to the productivity of the marine biota
ese nutrients back to the surface.

08
IH

Biological Pump. The overall effect of photosyn-
in shallow waters, of the settling of organic matter,
4 of decomposition in deep waters is the transfer of
and nutrients from the surface waters to the deep
This process is known as the biological pump
gure 8-9). It is balanced by the conveyor-belt-like
ohaline circulation of the ocean (Chapter 5), which
rutrients and carbon-rich waters back to the sur-
eplenishing the nutrients and carbon removed by
ological pump.

i biological pump has a profound effect on ocean
ty. As a result of its operation, surface waters are
surably depleted in carbon and severely depleted in
sphate and nitrate (the major nutrient elements) rel-
to deep waters. If the biological pump were to
5 _—for example, as the result of a mass extinction—
scean would assume a more uniform composition in
‘thousand years, as the thermohaline circulation ho-
genized the ocean.

Processes: Photosynthesis
Fecal-pellet production
Oxygen production

@)

FIGURE 8-8

[See' colpr section] Shells of typical phytoplankton: (z) diatom (SiOy;
pm in d@meter). Typical zooplankton: (c) foraminifer (CaCO;;
50 pm wide). (Courtesy of R. Bernstein, University of South Fl

ap'proximateiy 50 p wide) and (b) coccolithophorid {CaCO;; about 1 .
apé)rc;mmately 600 pm in diameter) and (d) radiolarian (Si0,; approximatel
orida.

Marine biological pump.
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Nutrient Limitation. Some elements are classified as nu-
trients for marine phytoplankton because they are es-
sential for growth and exist at suboptimal concentrations,
an increase in their concentration leads to higher rates of
primary productivity. Other elements are toxic to marine
life-—that is, they are poisonous to certain organisms—
because their concentrations in seawater are above the
optimum for growth. (Even nutrient elements can be toxic
if their concentrations become too high.) There is great
variability in the concentration of many elements through-
out the world’s oceans. Each element, depending on its
concentration, can be either a nutrient or a toxic sub-
stance. The situation is analogous to the parabolic growth
curves for daisies as discussed in Chapter 2 (Figure 2-9a),
except that element concentration substitutes for tem-
perature. For each element, there is some optimum con-
centration that favors biological productivity.

Marine phytoplankton incorporate many nutrient el-
ements into their tissues in ratios that appear to be near-
ly identical in all species. These ratios are called Redfield
ratios, in honor of Alfred C. Redfield, the oceanograph-
er who first described this phenomenon. Even more re-
markably, the ratios of many of these elements in
seawater is nearly identical to that in phytoplankton. For
example, the elemental ratio of carbon:nitrogen:phos-
phorus is very nearly 106: 16: 1 (Table 8-1). A chicken-
or-egg question arises: Does the composition of seawater
determine the composition of organisms that live in the
sea, or does the composition of marine organisms deter-
mine the composition of seawater? To answer this ques-
tion, we must consider the distribution of primary
productivity in the oceans.

Where are rates of primary productivity greatest in
the oceans? We now have a sophisticated way of an-
swering this question, by satellite. With a color scanner,
researchers can quantify the color of seawater from space
(Figure 8-10). The color of the ocean surface is strongly
influenced by the density of phytoplankton, which con-
tain photosynthetic pigments. In the early 1960s and
1970s, oceanographers began to study the relationship be-
tween the concentration of these pigments and the abun-
dance and productivity of near-surface-dwelling
phytoplankton. The researchers found that regions of the
ocean that have low concentrations of chlorophyll (a

TABLE 8-1
Relative number of atoms
Element in living phytoplankton
Carbon 106
Nitrogen 16
Phosphorus 1
Iron 0.01
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FIGURE 8-10

[See color section] The concentration of photosynthetic pigments as
determined by the Coastal Zone Color Scanner (CZCS) on the Nim-
bus 7 satellite. Pigment concentrations are indirect indicatars of rates
of primary production. (From Gene Feldman, NASA/GSFC/Science
Photo Library, Photo Researchers, Inc.)

green pigment that is the dominant pigment in algae) are
biological deserts, with low abundances of organisms and
low nutrient concentrations. In contrast, more productive
waters tend to have high chlorophyil concentrations.

Although we might expect that the warm, sunny low-
latitude oceans would be most conducive to phytoplank-
ton growth, the satellite patterns reveal that the waters
with the highest productivities are the cold waters of the
high-latitude Atlantic, Pacific, and Southern oceans. The
reason is that the thermocline is weak or nonexistent at
these latitudes because surface waters are just as cold as
the deep waters there. Thus, wind-driven mixing of nu-
trient-rich deep waters up to the surface occurs much
more readily at high latitudes than at low latitudes, where
mixing is inhibited by the strong temperature and densi-
ty gradients (Chapter 5). Apparently the inhibitory ef-
fects of cold temperatures and low light availability
experienced by organisms that live at high latitudes
is more than compensated for by an enhanced nutrient
supply.

The satellite images also indicate high productivity
in regions of upwelling. As we saw in Chapter 5, many of
these regions occur along the western continental mar-
gins. There the wind-driven surface currents cause off-
shore transport, which allows nutrient-rich waters from
intermediate depths to well up to the surface. Other up-
welling regions occur where surface currents diverge (for
example, along the equator, due to the action of the trade
winds and the Coriolis effect). Surface divergence also al-
lows intermediate-depth waters to rise and replace the
water transported away at the surface. Finally, the coastal
regions of the continental shelves tend to be highly pro-

ductive because of nutrient inputs from rivers (ot
strongly enhanced by anthropogenic inputs of fits
and phosphorus) and localized upwelling driven
topography of the sea floor.

Nutrient supply therefore seems to be a majo;
tation on the productivity of the surface ocean. EXCﬁp
upwelling regions, phosphate and nitrate concenry
in surface waters are driven essentially to zero as 3
of intense uptake by phytoplankton. Deep waters &
as surface waters, depleted in nutrients, at high laﬁu'ld
These waters increase in nutrient concentration ag
ents are released by decomposing organic matte
rains down from the overlying water column (the bigl
ical pump). In the North Atlantic, the effect of this “;.
on the composition of the water is small, becaus,
water mass is young and has not had time to build
large supply of organic matter. Farther along the ¢
veyor belt’s path, the aging water mass begins to shoy
increasing influence of the biological pump. Accord
the nutrient contents of deep North Pacific waters
oldest waters in the ocean) are much greater (Fig
8-11a), and the O, contents much lower (Figure -
than those of the North Atlantic. Thus, the explanat
for the observed similarity in nutrient elementai r
between scawater and marine organisms--the Redf
ratios—is that the nutrient composition of the worl
oceans is dominated by the production and decomposi
of organic matter. In other words, the composition of m
rine organisms determines the composition of seawat

The Long-Term Organic Carbon Cycl

The processes we have discussed thus far affect the:
mospheric CO, balance on time scales shorter than ac
tury. On longer time scales, these processes must be v
closely in balance: Because the fluxes involved are
large, persistent imbalances would lead to intolerable i
tuations in atmospheric CO,. Geological processes b
come the important controls on atmospheric COy
longer time scales (Figure 8-12). The fluxes of carbon
volved in these processes are small, and the reservoirs
volved are large. Together these two adjustments in st
mean that the importance of the geological processes,
fecting the sedimentary reservoir and the atmosphere
influential only on long time scales (on the order of 1,
years to 1 million years).

Carbon Burial in Sedimentary Rocks

The flux of land-derived and marine sediments to the
floor fills sedimentary basins, many of which flank t
margins of the continents. The continuous supply of s
iment to these basins leads to the burial of previously d
posited material. Eventually, as the process contint
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ents become buried to a depth of a few kilometers
low the sea floor and become lithified. The organic car-
$sociated with these sediments is then entombed in
entary rock until weathering liberates the material
biosphere.

bon Leaks and Oxygen Replenishment. This organ-
arbon burial represents a leak of material from th.e

term organic carbon cycle (see Figure 8-12). It is
leak, rather than photosynthesis alone (which is near-
alanced by respiration and decay), that maintains the
Ontent of the atmosphere. Oxygen is continuously re-
OVed from the atmosphere by chemical reactions with
ed materials (especially organic matter) that are pre-
€d in rocks exposed at Earth’s surface and with re-
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duced volcanic gases such as hydrogen, sulfur dioxide,
and carbon monoxide. The loss of O, is very slow, but the
O, concentration would reach zero in a few million years
if that gas were not supplied from other sources. Oxygen
is replenished by the leak of organic matter into the sed-
imentary rock reservoir. For every carbon atom that en-
ters this reservoir as organic carbon, one oxygen molecule
is left behind. This is because the O, liberated during the
photosynthesis of that carbon was not utilized during res-
piration or decomposition, and thus the gas remains in
the atmosphere.

Formation of Fossil Fuels. During burial, the o-rganic
material in the sediment also undergoes significant
changes in its structure and chemistry, and fossil fuels may
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form. Sediments derived from land plants (especially peat,
which forms in swamps and bogs) accumulate on land or
in basins near shore. If the concentrations of terrestrial
organic matter are high in these basins, burial processes
under high pressures and temperatures can lead to the
formation of coal. Similarly, high concentrations of or-
ganic matter in marine sediments can produce sedimen-
tary rocks that, under high-pressure and high-temperature
conditions of burial, serve as sources of petroleum. This
material is fluid and tends to migrate through the basin
until it becomes trapped and accumulates. If the accu-
mulation is sufficient, the petroleum will be an economi-
cal source of fossil fuel. More commonly, however, the
concentration of organic matter is 1% or less of the total
sediment material. As a result, most sedimentary rocks
do not represent economically viable energy sources.

The Sedimentary Organic Carbon Reservoir. Sedi-
mentary rocks contain by far the greatest quantity of or-
ganic carbon on Earth: approximately 10° Gton(C) (sce
Figure 8-3). Most of the organic carbon is found in shales,
which are fine-grained sedimentary rocks formed by the

lithification of muds. The residence time for the sed
mentary organic carbon reservoir is about 200 miilio
years.

Weathering of Organic Garbon
in Sedimentary Rocks

Weathering of the organic carbon in sedimentary rock
is an oxidation process requiring atmospheric Q,, eith
by direct exposure to the atmosphere or by exposure !

groundwaters containing dissolved O,. The oxidation 0

this material can be represented by the same schemat!
chemical reaction that we used previously for respiratio
and aerobic decomposition. The organic matter reac
with oxygen, releasing carbon dioxide to the atmosphe!
or groundwater. :
In this sense, the mining, pumping, and combustion
fossil fuels represent merely an acceleration of the wealt
ering process. The rocks from which humans have I

moved these fuels would likely have become exposed!

the surface and undergone oxidation to form CQ, som
time in the distant future. Human intervention, howeve

seeded up this process by a factor of a million or
for these fossil-fuel deposits. The release of organ-
iter from sedimentary rocks is occurring much faster
ﬁ'-it' can be replaced. Flence fossil fuels represent only
St term eNergy Source.

ymmary of the Organic Carbon Cycle

h’éve now explored the entire global organic carbon
le. Pathways exist to recycle carbon from all reservoirs
jgure 8-12). Every reservoir in this cycle is directly
nected to the atmosphere. Thus, the CO; concentra-
“5fthe atmosphere changes continuously in response
hanges in the flux of carbon to and from these reser-
he responses to these changes are rapid for the
e fluxes associated with the biota, soils, and marine
~diments but slow for the small fluxes from the sedi-
ary rock reservoir. This observation will prove to be
ant in later chapters when we consider the fate of
added to the atmosphere from the burning of fossil

otosynthesis of CO, to reduced carbon in organic
' and its subsequent reoxidation to C02 through
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solves in rainwater and seawater and then undergoes
rapid chemical reactions to other ionic forms of inorgan-
ic carbon. The oxidized carbon in these waters is chemi-
cally reactive and becomes involved in a number of
chemical processes. Because they do not involve organic
carbon directly, these processes are together referred to
as the inorganic carbon cycle.

The important reservoirs of inorganic carbon are the
atmosphere, which we have discussed at length; the ocean;
sediments; and sedimentary rocks (see Figure 8-3). The
sediment and sedimentary-rock carbon reservoirs consist
primarily of limestone. Limestone is a rock composed
largely of calcium carbonate (CaCQOs), generally in the
form of the mineral caleite. The magnesium-rich carbon-
ate mineral dolomite, CaMg(COs)s,, is abundant in older
sedimentary rocks.

Carbon Exchangs between Ucean and Atmosphere

Carbon dioxide is continuously exchanged between the
atmosphere and ocean. The distribution of sources and
sinks of CQ, is tied to the circulation and productivity
patterns of the oceans (Figure 8-13). In regions of the
ocean where h1gh rates of primary productivity have cre-
ated surface waters with low CO,, CO; diffuses from the
atmosphere to the ocean. In other words, the net flow of
CQ, is down the concentration gradient—from regions
of higher CQO, concentration (in this case, the atmosphere)
to regions of lower concentration (the ocean). Converse-
ly, upwelling regions, such as the equatorial Pacific surface
waters, have high CO, concentrations because deep wa-
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ters rich in CO, (as the result of decomposition associat-
ed with the biclogical pump) have risen to the surface
there. In such regions, CO, flows from the ocean to the at-
mosphere. Thus, the oceans serve as both a source and a
sink for atmospheric CO..

Before the carbon cycle was disturbed by human ac-
tivity, the flux of CO, from oceanic CQ, source areas was
probably closely balanced by the flux to oceanic CO,
sinks. This pattern is changing in response to the burning
of fossil fuels. As we have seen, the atmospheric CO, con-
cenlration has been increasing. Regions of the ocean that
were previously weak sources have now become sinks,
and the ocean as a whole has become a sink for CO,.

The Chemistry of inorganic Carbon in Water

In the oceans, inorganic carbon exists in a number of dis-
solved forms. When CO, dissolves in water (whether it
be freshwater or seawater), carbonic acid is generated:

C02 + H2 O —> H2C03 -
carbon water .carbonic {1)
dioxide acid

The double arrows in this reaction indicate that the reac-
tion can proceed both forward and backward. The rates
of the forward and reverse reactions depend on the con-
centrations of the reactants (on the left-hand side) and of
the products (on the right-hand side), respectively. If the
concentration of the reactants is high, the forward reac-
tion proceeds fast, depleting the concentration of the re-
actants and enhancing that of the products until the
forward rate matches the reverse rate. Conversely, if the
concentration of the products is high, the reverse reac-

tion proceeds more rapidly, and the products become di
pleted (and reactants enriched) until the rates balang;
In other words, chemical equilibrium is rapidly achiey,
in such reactions.

Like many substances that dissolve in water, carbgy
ic acid molecules break apart, or dissociate, into ions. log
are charged atoms or molecules. Tons with negatj,
charges are referred to as anioms. Ions with posity
charges are referred to as cations. When carbonic agj
dissociates, carbon-bearing anions and hydrogen catiop
are formed. The relative abundance (concentration)
the carbon anions is thus linked to the pH of seawat
(see Box, “Useful Concepts: pH”), which is a measure
the concentration of hydrogen ions in solution.

Carbonic Acid, Bicarbonate, and Carbonate Ion Fq
librium. Returning to the discussion of the forms of iy
organic carbon in water, we see that the dissociation g
carbonic acid involves the release of one or both of its hy.
drogen atoms to yield carbon-oxygen anions. When th
first hydrogen atom is lost, bicarbonate ion (HCO,™)j
formed: E

H.CO; «—— H' + HCO;.
earbonic hydrogen bicarbonate
acid ion ion

If the H* concentration were to decrease (i.e., the pH in
creased), more carbonic acid would dissociate to balanc
the equilibrium between the two forms (the reactio
would proceed to the right). If, instead, seawater were t
become acidic, this equilibrium would shift to the left
forming carbonic acid at the expense of bicarbonate ion:

ey H' +
hydrogen
ion

lemon juice

The release of the second hydrogen ion converts bi-
onate ion in the previous reaction to carbonate ion

CO.%.
carbonate (3)

ion

The Inorganic Carbon Cycle 163

(Note that we have previously used the term “carbonate”
to refer to calcium and magnesium carbonate minerals.)
For a given hydrogen ion concentration (pH), the rela-
tive amounts of bicarbonate and carbonate tons are ad-
justed until equilibrium is achieved. A pH above neutral
favors the carbonate ion, whereas a pH below neutral fa-
vors the bicarbonate ion.

baking soda

——agidic -

r |- volcanic
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Perturbation of this equilibrium (e.g., by the diffu-
sion of anthropogenic CO, from the atmosphere to the
ocean) changes the pH of seawater. These changes in pH
affect the relative concentrations of carbonic acid, bicar-
bonate ion, and carbonate ion in the following way: CO,
dissolves, forming carbonic acid (reaction 1); the carbon-
ic acid dissociates, forming bicarbonate and hydrogen ions
(reaction 2), which causes the pH to drop. Hydrogen ion
then reacts with carbonate ion, forming another bicar-
bonate ion (the reverse of reaction 3). The overall chem-
ical reaction describing the uptake of anthropogenic CO,

is the sum of these three reactions (reactions 1, 2, and the
reverse of 3);

Al)5(S1,A1)50,,( OH),. However, we will use wollastoy;
(CaSi0y;), which has a much simpler formula, to Teprg :
sent calcium silicates. It is the relative amounts of calciy; .5i0; + 2H,CO; —= Ca¥ + 2HCO; + Si0; + Hy0.
and silicate that matter to our discussion of chfemic'l';I lastonite
weathering, not the detailed compositions of the weg: :
ered minerals. '

When exposed to rain, both carbonates and siIicaté'
weather chemically, although the carbonates dissq v
lmuch more tapidly (Figure 8-14), Chemical weathg;
ing neutralizes the acidity of carbonic acid in much
same way that an antacid neutralizes the acidity of y
stomach:

Carbonate weathering;

“yte weathering:

corbonic calcium bicarbonate silica water

acid ion ion

¢ weathering reactions, the products include Ca®*
ad CO,”. Silicate weathering also yields dissolved sil-

(6i0,), which, together with Ca** and HCO;™, is trans-
oted to rivers and ultimately to the oceans. Silicate
ering consumes twice as much dissolved CO, (in
torm of carbonic acid) as does carbonate weathering.
his fact will prove important later in this chapter when
. stfempt to balance the carbon cycle.

CO, + CO* + H,0 «— 2HCO;". CaCO; + H,CO,

caleinm carhonic calviom
carbonate arid ion

——s Ca2+

+ 20CO,"
bicarhonate
ion

onaie Mineral Deposition
Thus, the ocean’s capacity to take up CO, derived from .
fossil fuels is enhanced relative to what it would be if it
simply equilibrated with the atmosphere, because it is
converted to other forms of inorganic carbon. There is a
limitation on the amount that can be taken up, however:
the amount of carbonate ion in the ocean, which is small-
er than the total available fossil fuel. Thus, if we contin-
ue to utilize fossil fuels, the oceans’ capacity to take it up

will become depleted, and a larger fraction will remain in
the atmosphere.

fie oceans eventually receive the products—soil parti-
nd dissolved materials—of the chemical and physi-
¢athering and erosion of the land surface. Most of
e particulate material is deposited near the mouths of
‘ors in deltas, beaches, and other deposits near shore. In
antrast, the dissolved materials mix with seawater and,
eir residence times are longer than the ocean’s mix-
time, are distributed throughout the world’s oceans.
onstant flux of dissolved materials from land to sea
gradually increase the saltiness of seawater by di-
tion were it not for processes that continuously remove
rial from the sea (see Chapter 5).

Some organisms, such as diatoms (Figure 8-8a), ra-
rians (Figure 8-8d), and sponges, remove dissolved
from seawater. They convert it into solid (opaline)
tlica as the structural part of their skeletons. Other or-
anisms, such as foraminifera (Figure 8-8c}, coccol-
hophorids (Figure 8-8b), corals, and shellfish, produce
CaCQ; in forming their shells and skeletons. Al-
hotigh these minerals can form abiotically (without the
of organisms), most of the CaCQOj precipitated from
cean today is formed by such organisms.

‘hese carbonate-producing marine organisms re-
ove Ca™ and HCOj; from seawater and precipitate
a0, as a shell or skeleton. The overall chemical reac-
1is essentially the reverse of the carbonate weathering
ction:

€arbonate precipitation:

Chemical Weathering

A similar chemistry applies when atmospheric CO, dis-
solves in raindrops, making them naturally acidic. As we
noted earlier, the unpolluted pH of rainwater is general-
ly between 5 and 6. Rocks exposed at Earth’s surface un-
dergo chemical attack from this rain of dilute acid, a
process known as chemical weathering.

Crustal rocks are composed mainly of two types of
minerals: carbonates and silicates. Carbonate minerals,
such as calcite, contain carbon in combination with oxy-
gen and other elements. Calcite and dolomite are the most
abundant carbonates at Earth’s surface, occurring as the
dominant minerals in limestones and dolostones and as
minor minerals in a host of other rock types. These min-
erals have fairly simple chemical formulas: CaCQ, and
CaMg(CO,),, respectively. Silicate minerals contain com-
pounds of silicon and oxygen. They tend to have rather
complicated compositions. They are most abundant in ig-
neous rocks but are also common minerals in sedimenta- @+ 2HCO, — CaCO, 4 HC0,
ry and metamorphic rocks. (See Chapter 6 for a further .
discussion of rocks and minerals.)

In discussing the carbon cycle, we are most interest- ()
ed in the weathering of the calcium-bearing minerals, be-
cause calcium ions released by weathering are used by
organisms in the construction of calcium carbonate shells
and skeletons. Important calcium-bearing silicates include
anorthite, CaAl,S1,0q, and hornblende, N aCa,(Mg,Fe,

Calcium calcium carbonic

carbonate acid

bicarbonate
on ion

um carbonate producers cause a shift in the ocean’s
Atbon chemistry. By precipitating CaCO; shells or skele-
ons, they enhance H,CO); (and, because of the equilibri-
I:in reaction 1, dissolved CO,) concentrations and
duce HCO,~ concentrations, as well as pH. By in-
Teasing the concentration of dissolved CO, in surface

FIGURE 8-14

Differential weathering of (a) granite (From Bill Aron, Photo Re-
searchers, Inc.) and (b) limestone (From Mark Burnett, Photo Re-

searchers, Inc.). The granite headstone is a few years older than the
limestone tombstone.
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waters, carbonate-producing organisms produce a CO,
gradient between the oceans and the atmosphere. This
gradient promotes the diffusion of CO, from the oceans
to the atmosphere.

Some carbonate producers (e.g., coccolithophorids)
are also phytoplankton. They photosynthesize organic
matter, which tends to drive the dissolved carbon system
in the opposite direction, toward Jower CO, concentra-
tions; hence these microorganisms have opposing effects
on atmospheric CQ, concentrations. However, the ma-
jority of phytoplankton do not produce carbonate skele-
tons. Thus, the overall effect of biological production in
the surface ocean is in favor of reduced CO, concentra-
tions: On average, the ratio of organic matter to carbon-
ate mineral production for plankton is about 4:1.

When plankton die, their shells or skeletons sink
through the water column but are less subject to destruc-
tion during the trip to the sea floor than is their organic
debris. In regions where the total water depth is less than
4 km or so, carbonate particles accumulate more or less
intact on the sea floor. These waters are said to be
saturated with respect to CaCOs. This shallower-water
deposition of planktonic debris is part of the material that
eventually becomes limestone. Other limestones form
in very shallow tropical waters, where reefs and other
carbonate-producing organisms live on the sea fioor.
Deeper waters, however, have higher concentrations of
dissolved CQ, (carbonic acid), due to the decomposition
of organic matter (Box Figure 8-1). As a result, these wa-
ters are corrosive to CaCQ,; they are said to be
undersaturated with respect to CaCOs. The level at which
the rate of dissolution of carbonate sediment balances the
flux of carbonate settling through the water column is
called the carbonate compensation depth (CCI). Below
this depth, carbonate materials, in the form of shells or
skeletons, dissolve in transit as they settle through the water
column and do not accumulate on the sea floor. Thus, the
deep-ocean basins are devoid of the cover of plankton-de-
rived carbonate sediments that occupy the shallower parts
of the ocean, for example, along the mid-ocean ridges
(Figure 8-15). Interestingly, carbonate sediments deposit-
ed on mid-ocean ridges are carried slowly to depths below
the CCD as the sea floor spreads away from the ridge,
cools, and subsides (see Chapter 7). If it weren’t for a pro-
tective layer of sediments deposited above these carbonate
sediments, they would dissolve as they were carried below
the CCID by seafloor spreading.

Summary of the Inorganic Carbon Gycie

In the past few sections, we have discussed several process-
es that affect the transfer of inorganic carbon. These
processes can be combined into a mass-flow diagram for
the inorganic carbon cycle (Figure 8-16). The free ex-
change of CO, between the atmosphere and the oceans
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Areas with > 75% CaCQy

FIGURE 8-15

The distribution of CaCO;-rich sediments on the sea floor. The pattern closely matches the areas of higher
topogfaphy (sl.lallower water) along the mid-ocean ridge system. (After W.S. Broecker and T.-F1. Peng.
1982. Tracers in the Sea. New York: Eldigio Press, Colunibia University, p. 59.)

Silicate weathering

0.03

Atmosphetic CO2
760

~ HCO3 + COZ

Air-sea
Carbonate weathering
017 60
Chemical
quilibration

Oceanic

Sea-floor

0.30

Carbonate
weathering
017

FIGURE 8-16

dissolution —f

38,300

. ——Precipitation

of CaCQ,
0.50

A

Marine carbonate sediments
2500

Volcanism
0.03

Py

_E_j Sedimentation
1 and buriat
0.20

The global inorganic carbon cycle, Reservoir
sizes in G1(C), fluxes in GH{C)/yr.

Carbonats sedimentary rocks
40,000,000

exchange |}

Js'to keep the atmosphere near equilibrium with sur-
ters. During chemical weathering, CO, dissolved in
(1 soil waters becomes converted to HCO;™ (neu-
), which is carried to the oceans. There organisms
‘e it with Ca®* in precipitating CaCO; shells or
jetons. Some of the CaCQO, dissolves in the water col-
4 on the sea floor. The rest is buried beneath the
floor, becoming part of the limestone reservoir. When
nic uplift occurs after millions of years, the limestones
me exposed at Earth’s surface. There they undergo
.2l weathering, and the cycle continues.

jet Removal of £0, from
v Ocean and Almosphere

41 combine the equations that we presented in pre-
“sections for carbonate and silicate weathering and
2CQ; precipitation to determine the net effects of
<o processes on the chemistry of the oceans and on the
.position of the atmosphere. To do this, we simply add
quations by adding the left-hand sides of both equa-
dding the right-hand sides of both, and then can-
Jing out terms that appear on both sides of the resulting
tion—exactly as we would in adding two algebraic
ressions. The net effect of CaCO; weathering on land
CO, precipitation in the ocean is zero, because the
processes balance each other:

arbonate weathering:

CaCO; + H,COy — Ca*' + 2HCO,”
bonate precipitation:

Ca* + 2HCO,™ — CaCO; + H,CO,.
0

weathering equation is the reverse of the precipita-
quation.

The situation is different for the weathering of calcium

te minerals on land. First of all, calciume-silicate min-

do not reform under Earth surface conditions. Thus,

; molecule is liberated when carbonate-bearing or-
s precipitate their shells or skeletons. Thus:
ite weathering:
CaSiO, + 2H,00, —> Ca?* + 2HCO;™ + Si0, + H,0
arbonate precipitation:

2" 4 JHCO, ~——> CaCO; + H,CO;
-®¢€ah/atmosphere CO, exchange:
CO, + H,0 — H,CO,.
L result:
Casio, + co, — CaCo; + Si0,
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(The SiO, liberated during silicate weathering is utilized
by diatoms and radiolaria in skeleton production.) So, the
combined processes of silicate weathering on land and
carbonate precipitation in the sea lead to a net conver-
sion of atmospheric CO, to solid CaCO;. This process
serves as a net outflow of CO, from the atmospheric
reservoir, analogous to the net outflow of photosynthet-
ically produced organic carbon that leaks out of the or-
ganic carbon cycle due to sedimentary burial.

Like the leak in the organic carbou cycle, the rate of
conversion of atmospheric CO; to limestone by silicate
weathering and CaCOj; deposition is quite small: about
0.03 Gton(C)/yr. Nevertheless, if left unbalanced, this flux
would apparently deplete the atmosphere of carbon in
about 20,000 years. Actually, this number is misleading,
because we have not accounted for the fact that the var-
ious oceanic reservoirs hold more than 50 times motre car-
bon than the atmospheric reservoirs hold (see Figure 8-3).
A reduction in atmospheric CO, creates a concentration
gradient between the atmosphere and the oceans. As a
consequence, CO, diffuses from the oceans to the at-
mosphere until the gradient is removed. Thus, the deple-
tion time would be more like a million years, the time it
would take for dll the oceans’ inorganic carbon to diffuse
into the atmosphere and react with silicate rocks. Al-
though this characteristic response time is significantly
longer than the calculated 20,000 years, it is still short in
terms of changes in atmospheric composition and climate
over geologic time scales of many millions of years. On
such time scales, then, there must be a return flux of CO,
to the atmosphere and oceans to offset this outflow. This
balance, which is in essence the long-term inorganic car-
bon cycle, has come to be known as the carbonate—silicate
geochemical cycle.

The Carbonate-Silicate
Geochemical Cycle

After inorganic carbon is involved in chemical weather-
ing and carbonate mineral precipitation and is removed
by sedimentary burial, plate tectonics provides the need-
ed return flux of CO, in the form of metamorphic and
volcanic CO, inputs to the atmosphere. Mantle-derived
CO, is released to the ocean-atmosphere system at mid-
ocean ridges and along convergent margins (Figure 8-17).
This carbon is derived from the mantle and so is, in a .
sense, “‘new.”

At convergent plate margins (deep-sea tremches),
some of the sediments resting on the downgoing slab are
subducted along with the plate (see Chapter 7). The plate
and its sediment cover are carried to depths as great as
hundreds of kilometers within the mantle, where high
temperatures and pressures promote chemical reactions




168

Mid-ocea'

FIGURE 8-17

Pictorial representation of the carbonate~
silicate geochemical cycle.

that transform the sediments into metamorphic rock.
Among these reactions is the reaction between sedimen-
tary carbonate minerals and silica-rich sediments that
forms silicate minerals and releases CO,:

Carbonate metamorphism:

CaCO3 + 8102 > CaSEO3 + C02
calcite silica wollastonite carbon
dioxide

This process is termed carbonate metamorphism. As be-
fore, we use the mineral wollastonite to represent the
more complex silicate minerals that are typically gener-
ated by this process.

If sufficiently high temperatures are reached at depth

during carbonate metamorphism, magmas are generat-
ed. These magmas may erupt in volcanoes at the surface,
releasing CO, to the atmosphere. The CO,; in these vol-
canoes probably includes some mantle-derived CO, and
some CO, from the subducted crust and sediments, but
scientists do not yet know the relative proportions of these
two sources. Under metamorphic conditions the CO, pro-
duced can migrate as a fluid toward the surface. Although
a substantial fraction of it reacts with minerals along the
way, some COj is released through springs and seeps 1o
the atmosphere.

Together, silicate weathering, carbonate precipita-
tion, and ocean-atmosphere exchange are the reverse of
carbonate metamorphism. (Compare the equation for the
net result of these processes, given in the previous sec-
tion, with the carbonate metamorphism equation.) With-
out a fairly close balance between the inflows and
outflows of carbon, the supply of this important green-
house gas to the atmosphere and ocean would, on geo-
logical time scales, quickly be depleted. Earth would soon
become a frozen ball of ice.

That may have been the fate of Mars, which appeats
to once have had flowing water on its surface and, per-
haps, a CO,-rich atmosphere with a stronger greenhouse
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These environmental factors are responsive to at-
mospheric CO, levels. Recall from Chapter 3 that, as a
result of the greenhouse effect, global temperatures rise
as the atmospheric content of CO, increases and that rates
of evaporation increase with increasing temperature. We
know from Chapter 4 that water that evaporates from the
ocean must fall as precipitation. For these reasons, we
would expect that a warmer world would be a wetfer
world: Net precipitation should increase as temperature
increases. Thus, the silicate weathering rate should in-
crease as the atmospheric CO, level rises. Figure 8-18
shows a feedback loop for these processes. On the other
side of the feedback loop, increased silicate Weatherlgg
rates tend to reduce atmospheric CQ, levels because sil-
icate weathering uses up carbonic acid.

ither to the amount of CO, in the atmospherg or t.o
{imate of Earth’s surface. In contrast, many climatic
¢ affect the rate of chemical weathering. T‘h(? regu-

‘of atmospheric CO, on long time scales (millions of
0 likely is the consequence of the feedbagk betlween
mate and rates of silicate weathering. The 911mat1c fac-
s {hat belp regulate the chemical weathering rates of
cate rocks include the following:

GO, release

Deep-sea trench

mperature: rates of reactions, including chemical
thering, tend to increase as temperature increases.

Carbonate
metamorphism

rainfall: weathering requires water as a medium
for the dissolution of minerals and for the trans-
port of the dissolved material to the oceans, and thus
Jeathering rates rise as precipitation increases.

effect. In contrast, on Earth the release of CO; afts
carbonate metamorphism and volcanism has essentialj
balanced the consumption of CO, during silicate weag};
ering over the history of the planet. What has ST,
this balance? We cannot call on simple chemical equili
rium, because the reactions involved are representatiy
of a whole host of processes rather than a single chemig
reaction. Rather, we must look for feedback loops tha
according to the amount of CO, in the atmosphere, adjug
the rates of CO, input by volcanism or of CO, removalis

silicate weathering and thereby keep the reservoir y
steady state,

Long-Term Feedbacks in
the Carbonate-Silicate Cycie

Because it is driven largely by heat flow from the Earth’s
interior, the rate of volcanism is probably not very sen

rainfall

surface silicate
temperature weathering
(Te rate
{~)
greenhouse atmospheric
effect pCO,

FIGURE 8-18

Systerns diagram showing the negative feedback loop that results
from the climate dependence of silicate-mineral chemicz] weathes
and its effect on atmospheric CO,. This faedback loop is thought to

be the major factor regulating atmospherie CO; concentrations and
climate on long time scales.
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The overall feedback loop, as shown in Figure 8-18,
is negative. The feedback tends to stabilize Earth’s cli-
male against perturbations, as we will see later.

Links between the Organic
and Inorganic Carbon Cycle

Although we have differentiated between the terrestrial
and marine organic carbon cycles and between the or-
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ganic and inorganic carbon cycles, all these cycles are
extricably linked as parts of the global carbon eyl
Changes that occur on land rapidly affect the OCeany
through the transport of carbon and nutrients by rive
and through variations in atmospheric CO,. Changes in
the recycling of organic matter affect atmospheric ap
oceanic CO, and in turn the whole of the carbon cycl
Thus, the cycle divisions we have made are artificial, by
they help us represent a complicated system in simpj
terms.

Chapter Summary

1. The global carbon cycle involves processes that occur on
land and in the oceans and involve both biological and non-
biological chemical reactions.

2. The terrestrial and marine organic carbon cycles operate on
a variety of time scales. On the short time scale (tens to hun-
dreds of years),

a. carbon dioxide is removed from the atmosphere during
photosynthesis on land and returned during respiration
and decomposition; methane is released to the atmos-
phere from soils, where anacrobic metabolism is taking
place.

b. asmall amount of terrestrial organic carbon survives res-
piration and decomposttion and is buried in sedimenta-
ry basins on land or is transperted to the sea.

c. in the oceans, phytoplankton produce organic matter that
is consumed by zooplankton and decomposed by aerobic
and anaerobic bacteria.

d. a small fraction of the organic matter settling through the
water column is not decomposed and is instead buried in
marine sediments.

3. On longer time scales (millions of years), the organic mat-
ter buried in sediments undergoes lithification with the sed-
iments. Most of these sediments are muds, and the rocks
formed are shales.

a. When concentrations of organic matter are very high in
the sediment, fossil fuels may form during burial and lithi-
fication.

b. The sedimentary rocks may eventually undergo uplift
through tectonic processes, exposure, and weathering,
During weathering, organic matter undergoes oxidation,
producing CO,, which escapes to the atmosphere.

4. Aninorganic carbon cycle, involving oxidized forms of car-
bon, is important on both short and long time scales (mil-
lions of years).

a. Atmospheric CQ, exchanges with CO, dissolved in the
surface ocean on a time scale of decades. The uptake of

CO; is enhanced by reactions among the forms of dj
solved inorganic carbon in seawater.

b. Atmospheric CO, dissolves into rainwater, creating a
acidic solution. When the rain fails on the land surface, re

pH
rient photic zone ‘
Lganic carbon photosynthesis
fdlzed carbon primary producer
0 primary productivity
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Redfield ratio
reduced carbon
residence time
zooplankton

peview Questions

Which of the following carbon reservoirs has the longest
sesidence time: plants, the oceans, or sedimentary lime-
‘stone?

“Ome o1 more of the following processes involves organic
-earbon; identify it (them): the precipitation of a calcite skele-
11, the exchange of carbon between the oceans and the at-

mosphere, dissolution at the sea floor, or oxidation during
weathering?

3. Describe the biclogical purp.

4, Why is plate tectonics critical to the maintenance of an at-
mosphere—ocean reservoir rich in carbon?

5. Limestone (carbonate)} weathering does not lead to the net
removal of carbon dioxide from the atmosphere. Why not?

actions with carbonate and silicate minerals convert car
bonic acid to bicarbonate ion. The bicarbonate ion ;
carried by rivers to the oceans. _
¢. In the oceans, carbonate-secreting organisms use the bj
carbonate ion in the construction of their shells or skele
tons. This material may dissolve in transit or it ma
become part of the sediment that covers the sea floor,

5. The regulation of atmospheric CO, on long time scales (mil
lions of years) is the consequence of the feedback betwee
climatic factors and rates of chemical weathering of silicat
rocks, as part of the long-term inorganic carbon cycle, re
ferred to as the carbonate-silicate geochemical cycle.

a. Any disturbance in the amount of atmospheric CO, af
fects climate through the greenhouse effect. Changes in
climate affect silicate weathering rates and thus the rate
of CO, consumption.

b. The overall feedback loop is negative, implying that o
long time scales the climate system is stable against a wid
range of perturbations.

6. The terrestrial and marine organic carbon cycles, the or
garnic and inorganic carbon cycles, and the carbonate—sili
cate geochermical cycle are inextricably linked as parts o
the global carbon cycle.

a. Changes on land are “communicated” rapidly to the
oceans by riverine transport of carbon and nutrients and:
through variations in atmospheric CO,.

b. Changes in the recycling of organic matter affect atmos-
pheric and oceanic CO, and in ture the whole of the car:
bon cycle,

‘a.

Key Terms

acid biomass characteristic response time ¢
anion biosphere coal

base carbonate metamorphism consumers

biological pump cation

inorganic carbon

sritical-Thinking Problems

The key to stability is feedback between the reservoir and
¢ fluxes into and/or out of the reservoir. Assume that the
ate of outflow from a reservoir depends on the size of the
‘Teservoir according to the following relationship: outflow
rate = k ® (size of reservoir), where k is a constant.

. A reservoir of water has a volume of 5000 liters, and the

rate of outflow at steady state is 25 liters per minute.
‘What is k? (Give both the numerical value and its units.}
What is the residence time? What is the relationship be-
tween k and the residence time?

. The inflow rate is 25 liters per minute. Describe graphi-

cally and in words how the reservoir size would change
with time, beginning with a reservoir size of zero and con-
tinuing until the reservoir reaches steady state.

Use Figure 8-4 to answer the following questions:

During which months is the rate of photosynthesis great-
est, relative to the combined rate of respiration and de-
composition, and during which months is it smallest?
Explain your reasoning. Why aren’t these coincident with
the minimum and maximum CO; levels for the year, re-
spectively?

. On the basis of your answer to part (a), estimate, for each

year, the maximum et rate of photosynthesis and the
maximum net rate of respiration/decomposition for each
of the three years shown.

- Are there significant differences in these rates from year

to year? If so, propose an explanation for them.
glant meteor crashes into Earth, causing devastating en-

vironmental changes that kill off all fife in the oceans.
-&. [Describe how the vertical distribution of dissolved oxy-

gen, carbon, and nutrients would respond.

- Would the temperature and salinity of the ocean be af-

fected by the loss of the biological pump? Why or why
not?

. If global warming from CO, released to the atmosphere

from the meteor impact site caused, instead of the com-

plete loss of marine life, the sudden cessation of thermo-
haline circulation in the oceans, what would be the effect
on the vertical and spatial distribution of dissolved nu-
trients, catbon, and oxygen in the world’s oceans?

. The atmosphere consists of 78% N, 21% O,, 1% Ar, and
about 0.036% (360 ppm) CO,. What is the mean molecu-
lar weilght of air? Round your answer to three significant
figures, and use the following table of atomic weights:

Element Atomic Weight
C (Carbon) 12.011

N (Nitrogen} 14.0067

O (Oxygen) 15.9994

Ar (Argon) 39.948

b. The total mass of the atmosphere is about 5 X 10" kg.
How many moles cach of air, Oy, and CO, are presentin
the atmosphere? (Note: Calculate the latter two answers
from the first one rather than by computing the masses of
(), and CO,. The values listed in part (a) for the various
gases are abundances by volume, not by mass. This fact,
and the fact that a mole of any gas takes up the same vol-
ume at a given pressure and temperature, mean that you
need to work in moles.)

c. Forests contain about 600 Gton(C) in the form of wood
and leaves. Suppose that all the world’s forests were to
burn down instantaneously. By how much would atmos-
pheric CO, increase? By how much would O, decrease?
Express your answers in percentages. Assume that the
equation for burning is the same as that for respiration
{given earlier in this chapter).

. Explain why lakes and rivers have slightly basic pH values,
whereas rainwater (the ultimate source of water for lakes
and rivers) is slightly acidic. '
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Biota

Focus on the

: Metabolism,

Ecosystems,
and Biodiversity

uestions

What are the characteristics of life on Earth that
ow it to interact with physical processes at the

bal scale in such a significant way that it creates a
abitable planet?

« How is the biosphere structured?
How is energy transferred within the biosphere?
- What is an ecosystem?

What 1s biodiversity and how is it measured?

“How is the diversity of interactions between the biota
nd the physical world related to the stability of the

-hapter Overview

n'this chapter we highlight the role that life plays in the
‘Operation of the Barth system. We begin with a general
iscussion of life and its unique characteristics, and then
lore the varied metabolic pathways different forms
Of life take to grow and reproduce. Organisms interact
ata variety of scales, so we find that populations of or-
anisms group into communities, which at a larger scale
Iteract among themselves and with their environment
in €cosystems. The level of diversity of ecosystems can
¢ expressed in a variety of ways. We can simply count

fie number of species or we can take into account the

ore complex diversity of interactions that take place

!

between species and between organisms and their en-
vironment. This diversity of interactions, a defining
characteristic of life on Earth, is important in our un-
derstanding of the feedbacks between the biota and the
physical world that create a habitable planet, and helps
us further understand the complexity of the Earth
system.

Life on Earth

Characteristics of Life

Earth is unigue among the planets in our solar system in
that it apparently is the only one to support life. Earth
more than supports life, it flaunts it. Life is invoived in al-
most every process occurring at the surface of the planet.
Some fundamental characteristics of life allow it to have
such an influence.

o Life spreads exponentially. The rate of population
growth depends on the number of individuals repro-
ducing at a particular time. This characteristic leads to
the phenomenon of exponential growth. If left
unchecked, 2 individuals become 4 in one generation,
4 become 8 in two generations, 8 become 16 in three
generations, and 16 become 32 in four generations. In
nature, however, exponential growth ceases as re-
sources become limiting.

* Life needs energy. Photosynthesizers use solar energy,
chemosynthesizers use chemical energy, and most other
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