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Geochemistry is the study of the composition and chemical changes that take place
on the Earth and within its major divisions: the lithosphere, atmosphere, hydro-
sphere, and biosphere. Environmental chemistry focusses more specifically on the
transport of substance within and between these geospheres and their subdivisions,
with special emphasis on the effects brought about by the activities of humans.

In order to understand environmental chemistry, one must clearly have some basic
knowledge of geochemistry, and also of the biological processes that are intimately

tied into it. The purpose of this unit is to provide some of this background informa-
tion on the structure and chemical composition of the Earth and of its environmen-
tally important divisions, and on the changes that these have undergone with time.




This unit was originally prepared for the environmental chemistry course I gave at Simon
Fraser University between 1984-99. The first two weeks of this course were devoted to an
overview of the Earth as a whole, and this text provided the required background reading.
Later on, the course was reconstituted to place more emphasis on the aquatic environ-
ment, hence the much greater detail in Part 2 of this document.

Having done all this work, I thought it might be useful to extend it a bit and make it avail-
able to others— both to teachers, and, of course, to students.

Web links I have spent some time searching out some useful Web links relating to the vari-
ous topics in this unit. Keeping them up to date, of course, will be something of a problem, so
I'll make no promises! Their format is illustrated by the following examples which serve as
general references to the unit as a whole.

Columbia University survey course. The links in this lecture schedule are very well
done and cover numerous topics relating to the formation of Earth and the
development and evolution of living organisms:
http://www.ldeo.columbia.edu/dees/courses/v1001/syllabus.html

This USC Oceanography course page also has links to the history of the Earth.
http://earth.usc.edu/~slund/oceanography/index.html
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Part 1 - The Earth and its Lithosphere

The earth has been in a state of continual change since its formation. The major part of this
change, involving volcanism and tectonics, has been driven by heat produced from the decay
of radioactive elements within the earth. The other source of change has been solar energy,

which acts as the driving force of weathering and is the ultimate source of energy for living

organisms.

The solar system was probably formed about 4.6 billion years ago, and the oldest known
rocks have an age of 3.8 billion years. There is thus a gap of 0.8 billion years for which there
is no direct evidence. It is known that the earth was subjected to extensive bombardment
earlier in its history; recent computer simulations suggest that the moon could have resulted
from an especially massive collision with another body. Although these major collisions have
diminished in magnitude as the matter in the solar system has become more consolidated,
they continue to occur, with the most recent one being responsible for the annihilation of the
dinosaurs and much of the other life on Earth. The lack of many overt signs of these colli-
sions (such as craters, for example) testifies to the dynamic processes at work on the Earth’s
surface and beneath it.

1 « Chemical composition and structure of the Earth

The earth is composed of 90 chemical elements, of which 81 have at least one stable isotope.
(The unstable elements are 43Tc and 61Pm, and all elements heavier than 32Bi.)
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Fig. 1: Abundances of the elements

Note that the logarithmic scale greatly diminishes the apparent differences in the relative
abundances.

The figure gives the abundances of the elements present in the solar system, in the earth as
a whole, and in the various geospheres. For more detailed information on the distribution
and flows of elements in the environments, see Fortescuel. Of particular interest are the dif-
ferences between the terrestrial and cosmic abundances, which are especially notable in the
cases of the lighter elements (H, C, N) and the noble gas elements (He, Ne, Ar, Xe, Kr).

1. Fortescue, Enivironmental Chemistry of the Elements. See also the highly readable paperback by
J. E. Ferguson, Inorganic Chemistry and the Earth.
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Given the mix of elements that are present in the earth, how might they combine so as to
produce the chemical composition we now observe? Thermodynamics allows us to predict the
composition that any isolated system will eventually reach at a given temperature and pres-
sure. Of course the earth is not an isolated system, although most parts of it can be consid-
ered approximately so in many respects, on time scales sufficient to make thermodynamic
predictions reasonably meaningful. The equilibrium states predicted by thermodynamics
differ markedly from the observed compositions. The atmosphere, for example, contains
0.03% COy, 78% Ny and 21% Oy ; in a world at equilibrium the air would be 99% CO,.
Similarly, the oceans, containing about 3.5% NaCl, would have a salt content of 35% if they
were in equilibrium with the atmosphere and the lithosphere. Trying to understand the
mechanisms that maintain these non-equilibrium states is an important part of contempo-
rary environmental geochemistry.

2 +The structure of the Earth

Studies based on the reflection and refraction of the acoustic waves resulting from earth-
quakes show that the interior of the earth consists of four distinct regions. A combination of
physical and chemical processes led to the differentiation of the earth into these major parts.
This is believed to have occurred approximately 4 billion years ago.

" upper lower outer inner 6470 km

mantle mantle core core _
(solid) (liquid) (solid) Thickness Pressure Percent of

of layer at bottom  Earth's mass

Fig. 2: Schematic cross-section of the Earth.

2.1 The Core

The Earth’s core is believed to consist of two regions. The inner core is solid, while the outer
core is liquid. This phase difference probably reflects a difference in pressure and composi-
tion, rather than one of temperature. Density estimates obtained from seismological studies
indicate that the core is metallic, and mainly iron, with 8-10 percent of lighter elements.

Hypotheses about the nature of the core must be consistent with the the core’s role as the
source of the earth’s magnetic field. This field arises from convective motion of the electri-
cally conductive liquid comprising the outer core. Whether this convection is driven by dif-
ferences in temperature or composition is not certain. The estimated abundance of
radioactive isotopes (mainly U238 and K* in the core is sufficient to provide the thermal
energy required to drive the convective dynamo. Laboratory experiments on the high-pres-
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sure behavior of iron oxides and sulfides indicate that these substances are probably metal-
lic in nature, and hence conductive, at the temperatures (4000-5000K) and pressures (1.3-
3.5 million atm) that are estimated for the core. Their presence in the core, alloyed with the
iron, would be consistent with the observed density, and would also resolve the apparent
lack of sulfur in the earth, compared to its primordial abundance.

2.2 The mantle

The region extending from the outer part of the core to the crust of the earth is known as the
mantle. The mantle is composed of oxides and silicates, i.e., of rock. It was once believed that
this rock was molten, and served as a source of volcanic magma. It is now known on the
basis of seismological evidence that the mantle is not in the liquid state. Laboratory experi-
ments have shown, however, that when rock is subjected to the high temperatures and pres-
sures believed to exist in the mantle, it can be deformed and flows very much like a liquid.

The upper part of the mantle consists of a region of convective cells whose motion is driven
by the heat due to decay of radioactive potassium, thorium, and uranium, which were selec-
tively incorporated in the crystal lattices of the lower-density minerals that form the mantle.
There are several independent sources of evidence of this motion. First, there are gravita-
tional anomalies; the force of gravity, measured by changes in elevation in the sea surface, is
different over upward and downward moving regions, and has permitted the mapping of
some of the convective cells. Secondly, numerous isotopic ratio studies have traced the
exchange of material between oceanic sediments, upper mantle rock, and back into the con-
tinental crust, which forms from melting of the upper mantle. Thirdly, the composition of the
basalt formed by upper mantle melting is quite uniform everywhere, suggesting complete
mixing of diverse materials incorporated into the mantle over periods of 100 million years.

High-pressure studies in the laboratory have revealed that olivine, a highly abundant sub-
stance in the mantle composed of Fe, Mg, Si, and O (and also the principal constituent of
meteorites) can undergo a reversible phase change between two forms differing in density.
Estimates of conditions within the upper mantle suggest that the this phase change could
occur within this region in such as way as to contribute to convection. The most apparent
effect of mantle convection is the motion it imparts to the earth’s crust, as evidenced by the
the external topography of the earth.

2.3 The crust

The outermost part of the earth, known also as the lithosphere, is broken up into plates that
are supported by the underlying mantle, and are moved by the convective cells within the
mantle at a rate of a few centimetres per year. New crust is formed where plates move away
from each other under the oceans, and old crust is recycled back into the mantle as where
plates moving in opposite directions collide.

The oceanic crust The parts of the crust that contain the world’s oceans are very different
from the parts that form the continents. The continental crust is 10-70 km thick, while oce-
anic crust averages only 5-7 km in thickness. Oceanic crust is more dense (3.0-3.1 g cm™)
and therefore “floats” on the mantle at a greater depth than does continental crust (density
2.7-2.8). Finally, oceanic crust is much younger; the oldest oceanic crust is about 200 million
years old, while the most ancient continental rocks were formed 3.8 billion years ago. At the
divergent boundaries that exist at undersea ridges, new crust is formed from molten mate-
rial in the upper mantle. The melting is due to the rise in temperature associated with the
nearly adiabatic decompression of the upper 50-70 km of mantle material as separation of
the plates reduces the pressure below. The molten material collects in a magma pocket
which is gradually exuded in undersea lava flows. The solidified lava is transformed into
crust by the effects of heat and the action of seawater which selectively dissolves the more
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soluble components.

Plate collisions Where two plates collide, one generally plunges under the other and
returns to the mantle in a process known as subduction. Since the continental plates have a
lower density, they tend to float above the oceanic plates and resist subduction. At continen-
tal boundaries such as that of the North American west coast where an oceanic plate pushes
under the continental crust, oceanic sediments may be sheared off, resulting in a low coastal
mountain range. Also, the injection of water into the subducting material lowers its melting
point, resulting in the formation of shallow magma pockets and volcanic activity. Divergent
plate boundaries can cross continents, however; temporary divergences create rift valleys
such as the Rhine and Rio Grande, while permanent ones eventually lead to new oceanic
basins. Collision of two continental plates can also occur; the most notable example is the
one resulting in the formation of the Himalayan mountain chain.

This dynamic earth: a USCGS on-line survey of plate tec-
tonics:
http://pubs.usgs.gov/publications/text/dynamic.html#anchor19309449

An understandable, not-too-long introduction to plate tec-

3 *Primordial chemistry: Origin of the elements

According to the “big bang” theory for which there is now overwhelming evidencel, the uni-
verse as we know it (that is, all space, time, and matter) had its origin in a point source or
singularity that began an explosive expansion about 12-15 billion years ago, and which is
still continuing.

radius of universe
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Fig. 3: Time line for the evolution of the universe.

1. The main lines of observational evidence are the 2.7K background radiation that permeates the cosmos,
red-shift measurements on the expansion of the universe, and the abundance and binding energies of the
lightest elements. Conventional physicsis able to extrapolate back to about the first 10° 33 sec; what hap-
pened before then remains specul ative.
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Following a brief period of extremely rapid expansion called inflation, protons and neutrons
condensed out of the initial quantum soup after about 10732 s. The first chemical species, 'H,
became stable during the first few minutes, along with some of the very lightest nuclides up
to "Li, which were formed through various fusion and neutron-absorption processes. Forma-
tion of most heavier elements was delayed for about 108 years until nucleosynthesis com-

menced in the first stars. Hydrogen still accounts for about 93% of the atoms in the universe.

3.1 Stellar nucleosynthesis

The formation of a star begins when the gravitational forces due to a large local concentra-
tion of hydrogen bring about a contraction and compression to densities of around

10% g cm™2. This is a highly exothermic process in which the gravitational potential energy is
released as heat, about 1200 kdJ per gram, raising the temperature to about 107 K. Under
these conditions, hydrogen nuclei possess sufficient kinetic energy to overcome their electro-
static repulsion and undergo nuclear fusion:

4,H'® ,He*+2b*+2g+2n

Hydrogen burning There will be a net mass loss in this process, which will therefore be
highly exothermic and is known as “hydrogen burning”. As hydrogen burning proceeds, the
helium collects in the core of the star, raising the density to 108 g em > and the temperature
to 108 K. This temperature is high enough to initiate helium burning, which proceeds in sev-
eral steps:

2 2He4 ® 4898 +0

The first product, 4Be8 has a half life of only 10716 sec, but a sufficient amount accumulates
to drive the following two reactions:

4B€8 + 2He4 ® 6C12 +g
6C12 + lHl ® 7N13 ® 6C13 + b+ +g

The size of a star depends on the balance between the kinetic energy of its matter and the
gravitational attraction of its mass. As the helium burning runs its course, the temperature
drops and the star begins to contract. The course of further nucleosynthesis and the subse-
quent fate of the star itself depends on the star’s mass.

Small stars If the mass of the star is no greater than 1.4 times the mass of our sun, the star
collapses to a white dwarf, and eventually cools to a dark, dense dead star.

Big stars In larger stars, the gravitational forces are sufficiently strong to overcome the nor-
mal repulsion between atoms, and so gravitational collapse continues. The gravitational
energy released in this process produces temperatures of 6 © 108K, which are sufficient to
Initiate a complex series of nuclear reactions known as the carbon-nitrogen cycle. The net
reaction of this cycle is the further fusion of hydrogen to helium, in which C'? acts as a cata-
lyst and various nuclides of nitrogen and oxygen are intermediates. The temperature is suf-
ficiently high, however, to initiate fusion reactions of some of these intermediates:

6C12 + 6C12 ® 1ONeZO + 2He4
2 0% ® 1,Si%® + ,He?
2 8016 ® 16831 + Onl
Supernovas The intense gamma radiation that is produced in some of these reactions
breaks some of the product nuclei into smaller fragments, which can then fuse into a variety
of heavier species, up to the limit of 26Fe56, beyond which fusion is no longer exothermic. The

greater relative abundance of elements such as zC'2, g0, and ;(Ne?° which differ by a ;He*
nucleus, reflects the participation of the latter species in these processes. These exothermic
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reactions eventually produce temperatures of 8~ 10° K, while contraction continues until
the central core is essentially a ball of neutrons having a radius of about 10 km and a den-
sity of 1014 g cm™3. At the same time the outer shell of the star is blasted away in an explo-
sion known as a supernoval
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Fig. 4: Relative stabilities of the elements.

Elements heavier than iron  Since ,3Fe®% has the highest binding energy per nucleon of any
nuclide, there are no exothermic processes which can lead to the formation of heavier ele-
ments. Fusion into heavier species is also precluded by the electrostatic repulsion of the
highly charged nuclei. However, the process of neutron capture can still take place (this is
the same process that is used to make synthetic elements). The neutrons are by-products of
a large variety of stellar processes, and are present in a wide range of energies. Two general
types of neutron capture processes are recognized. In an “s” (slow) process, only a single neu-
tron is absorbed and the product usually decomposes by b-decay into a more proton-rich spe-
cies:

ZGFGSG + Onl ® 26F656 ® ZGFesg ® 27C059 + _180
This process occurs at rates of about 10° yr~ !, and accounts for the lighter isotopes of many

elements. The other process (the “r”, or rapid process) occurs in regions of high neutron den-
sity and involves multiple captures at rates of 0.1-10 sec™':

1. Only six supernovas have been observed in our galaxy. The supernova of 1987 was
the most recent; the one before this was in 1604, before the invention of the telescope.
Tycho Brahe’s observation of a supernova in 1572 was crucial in overturning the Aris-
totelian tradition of the immutability of the “fixed stars”, or “firmament”. The
remains of these supernovas have been detected and studied by X-ray observations
(Scientific American, Aug 1988).. Thus all of the elements in our solar system that are
heavier than carbon are the recycled remnants of larger stars.
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26Fe®® + 130! ® ,5Fe>® ® ,,C0%% + _;e°

This mechanism favors the heavier, neutron-rich isotopes and the heaviest elements. Other
elements A few nuclei are not accounted for by any of the processes mentioned. These are all
low-abundance species, and they probably result from processes having low rates. Examples
are Sn'12 and Sn'1* which may be produced through proton-capture, and H2, Li% 117, Be,
B9 and B!, which may result from spallation processes resulting from collisions of cosmic
ray particles with heavier elements.

Big-bang nucleosynthesis and formation of the elements
http://astron.berkeley.edu/~mwhite/darkmatter/bbn.html

Big-bang cosmology time-line
http://www.kheper.auz.com/cosmos/universe/universe.htm

Cosmochemical abundances of the elements
http://www.geo.cornell.edu/geology/classes/geochemdata/cosmoabund.html

4 +Formation and evolution of the earth

Formation of the solar system The solar system is believed to have formed about 5 billion
years ago as a result of aggregation of cosmic dust and interstellar atoms in a region of space
in which the density of such material happened to be greater than average. Over 99.8% of
this mass, which consisted mostly of hydrogen, collapsed into a proto-sun; the gravitational
energy released in this process raised the temperature sufficiently to initiate the hydrogen
fusion reactions discussed above.

The planets The remaining material probably formed a disk that rotated around the sun. As
the temperature dropped to around 2000K, some of the most stable combinations of the ele-
ments began to condense out. These substances might have been calcium aluminum sili-
cates, followed by the more volatile iron-nickel system, and then magnesium silicates. The
further aggregation of these materials, together with the other constituents of the cooling
disk, is now believed to be the origin of the planets. Density estimates indicate that the plan-
ets closest to the sun are predominantly rocky in nature, and probably condensed first. The
outer planets (Uranus, Neptune and Pluto) appear to consist largely of water ice, methane,
and ammonia, with a smaller rocky core.

4.1 Formation of the Earth

The Earth formed by accretion of solid and particulate material that remained after the
much more massive amounts of hydrogen and helium present in the original protoplanets
had been dispersed out of the solar system. Gradually, the heat produced by decay of radio-
active elements brought about partial melting of the silicate rocks; these lower density mol-
ten materials migrated upward, leaving the more dense, iron-containing minerals below.
This process, which took about 2 million years, was the first of the three stages into which
the chemical evolution of the earth is usually divided:

1. Primary differentiation of the elements between the core and mantle.

2. Secondary differentiation of the elements, reflecting relative ionic sizes, bonding properties,
and solubilities (influencing phase behavior such as fractional crystallization, etc.).

3. Tertiary differentiation, still operative, involving the interaction of the crust with the hydro-
sphere and atmosphere.
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The above listing should not be taken too literally; all three kinds of processes have probably
proceeded simultaneously, and over a number of cycles. Since the earth is losing approxi-
mately four times as much heat as is generated by radioactive decay, the principal driving
force of primary and secondary differentiation has gradually slowed down. Partial melting of
the upper mantle brought about further fractionation as silicon-containing materials of low
density migrated outward to form a crust. In its early stages the stronger granitic rocks had
not yet appeared, and the crust was mechanically weak. Upwelling flows of lava would break
the surface, and the weight of the solidified lava would cause the crust to subside. In some
places, magma would solidify underground, forming low-density rock (batholiths) that would
eventually rise by buoyancy and push up overlying crust. These mountain-building periods
probably occurred in 6-8 major episodes, each lasting about 800 million years.

Rain At the same time, outgassing of solids released large amounts of HCI, CO, COo, HyS,
CH, , SOy, and SOjg into the primitive atmosphere. Large amounts of water were present in
the primeval rocks in the form of hydrates, which were broken down as the result of the
heating. Eventually when the outer crust cooled enough to permit condensation of the water
vapor as rain, a new stage of chemical evolution began. The rain was initially highly acidic,
equivalent to about 1M HCI; this reacted readily with the basic rocks having high contents
of K, Na, Mg, and Ca, leaching them away and forming what would eventually evolve into
the oceans. The partial dissolution of the rocks also resulted in large amounts of sediments,
which played their own role in the transformation of the earth’s surface.

4.2 The continents

Within the crust, the lighter materials, being in isostatic equilibrium with the upper mantle,
floated higher, and gradually became the nuclei of continents, which grew by accumulating
similar material around their boundaries. This picture of continental development is sup-
ported by isotopic ratio studies which indicate that the nucleus of the North American conti-
nent, the Canadian Shield, is over 2.5 billion years old, while the peripheral parts are less
than 0.6 billion years of age.

4.3 Primary differentiation of the elements

The more traditional geochemical view of primary differentiation begins with the assump-
tion that the core of the earth is in a chemically reduced state, while the metallic elements
constituting the mantle are almost entirely oxidized to their lower free energy cationic
forms. Oxygen and sulfur acted as the major electron acceptors in this process, but the abun-
dance of these elements was insufficient to oxidize much of the nickel or iron.

Iron as a reductant Iron itself is believed to have played a crucial role in the primary dif-
ferentiation of other metals and of oxidized metallic elements that iron is able to reduce. As
the dense molten iron migrated in toward the core, it dissolved (formed a liquid alloy with)
any other metals with which it came in contact, and it reduced (donated electrons to) those
metallic cations that are less “active” metals than iron under these conditions. The resulting
metal would then mix with more of the migrating liquid iron, and be carried along with it
into the core.

Redox power of elements Accordingly, elements whose reduction potentials are more posi-
tive than iron (i.e., are lower-free energy electron sinks) are called siderophiles; these ele-
ments have a low abundance in the crust and upper mantle. The other two important classes
of solid-forming elements are lithophile and chalcophile (see section 4.6 below.) These gener-
ally have more negative reduction potentials than iron, and are distinguished mainly by
their relative affinity for oxygen or sulfur. The chalcophiles, of which Cu, Cd, and Sb are
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examples, tend to form larger, more polarizable ions which can associate with the sulfide ion.
The lithophiles comprise those elements such as K, Al, Mn, and Si, which have smaller ions
and which combine preferentially with oxygen. This broad classification is reflected in the
dominant forms in which many of these elements occur in nature.

4.4 Secondary differentiation of the elements

The differential distribution of the elements within one of the main regions of the earth has
been studied in detail only in that portion that is accessible, namely the upper crust. It is
clear that fractional crystallization from the cooling magma has played an important role.
The relative temperatures at which minerals crystallize is determined in large part by their
lattice energies, which are in turn related to ionic sizes and charges. Minerals with small,
highly charged ions will have higher melting points and should crystallize first. Thus the
sodium-containing feldspar albite (NaAlSi5Og) is found nearer the surface than is its cal-
cium analog anorthite (CaAlSi3Og). The less abundant elements often do not form minerals
of their own, but may replace the ion of a more abundant mineral in its crystal lattice. This
is known as isomorphous replacement, and it naturally depends on the relative ionic radii.
Some i?ﬁ pairs that undergo isomorphous replacement in minerals are K™ and Ba?", Si*t
and Ge™".

4.5 Phase behavior

The Phase Rule can be invoked to explain in a very rough way the differentiation of the ele-
ments into distinct solid phases.

P=C+2-F

Taking the degrees of freedom as 2 (fixed temperature and pressure), the six major elemen-
tal components (O, Si, Al, Fe, Mg and Na) can form up to six phases. Actually, more than 99%
of igneous rocks comprise seven principal mineral phases. These are: the silica minerals,
feldspars, feldspathoids, olivine, pyroxenes, amphiboles and micas. The differential deposi-
tion of minerals is also influenced by the temperature-composition phase relations as exem-
plified by the ordinary two-component phase diagram. If the mineral that is rich in one
component and which first crystallizes out is also more dense, then the richer ore will occur
near the bottom of the deposit, while a more mixed ore (approaching the eutectic) will
remain near the top.

See also this site which contains many useful links to
Earth’s evolution:
http://www.talkorigins.org/origins/fags-youngearth.html

Some interesting detail on formation of Earth’s core
http://www.lInl.gov/ees/igpp/core.dir/Core_Science.html

4.6 Geochemical classification of the elements

Whether an element is concentrated in the crust or elsewhere depends on its chemical
behavior and on the physical properties of its stable compounds. Geochemists have found it
convenient to establish the following general classifications:

lithophiles (“rock-loving”) elements are those such as Fe, Al, and Si which tend to occur as

oxides (and to a lesser extent as chlorides and carbonates.) Elements in this, the largest of all
the groups, are concentrated in the crust.

chalcophiles also occur in the crust, but mainly in combination with sulfur and the other
chalcogen elements of Groups 15-16.
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siderophiles refer to the elements such as Ni which have concentrated in the core along with
Fe.

+ atmosphiles consist of N, H and their volatile compounds and the noble gases which concen-
trate in the atmosphere.

Atmophile nHe

B C|N|O F| Ne
Lithophile |

Li Be Al Si P|S clj Ar

Na Mg sc Ti V Cr Mn|Fe Co Ni|cu zn Ga Ge As Se|Br Kr
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Hg Tl Pb Bi
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Siderophile Chalcophile
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Fig. 5: Geochemical classification of the elements.

5 *The earth’s crust

The structure and composition of the outer part of the lithosphere has been profoundly
affected by interactions with the atmosphere over one-quarter of the surface area of the
earth, and with the hydrosphere over the remaining area. Further modification of the outer-
most parts of the crust has occurred as the result of the activities of living organisms. These
changes have transformed much of the outermost parts of the crust into an unconsolidated
surface region called the regolith. Further weathering and translocation of soluble sub-
stances often results in a sequence of horizons consisting of sediments, soils, or evaporites.

Chemically, the earth’s crust consists of about 80 elements distributed in approximately
2000 compounds or minerals, many of which are of variable composition. Over 99% of the
mass of the crustal material is made up of only eight of these elements, however:

0) 466000 Na 28300
Si 277200 K 25900
L 81300 Mg 20900
Fe 50000 Ti 4400
Ca 36300 H 1400

Table 1: Average amounts of elements in crustal rocks, ng/g

The crust has its origin in the upwelling convection currents that bring mantle material
near to the surface at the mid-ocean ridges. The reduced pressure causes it to melt into
magma. The magma may solidify before it reaches the surface, forming basalt, or it may
energe from the surface in a volcanic eruption. The oceanic crust consists mostly of the sim-
pler silicate minerals, which are said to be basic or mafic. The more evolved, silicon-rich
rocks found in the continental crust are known as acidic or sialic.
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Fig. 6: The continental and oceanic crusts.

This schematic cross section of the upper lithosphere runs in a west-to-east direction, from just off the
West coast of South America on the left to the African continent at the right. Oceanic crust is shown in
black, with continental crust in red. From www.nyu.edu/classes/adler/cosmos/study_guide_8.pdf .

Oceanic crust is continually being extruded from regions of the plastic mantle that intrude
upward to just beneath the ocean’s floor at the mid- ocean ridges. A corresponding amount of
this crust is being returned to the lithosphere at subduction zones off the West coasts of the
Americas, and in the process pushing up the mountain ranges that lie along these coasts.
The subducted oceanic crust is reheated and combined with sedimentary material to
undergo partial remelting and reworking; this is believed by some to be the origin of granite.
Subduction proceeds at a rate of a few cm per year, and the complete cycle time is on the
order of a few hundred million years.

Both oceanic and contintental crusts float on the more dense upper lithosphere, and gradu-
ally shift their positions as they push against each other, and in response to the slow convec-
tive motions in the medium that supports them. The continental crust is thicker than the
oceanic crust, but it is also less dense, which allows it to float higher (and thus to differenti-
ate continents from oceans.) The lower density also prevents it from being subducted. Recy-
cling can occur indirectly as continental material erodes and is deposited as sediments on
the ocean floor, but this is a much slower process and one that takes billions instead of mil-
lions of years. Some of the very oldest rocks, found in Greenland and Labrador, have been
dated at 3.9 billion years, and thus approach the age of the Earth itself.

5.1 Chemistry of the crust

When magma crystallizes it forms igneous rock, the major component of the Earth’s crust.
The crystallization is a complex process which is not entirely understood, due largely to the
lack of sufficient thermodynamic data on the various components at high temperatures and
pressures. It is known that the different components of magma have differing melting points
and densities, and that the phase behavior of multicomponent systems based on some of
these substances is quite complex, involving binary and ternary eutectics, solid solutions,
the presence of dissolved water (under pressure), and incongruent melting. One consequence
of this complexity is that the composition of the magma will change as crystallization takes
place; different substances will crystallize at various stages, and the resulting solids may
migrate toward the top or bottom of the region if their densities differ greatly from that of
the magma.

It is well known that larger crystals form when a melt cools more slowly. This principle

affords a simple distinction between the coarser-grained plutonic rocks, which are believed
to have been formed by gradual cooling of magma pockets within the crust, and the fine-
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grained volcanic rocks such as basalt. Under the influence of heat and pressure, particularly
at plate boundaries, solid crustal material may undergo partial or complete remelting, fol-
lowed by cooling and transformation into metamorphic rocks such as gneiss, micas, quartz-
ite, and possibly granites.

Granite was once thought to be an igneous rock, originating from the crystallization of a
particular kind of magma. The association of granitic rocks with mountainous regions, and
the similarity of their compositions in widely scattered regions, lends credence to the more
recent hypothesis that granitic rocks are of metamorphic origin.

Another class of rock is sedimentary rock, formed from the consolidation of material pro-
duced by weathering and other chemical, and biological processes. Sedimentary rocks cover
about three-quarters of the land area of the earth; 80% are shales, 15% sandstones and 5%
limestones.

5.2 Composition of rock

The chemical composition of rocks tends to be complex and variable, and can only be speci-
fied in a precise way at the structural level. The traditional way of expressing rock composi-
tions is in terms of the mass percent of the oxides of the elements present in the rock..

oxide common name | % in fresh rock | % in weathered rock
Si0g silica 71.54 70.30
AlyOq alumina 14.62 18.34
Fey,O3 | ferric oxide 0.69 1.55
FeO ferrous oxide 1.64 0.22
MgO magnesia 0.77 0.21
CaO lime 2.08 0.10
NayO soda 3.84 0.09
K50 potash 3.92 2.47
H50 water 0.32 5.88
others 0.65 0.54
total 100.07 99.70

Table 2: Chemical composition of a typical quartz-feldspar-biotite gneiss

This does not mean that these compounds, or the structural units they represent, are actu-
ally present as such in a rock. In the chemical analysis of rocks, oxygen is generally not
determined separately. When it is, however, it is found in an amount that would be expected
to combine stoichiometrically with the other elements present. Thus the composition of
albite can be written as either NaAlSi3Og or NagO*Al;03%6S105 . Some rocks contain varying
ratios of certain elements. For example olivine, which can be considered a solid solution of
Mg,Si0,4 and FeySiOy, can be represented by (Mg,Fe)oS10,; this implies that the ratio of
metal to silica is constant, and that magnesium is ordinarily present in greater amount than
iron.

The major structural elements of rock (both in the crust and in the mantle) are the silicate
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minerals, built from silicon atoms surrounded tetrahedrally by four oxygens. The simplest of
these consist just of SiO44_ tetrahedra interspersed with positive ions to achieve electroneu-
trality; olivine, (Mg,Fe)3Si0, is a well known example. More commonly, the silicate groups
polymerize by sharing one or more oxygen atoms at adjacent tetrahedral corners. Depending
on the number of joined corners per silicate unit, this can lead to the formation of a wide
variety of chains (pyroxenes, amphiboles) and sheets (micas), culminating in the complete
tetrahedral polymerization that produces quartz, SiO,.

Higher degrees of polymerization are associated with higher ratios of Si to O, smaller quan-
tities of positive ions, and higher melting points. Thus when magma cools, the first silicates
to crystallize are the olivines, followed by chain and sheet minerals having progressively
higher degrees of polymerization and smaller fractions of cations of metals such as Fe and
Mg.

5.3 Distribution of elements; ores

Although some elements are distributed fairly uniformly throughout the crust, others occur
at greatly enhanced concentrations in localized areas. There are two general processes that
result in these localized excesses, which are called ores when their extraction and refining is
economically feasible.

The first of these relates to how well a metallic ion can fit into the silicate lattice structure.
Tons having the right charge and size can readily enter this structure, displacing the more
common ions of Fe, Al and Mg. Such ions (of which Ga®" is an example) are readily soluble in
other minerals and thus are widely disributed and do not concentrate into ores. Other ions
may be too large (Cs and La), too small (Li, Be, B) or too highly charged (Nb, Ta, W) to be
accmmodated in silicate mineral structures; these elements tend to remain in the magma as
it solidifies, finally forming solid minerals only in the last stages of cooling.

The other major source of ores is hydrothermal formation.
Magma contains some water itself, and additional water
from the surface is able to reach the heated rock near magma
chambers. At the very high temperatures and pressures that
prevail in these regions, the water can dissolve many com-
pounds such as sulfides which are normally considered
highly insoluble. When these superheated solutions rise to
the surface the solids are re-deposited, often in highly con-

- centrated form. Ores of Cu, Sn, W, and possibly some iron
ores, as well as some native metals such as gold, are believed
to be formed in this way. Hydrothermal vents known as
“black smokers” have been observed at sites of sea-floor

spreading; the “smoke” consists of metallic sulfides which precipitate in the cold seawater.

The veins of pyrites (FeSy) and similar sulfide minerals that are often observed in rock for-

mations are the result of hydrothermal solutions that once penetrated cracks and fissures in

the rock.

Fig. 7: Hydrothermal vent emit-
ting black and white “smoke”.

Deep-sea hydrothermal vents
http://www.geneseo.edu/~jc99/whatarethey.html

Theories of ore genesis (a more technical tutorial):
http://geology.csupomona.edu/drjessey/class/GSC433/Genesis.htm
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5.4 Chemical weathering

The weathering of rocks at the earth’s surface is a complex process involving both physical
and chemical changes. The latter tend in principle to be rather simple kinds of reactions
involving dissolution, reaction with carbon dioxide, hydrolysis, hydration, and oxidation.
The difficulty in studying them and in arriving at a quantitative description is that these
reactions occur very slowly and may never reach an equilibrium state. A comparison of the
two rightmost columns in Table 2 on page 14 provides some illustration of the overall effect
of these changes, although it must be emphasized that these are relative composition data,
and thus cannot show how much of a given component has been lost. In general, sodium, cal-
cium and magnesium seem to be lost more rapidly than potassium and silicon, while iron
and aluminum decrease very slowly. Individual rates are of course dependent on the particu-
lar structural units containing the element, and also vary somewhat with grain size and con-
dition of the surface.

Action of water Water is undoubtedly the most important weathering agent. Not only does
1t act as a solvent for 1onic dissolution products, but it also brings other active agents such as
carbon dioxide and oxygen into intimate contact with the rock material. As water percolates
into the outermost layers of the crust, it extends the zone of weathering beneath the surface;
the effects of this are quite noticeable in a number of buried sedimentary materials such as
Paleozoic sandstones, which tend to be depleted of all but the most resistant minerals. Dis-
solution, the simplest of all the weathering processes, usually results in ionic species, some
of which may react with water to yield acidic or alkaline solutions. Dissolution of silica, how-
ever, results in the neutral species H;Si0,. Reactions involving hydration and dehydration
are very common, and since the free energy changes tend to be small, these reactions can
usually take place in either direction under slightly different conditions. Thus gypsum and
anhydrite are interconvertable at observable rates under common environmental conditions:

CaS0O,2H,0 ® CaS0, + 2 H,0

In many cases, however, the reaction products are not very well characterized, thermody-
namic data is lacking, and the reactions proceed so slowly that they are not entirely under-
stood. For example, both hydrous and anhydrous iron oxides can be found in similar geologic
environments, but the little is known about the interconversion process, represented approx-
1imately as

Fe,03 + H,0 ® 2 FeOOH

Solid carbonates tend to dissolve in acidic solutions, including those produced when atmo-
spheric carbon dioxide dissolves in water. Thus the major surface limestone deposits (largely
CaCOg, with some admixture of MgCOg) tend to be highly eroded in non-arid regions, and
the local groundwater may have Ca?* as high as 0.1-0.2M. Thermodynamics can unambigu-
ously predict the most stable oxidation state of a metal ion under given conditions of pH and
oxidant concentration. The mechanisms tend to be very uncertain, however. For one thing,
both the reactant and product can often exist in various states of hydration, and the dis-
solved species (which probably undergo the actual oxidation) often consist of polycations and
complexed species.

Oxidation of iron Compounds of Fe(II), for example, will always tend to oxidize to Fe(III) in
the presence of air; the various oxides of iron are responsible for the bright colors seen in
many geological formations, and in certain soils. Some of the net reactions that probably
occur are

Fezsi04 +1/2 02 + Hzo ® F8203 + H28|O4

Page 16 Survey of Environmental Geobiochemistry



2 FeCOs + 1/20, ® Fe, 03 + 2H,CO;

An environmental side effect of the first process is the release of hydrated silica. Also, where
both starting materials are present, the carbonic acid produced in the second reaction is
believed to promote the dissolution of ferrous silicate, creating a source of Fe(Il) ions that
can be rapidly oxidized:

Fe,SiO, + 4 H,CO3 ® 2 Fe?* + 4 HCO3™ + H,SiO,
Fe?* + 4 HCO5™ + 1/2 0, ® Fe,0O3 + 4 H,CO3
The oxidation of sulfides can produce strongly acidic solutions:
2 FeS, + 15/2 0, + 4 H,0 ® Fe,03 + 2 SO, + 8H*
The effects of this can be seen in formations containing outcrops of pyrite veins, where the
surrounding rocks are heavily stained with yellow and brown Fe(III) oxides, and the ground-

water tends to be highly acidic. This process is mediated by microorganisms, and is an
1mportant source of acid pollution associated with mines and mine tailings.

Sequence of weathering The various components of rocks weather at different rates. The
more basic components such as CaO and MgO tend to disappear first, especially if in contact
with groundwaters containing high CO, concentrations. For rocks in general, the first reac-
tion is usually hydration, followed by hydrolysis which can be summarized by

4 KA|S|308(S) + 22 Hzo ® A|4Si4010(OH)8(S) +8 H4S|O4(aq) +4 K+ +4 OH™

in which other Group 1 or 2 cations might replace potassium. The product Al;Si,0143(OH)g is
kaolinite, a form of clay (see below).

In general, the rocks which crystallized first from the magma (the Ca-feldspars and olivines)
weather more rapidly than do the lower-melting rocks.

Parent materials

+ Sig044-
Feldspars Micas J»“ Ferromagnesium minerals
CaAlaSiz0¢ K(Mg,Fe)3(AlSiz010)(OH i
NaAISizOg (Mg,Fe)3(AlSi3010)(OH)2 (Mg,Fe)SiOy
(Mg,Fe)SiOz
Silicate clays + Sig044- + Sig044- + Si 044
A
Muscovite -« Montmorillonite Pyrophillite -—— Kaolinite
KAl2(AI2Si3010)(OH)2 Nay(Al,Mg)y /2)2Si4010(0OH)2°xH2C Al2Sis010(0H)2 Al4Sil4010(0OH)8
Oxide clays )
Gibbsite Hematite
Al(OH)3 Fe203

Fig. 8: Weathering scheme for rocks and clays.

Clays Clays are the solid end products of the weathering of rocks. They are basically com-
posed of alternating sheets of “Si0y” and “AlOg” units in ratios of 1:1 (kaolinite), 2:1 (mont-
morillonite and vermiculite) and 2:2 (chlorite). In between the sheets, and holding them
together by hydrogen bonding are water molecules. Also present are cations such as K,
Ca?* and Mg2+ which act to neutralize the negative charges of the oxide ions.
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Fig. 9: Structure of a clay, showing two layers of the stacked sheets.

5.5 Physical weathering

The major agents of physical weathering of exposed rocks are rapid changes in temperature
(promoting fracture by differential expansion), the abrasive action of windborne material
and glacier movement, and especially by the penetration of water into cracks and its subse-
quent freezing. The expansion of water on freezing can exert a pressure of 150 kg cm™2,
whereas the tensile strength of a typical rock is around 120 kg cm™2 . The roots of some
plants are able to penetrate rock quite effectively, producing comparable expansive pres-

sures 1n subsurface rocks.

6 + Composition and structure of soils

Soils are a product of the interaction of water, air, and living organisms with exposed rocks
or sediments at the earth’s surface. A typical soil contains about 45% inorganic solids and 5%
organic solids by volume. Water and air each make up about 20-30%.

Mineral Components The primary inorganic components of soils consist of sand and silt
particles that come directly from the parent rocks. This fraction is dominated by quartz and
feldspars (aluminosilicates). Secondary components are formed by chemical changes within
the soil itself, or in sediments from which the soil derived. These are most commonly clays,
but may also include calcite, gypsum, and sulfide minerals such as pyrites; the latter are
formed by bacterial action under reducing conditions in the presence of organic matter.

The clays have an especially important effect on both the physical properties of the soil, and
on its ability to store plant nutrients, including trace nutrients such as Mo and Mn. These
properties are due to the high ion-exchange capacity of clays. The more highly charged cat-
ions such as AI’" and Fe®* tend to be more strongly absorbed within the inter-sheet regions
than do Mg2+ or K* . As plants withdraw these latter cations from the soil water, more are
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released by the clay components, which thus act as nutrient reservoirs.

The ion-exchange properties of clays also help to maintain the pH balance of soils, through
the exchange of H* and cations such as Ca?*. The soil pH, in turn, strongly affects the solu-
bility of nutrient cations, and thus their availability to plants. For example, the uptake of
phosphorus (in the form of H2PO42_ , 1s only efficient within the rather narrow pH range
between 6 and 7. Below 6, dihydrogen phosphates of Fe and Al are precipitated, while insol-
uble Cag(PO,)q forms at higher pH’s.

Organic Components Part of the organic matter of soil consists of organisms (mainly bac-
teria and fungi) and roots and root hairs. The remainder is largely in the form of fulvic and
humic acids. These substances of indefinite composition are classified on the basis of their
solubility behavior; fulvic acids remain in solution at pH 2, but humic acids, having molecu-
lar weights of 20,000 to 100,000, are precipitated. Both are flexible polyelectrolytes that
interact strongly with their own kind and with inorganic ions.

HC=0
(HC-OH)4 [sugar)

COCH
%} e
Q Q

(|3—O (peptide]

MH
todel structure of humnic acid (Stevenson 1382) *

COOH

Associated with the fulvic and humic fractions are a wide variety smaller molecules such as
alkanes, amino acids, amino sugars, sulfur and phosphorus derivatives of sugars, etc. Part of
the organic carbon in a fertile soil is recycled in 1-2 years; plant residues, which are the
major source of soil organic matter, have a half-life of days to months. Once carbon gets
incorporated into humic substances, it is locked into a much slower recycling process; the
turnover times of fulvic acids are a hundred years or more, while those for fulvic acids are
around a thousand years. For this reason, humic substances are the major reservoir of
organic carbon in soil. Organic matter, particularly polysaccharides, binds strongly to the
cation components of clay colloids; the two together act as cementing agents and strongly
influence the consistency and structure of the soil.

Water iSoil water is held by capillary action and adsorption with varying degrees of tenac-
ity. This water binding strength is traditionally expressed in terms of the pressure, or “ten-

sion” that would be required to force the water out of the soil. The tension of capillary water
varies over a wide range of 0.1-32 atm; only in the lower half of this range will it be available
to plants, which can exert an osmotic pressure of up to about 15 atm. Water in excess of the
capillary capacity fills larger voids and is called gravitational water. Its presence in surface

soils corresponds to a flooded condition that inhibits plant growth by reducing soil aeration.

Air The gas phase within soil pores generally has a CO, content of 5-50 times that of the
atmosphere due to the action of organisms. O, tends to be depleted to roughly the extent
that COq is present in excess. Under conditions of poor aeration (i.e., exchange with the
atmosphere), considerable quantities of NoO, NO, H,, CH,4, C sH,4, and HoS may also be
present.
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What is soil? An introductory survey
http://www.pedosphere.com/toc01.html

Soil science tutorial - U. of Alberta
http://www.soils.rr.ualberta.ca/soa/index.cfm

Soils interactive textbook
http://www.geog.ouc.bc.ca/physgeog/contents/11d.html
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Part 2 - The hydrosphere

“How inappropriate to call this planet Earth, when clearly it is Ocean.”
Arthur C. Clarke

Water is the most abundant substance at the earth’s surface. Almost all of it 1s in the oceans,
which cover 70% of the surface area of the earth. However, the amounts of water present in
the atmosphere! and on land (as surface runoff, lakes and streams) is great enough to make
it a significant agent in transporting substances between the lithosphere and the oceans.

Water interacts with both the atmosphere and the lithosphere, acquiring solutes from each,
and thus provides the major chemical link between these two realms. The various transfor-

mations undergone by water through the different stages of the hydrologic cycle act to trans-
port both dissolved and particulate substances between different geographic locations.

Reservoir Volume/ 108, km3 | Percent of total
Oceans 1370 97.25
Ice caps and glaciers 29 2.05
Deep groundwater 5.3 0.38
Shallow groundwater 4.3 0.30
Lakes 0.125 0.01
Soil moisture 0.065 0.005
Atmosphere 0.013 0.001
Rivers 0.0017 0.0001
Biosphere 0.0006 0.00004

Total 1408.7 100

Table 3: Inventory of water at the Earth’s surface

Where did the water come from? It appears to have been bound up in the silica-based
materials such as micas and amphiboles which accreted to form the Earth. The heat
released during this process would have been sufficient to drive off this water, which
amounted to about 0.01% by mass of the primoridal material.

7 + The hydrologic cycle

The hydrologic cycle refers to the steady state that exists between evaporation, condensa-
tion, percolation, runoff, and circulation of water. The cycle is driven by solar energy, mainly
through direct vaporization, but also by convective motion induced by uneven heating.

1. Thetotal amount of water in the atmosphereis 13~ 101 kg. In avertical column of air extending to
about 1 km, the amount of water varies between about 9-27 kg/m2 over North America, the lower value
being more typical of winter conditions and the higher of summer.
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The major interphase transport process of the hydrologic cycle is evaporation of water from
the ocean. However, 90% of this vapor falls directly back into the ocean as rain, while 10% is
transported over the land. Of the latter, about two-thirds evaporates again and one third
runs off to the ocean
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Fig. 10: The global hydrologic cycle.
(NRC, 1986)

The amounts of water precipitated onto the land and oceans are in approximate proportion
to the relative surface areas, but evaporation from the ocean exceeds that from the land by
about 37,400 km > yr 1. This difference is the amount of water transported to the oceans by
river runoff. When water condenses from the atmosphere in the form of rain, it is slightly
enriched in Hy0'®. During epochs of glacial buildup the fraction of HyO'® in the oceans con-
sequently decreases. Observation of HyO'8/H,0'6 ratios in marine sediments is one way of
studying the timing and extent of past glaciations. Since the degree of heavy isotope enrich-
ment of condensed water is temperature dependent, this same method can be used to esti-
mate mean world temperatures in the distant past.

The hydrologic cycle also has important effects on the energy budget of the earth. Atmo-
spheric water vapor (along with carbon dioxide and methane) tends to absorb the long-wave-
length infrared radiation emitted by the earth’s surface, partially trapping the incoming
shorter-wavelength energy and thus maintaining the mean surface temperature about 30°
higher than would be the case in the absence of water vapor. Of the 51% of the solar radia-
tion incident on the atmosphere that reaches the earth’s surface, about half of this (23%) is
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used to evaporate water. During the ten days that an average molecule resides in the atmo-
sphere, it will travel about 1000 km. The atmospheric transport of water from equatorial to
subtropical regions serves as an important mechanism for the transport of thermal energy;
at latitudes of about 40°, as much as one-third of the energy input comes from release of
latent heat from water vapor formed in equatorial regions.

8 * Oceanic circulation

About 97% of the earth’s water is contained in the two reservoirs which comprise the oceans.
The upper mixed layer contains about 5% of the total; it is separated from the deeper and
colder layer by the thermocline. Mixing between these two stratified layers is very slow; of
the total ocean volume of 6.8~ 10'® m?, only about 0.71 ~ 10'® m?, or about 0.01%, moves
between the two layers per year. The mean residence time of a water molecule in the deep
layer is about 1600 years.

The large-scale motions of ocean water are the primary means by which chemical sub-
stances, especially those taken up and excreted by organisms, are transported within the
ocean. An understanding of the general patterns of this circulation is essential in order to
analyze the observed distribution of many of the chemical elements in different parts of the
ocean and in the oceanic sediments.

8.1 Atmospheric circulation

The circulation of the surface waters of the ocean is driven by the prevailing winds. The lat-
ter arise from uneven heating of the earth’s surface, and are arranged in bands that parallel
the equator.

A/polar easterlies

westerlies /V
A/ N.E. trade winds

V\ S.E. trade winds

westerlies A

V\polar easterlies

Sniith Pale
The most intense heat input into the atmosphere occurs near the equator, where the heated
air rises and cools, producing intense local precipitation but little surface wind. After cooling
and losing moisture, this air moves north and south and descends at a latitude of about 30.
As it descends, it warms (largely by adiabatic compression) and its relative humidity
decreases. The extreme dryness of this air gives rise to the subtropical desert regions
between about 15° and 30°. Part of this air flows back toward the equator, giving rise to the
northeast and southwest trade winds; the deflection to the east or west is caused by the
Coriolis effect. Another part of the descending air travels poleward, producing the prevailing
westerlies. Eventually these collide with cold air masses moving away from the polar
regions, producing a region of unstable air and storm activity known as a polar front. Some
of this polar air picks up enough heat to rise and enter into polar cell circulation patterns.

60° N

30°N horse latitudes

doldrums Fig. 11: General pattern of atmospheric
circulation.

equator

30°S

60°S

The flow of air in the prevailing westerlies is subject to considerable turbulence which gives
rise to planetary waves. These are moving regions in which warm surface air is lifted to
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higher levels, producing lines of storms that travel from west to east, and exchanging more
air between the polar and temperate regions.

8.2 Wind-driven circulation of surface waters

Although the motion of the waters at the surface of the ocean are driven by the winds, they
do not follow them in a simple manner. The reasons are threefold: the Coriolis effect, the
presence of land masses, and uneveness in the sea level due to regional differences in tem-
perature and atmospheric pressure.

8.3 Surface currents of the oceans

In the Northern hemisphere, the Coriolis effect not only deflects south-moving objects to the
east but it also causes currents flowing parallel to the equator to veer to the right of the
direction of flow, i.e. to the north or south.

In addition, prevailing westerly winds and the eastward rotation of the earth cause water to
pile up by a few centimetres at the western edges of the oceans. The resultant downhill flow,
interacting with Coriolis forces, produces a western boundary current that runs south-to-
north in the northern hemisphere. A similar but opposite effect gives rise to a south-flowing
eastern boundary current on continental east coasts. The overall effect is summarized in the
Figure below.
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Fig. 12: Surface ocean currents.

Red arrows indicate warmer currents, blue arrows show colder ones. For more information,
see http://www.geog.ouc.bc.ca/physgeog/contents/8q_1.htm
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8.4 Thermohaline circulation

In the absence of winds and atmospheric effects, there is still an important parameter that
affects the circulation of oceanic waters, and which dominates below the upper 100 metres or
so. This is the density of the seawater, which is determined by its temperature and its salin-
ity. Variations in these two quantities that give rise to the thermohaline circulation that
drives the deep currents of the ocean.
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Fig. 13: Temperature and salinity profiles in a north-south subsection
of the Atlantic ocean.

As is apparent from the figure, the vertical profiles of temperature and especially of the
salinity are not uniform. To some extent, these two parameters have opposite effects: in
equatorial regions, temperatures are higher (leading to lower density) but evaporation rates
are also higher (leading to higher density). In polar regions, the formation of sea ice raises
the density of the seawater (because only a small proportion of salt is incorporated into the
ice).

In contrast to the upper levels of the ocean, the deep ocean is stratified; the density increases
with depth so as to inhibit the vertical transport of water. This stratification divides the

deep oceans into several distinct water masses which undergo movement in a more or less
horizonal plane, with adjacent masses sometimes moving in opposite directions.

Deep circulation of the ocean.  The nature and extent of the deep ocean currents differ in
the Atlantic, Pacific, and Indian oceans. These currents are much slower than the surface
currents, and in fact have not been measured directly; their existence is however clearly
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implied by the chemical composition and temperature of water samples taken from various
parts of the ocean. Estimated rates are of the order of kilometers per month, in contrast to
the few kilometers per hour of surface waters. The deep currents are the indirect results of
processes occuring at the surface in which cold water of high salinity is produced as sea ice
forms in the arctic and antarctic regions. This water is so dense that it sinks to the bottom,
displacing warmer or less saline water as it moves.!

There are two major locations at which surface waters enter the deep ocean (see the preced-
ing Figure.) The northern entry point is in the Norwegian Sea off Greenland; this water
forms a mass known as the North Atlantic Deep Water NADW) which flows southward
across the equator. In the south, a flow from the antarctic region forms a water mass known
as the Antarctic Bottom Water (AABW) which can be traced into all three oceans. The intru-
sion of warm but saline water from the Mediterranean creates another distinct layer which
can also be seen in the Figure.?

The Pacific Ocean lacks any major identifiable direct source of cold water, so it is less differ-
entiated and its deep circulation is sluggish and poorly defined.

8.5 Coastal Upwelling

Recirculation of deep water to the surface occurs to a very small extent in many regions, but
it is especially pronounced where water entering the Antarctic Bottom mass displaces other
bottom water, and where water piles up at the western edges of continents. This latter water
flows downhill (forming the western boundary currents mentioned above) and is replaced by
colder water from the deep ocean. The deep ocean contains few organisms to deplete the
water of the nutrients it receives from the remains of the dead organisms floating down from
above; this upwelled water is therefor exceptionally rich in nutrients, and strongly encour-
ages the growth of new organisms that extend up the food chain to fish. Thus the wind-
driven upwelling that occurs off the west coast of South America is responsible for the Peru-
vian fishing and guano fertilizer industry.

About every seven years these prevailing winds disappear for a while, allowing warm
equatorial waters to move in. This phenomenon is known as El Nifio and it results in mas-
sive kills of plankton and fish. Decomposition of the dead organisms reduces the oxygen
content of the water, causing the death of still more fish, and allowing reduced compounds
such as hydrogen sulfide to accumulate.

Most of the vertical transport that does occur takes place in the Weddell Sea off the coast of
Antarctica. Every winter when this part of the sea freezes, a portion of the salt is excluded
from the ice. This raises the salinity and therefore the density of the remaining water, which
flows down the submerged Antarctic Slope to begin a 5000-year trip to the north across the
bottom of the ocean. This is the major route by which dissolved CO, and Oq (which are more
soluble in this cold water) are transported into the deep ocean.

1. Asthe cold water fills up the deepest regions and spills over ridges into other deep basins, it creates huge
undersea cascades which rival the greatest terrestrial waterfallsin height and the largest riversin volume.
See SCIENTIFIC AMERICAN for February, 1989.

2. The opposite flows of Mediterranean and surface waters through the Strait of Gibralter were utilized dur-
ing the Second World War by German and Italian submarines, which were able to drift through the Strait in
both directions with their engines off, thereby avoiding detection by the British blockade.
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More on deep ocean circulation:
http://www.glacier.rice.edu/oceans/4_densitydriven.html

Introduction to physical oceanography: an excellent set of lecture
notes from the University of Flinders:
http://www.es.flinders.edu.au/~mattom/IntroOc/newstart.html

9 » Composition of seawater

The composition of the ocean has attracted the attention of some of the more famous names
1n science, including Robert Boyle, Antoine Lavoisier and Edmund Halley. Their early inves-
tigations tended to be difficult to reproduce, owing to the different conditions under which
they crystallized the various salts.

As many as 54 salts, double salts and hydrated salts can be obtained by evapor-ating sea-
water to dryness. At least 73 elements are now known to be present in seawater.

cations o/kg anions o/kg
Na®* 10.77 Ccl- 19.354
Mgt 1.29 S0,% 2.712
CaZt 0.412 Br~ 0.067
K* 0.399 F 0.0013
Sr2* 0.0079
ALY 0.005

Table4: Major ions of seawater
These values, expressed in parts per thousand, are for seawater of 35% salinity.

The best way of characterising seawater is in terms of its ionic content, shown in the Table.
The remarkable thing about seawater is the constancy of its relative ionic composition. The
overall salt content, known as the salinity (grams of salts contained in 1 kg of seawater),
varies slightly within the range of 32-37.5%, corresponding to a solution of about 0.7% salt
content. The ratios of the concentrations of the different ions, however, are quite constant, so
that a measurement of C1~ concentration is sufficient to determine the overall composition
and total salinity. Although most elements are found in seawater only at trace levels, marine
organisms may selectively absorb them and make them more detectable. Iodine, for exam-
ple, was discovered in marine algae (seaweeds) 14 years before it was found in seawater.
Other elements that were not detected in seawater until after they were found in marine
organisms include barium, cobalt, copper, lead, nickel, silver and zinc. Si32, presumably
deriving from cosmic ray bombardment of Ar, has been discovered in marine sponges.

pH balance Reflecting this constant ionic composition is the pH, which is usually main-
tained in the narrow range of 7.8-8.2, compared with 1.5 to 11 for fresh water. The major
buffering action derives from the carbonate system, although ion exchange between Na* in
the water and H' in clay sediments has recently been recognized to be a significant factor.
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9.1 Conservative and non-conservative substances

The major ionic constituents whose concentrations can be determined from the salinity are
known as conservative substances. Their constant relative concentrations are due to the
large amounts of these species in the oceans in comparison to their small inputs from river
flow. This 1s another way of saying that their residence times are very large.

. . residence

Companent | SOTeeTatn | conceneaton | e
(/1000 yr)

Cl- 250 558,000 87,000
Na* 315 479,000 55,000
Mg2* a50 54,300 13,000
S0, 120 28,900 8700
CaZt 367 10,500 1000
K* 36 10,400 10,000
HCO4~ 870 2000 83
H,Si0, 170 100 21
NO5~ 10 20 72
H,PO,~ 0.7 1 80

Table 5: Replacement time with respect to river addition for some
components of seawater

A number of other species, mostly connected with biological activity, are subject to wide vari-
ations in concentration. These include the nutrients NO5~, NO,~, NH,*, and HPO,%~, which
may become depleted near the surface in regions of warmth and light. As was explained in
the preceding subsection on coastal upwelling, offshore prevailing winds tend to drive West-
ern coastal surface waters out to sea, causing deeper and more nutrient-rich water to be
drawn to the surface. This upwelled water can support a large population of phytoplankton
and thus of zooplankton and fish. The best-known example of this is the anchovy fishery off
the coast of Peru, but the phenomenon occurs to some extent on the West coasts of most con-
tinents, including our own.

Other non-conservative components include Ca?" and Si0,2~. These ions are incorporated
into the solid parts of marine organisms, which sink to greater depths after the organisms
die. The silica gradually dissolves, since the water is everywhere undersaturated in this sub-
stance. Calcium carbonate dissolves at intermediate depths, but may reprecipitate in deep
waters owing to the higher pressure. Thus the concentrations of Ca and of 81042_ tend to
vary with depth. The gases Oy and CO,, being intimately involved with biological activity,
are also non-conservative, as are NoO and CO.

Page 28 Survey of Environmental Geobiochemistry



9.2 Organic matter

Most of the organic carbon in seawater is present as dissolved material, with only about 1-
2% in particulates. The total organic carbon content ranges between 0.5 mg/L in deep water
to 1.5 mg/L near the surface. There is still considerable disagreement about the composition
of the dissolved organic matter; much of it appears to be of high molecular weight, and may
be polymeric. Substances qualitatively similar to the humic acids found in soils can be iso-
lated. The greenish color that is often associated with coastal waters is due to a mixture of
fluorescent, high molecular weight substances of undetermined composition known as “Gelb-
stoffe”. 1t is likely that the significance of the organic fraction of seawater may be much
greater than its low abundance would suggest. For one thing, many of these substances are
lipid-like and tend to adsorb onto surfaces. It has been shown that any particle entering the
ocean is quickly coated with an organic surface film that may influence the rate and extent
of its dissolution or decomposition. Certain inorganic ions may be strongly complexed by
humic-like substances. The surface of the ocean is mostly covered with an organic film, only
a few molecular layers thick. This is believed to consist of hydrocarbons, lipids, and the like,
but glycoproteins and proteoglycans have been reported. If this film is carefully removed
from a container of seawater, it will quickly be reconstituted. How significant this film is in
its effects on gas exchange with the atmosphere is not known.

9.3 Regulation of ocean composition

The salinity of the ocean appears to have been about the same for at least the last 200 mil-
lion years. There have been changes in the relative amounts of some species, however; the
ratio of Na/K has increased from about 1:1 in ancient ocean sediments to its present value of
28:1. Incorporation of calcium into sediments by the action of marine organisms has
depleted the Ca/Mg ratio from 1:1 to 1:3.

. dissolved in dead . residence
element input to ocean | . . loss to sediments | .. .
In seawater | organisms time In years
phosphorus 1 (erosion) 1 1 1 (organic) 10,000
carbon 100 as COq 1000 125 100 (organic) 165,000
500 as carbonate 500 (carbonate)
calcium 500 (erosion) 5000 25 500 (as CaCO3)( 1,000,000

Table 6: Mass balance of P, C, and Cafor the oceans

If the composition of the ocean has remained relatively unchanged with time, the continual
addition of new mineral substances by the rivers and other sources must be exactly balanced
by their removal as sediment, possibly passing through one or more biological systems in the
process.

9.4 Where does the salt come from?

In 1715 Edmund Halley suggested that the age of the ocean (and thus presumably of the
world) might be estimated from the rate of salt transport by rivers. When this measurement
was actually carried out in 1899, it gave an age of only 90 million years.

This is somewhat better than the calculation made in 1654 by James Ussher, the Anglican
Archbishop of Armagh, Ireland, based on his interpretation of the Biblical book of Genesis,
that the world was created at 9 A.M. on October 23, 4004 BC, but it is still far too recent,
being about when the dinosaurs became extinct. What Halley actually described was the
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residence time, which is about right for Na but much to long for some of the minor ele-
ments of seawater.

The commonly stated view that the salt content of the oceans derives from surface runoff
that contains the products of weathering and soil leaching is not consistent with the known
compositions of the major river waters (See Table ). The halide ions are particularly over-
represented in seawater, compared to fresh water. These were once referred to as “excess
volatiles”, and were attributed to volcanic emissions. With the discovery of plate tectonics, it
became apparent that the locations of seafloor spreading at which fresh basalt flows up into
the ocean from the mantle are also sources of mineral-laden water. Some of this may be sea-
water that has cycled through a hot porous region and has been able to dissolve some of the
mineral material owing to the high temperature. Much of the water, however, is “juvenile”
water that was previously incorporated into the mantle material and has never before been
in the liquid phase. The substances introduced by this means (and by volcanic activity) are
just the elements that are “missing” from river waters. Estimates of what fraction of the
total volume of the oceans is due to juvenile water (most of it added in the early stages of
mantle differentiation that began a billion years ago) range from 30 to 90%.

10 * Geochemical processes involving the oceans

The oceans can be regarded as a product of a giant acid-base titration in which the carbonic
acid present in rain reacts with the basic materials of the lithosphere. The juvenile water
introduced at locations of ocean-floor spreading is also acidic, and is partly neutralized by
the basic components of the basalt with which it reacts. Surface rocks mostly contain alumi-
num, silicon and oxygen combined with alkali and alkaline-earth metals, mainly potassium,
sodium and calcium. The CO4 and volcanic gases in rainwater react with this material to
form a solution of the metal ion and HCO3™, in which is suspended some hydrated SiOy. The
solid material left behind is a clay such as kaolinite, Al;S1,05(OH),. This first forms as a fri-
able coating on the surface of the weathered rock; later it becomes a soil material, then an
alluvial deposit, and finally it may reach the sea as a suspended sediment. Here it may
undergo a number of poorly-understood transformations to other clay sediments such as
illites. Sea floor spreading eventually transports these sediments to a subduction region
under a continental block, where the high temperatures and pressures permit reactions that
transform it into hard rock such as granite, thus completing the geochemical cycle.

Deep-sea hydrothermal vents are now recognized to be another significant route for both the
addition and removal of ionic substances from seawater (See page 15.)

10.1 Distribution and cycling of elements in the oceans

Although the relative concentrations of most of the elements in seawater are constant
throughout the oceans, there are certain elements that tend to have highly uneven distribu-
tions vertically, and to a lesser extent horizontally. Neglecting the highly localized effects of
undersea springs and volcanic vents, these variations are direct results of the removal of
these elements from seawater by organisms; if the sea were sterile, its chemical composition
would be almost uniform.

Plant life can exist only in the upper part of the ocean where there is sufficient light avail-
able to drive photosynthesis. These plants, together with the animals that consume them,
extract nutrients from the water, reducing the concentrations of certain elements in the
upper part of the sea. When these organisms die, they fall toward the lower depths of the
ocean as particulate material. On the way down, some of the softer particles, deriving from
tissue, may be consumed by other animals and recycled. Eventually, however, the nutrient
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elements that were incorporated into organisms in the upper part of the ocean will end up in
the colder, dark, and essentially lifeless lower part.

Mixing between the upper and lower reservoirs of the ocean is quite slow, owing to the
higher density of the colder water; the average residence time of a water molecule in the
lower reservoir is about 1600 years. Since the volume of the upper reservoir is only about
1/20 of that of the lower, a water molecule stays in the upper reservoir for only about 80
years.

Except for dissolved oxygen, all elements required by living organisms are depleted in the
upper part of the ocean with respect to the lower part. In the case of the major nutrients P, N
and Si, the degree of depletion is sufficiently complete (around 95%) to limit the growth of
organisms at the surface. These three elements are said to be biolimiting. A few other bioin-
termediate elements show partial depletion in surface waters: Ca (1%), C (15%), Ba (75%).

The organic component of plants and animals has the average composition CgyN;5P . It is
remarkable that the ratio of N:P in seawater (both surface and deep) is also 15:1; this raises
the interesting question of to what extent the ocean and life have co-evolved.

In the deep part of the ocean the elemental ratio corresponds to CgygN75P, but of course with
much larger absolute amounts of these elements. Eventually some of this deeper water
returns to the surface where the N and P are quickly taken up by plants. But since plants
can only utilize 80 out of every 800 carbon atoms, 90 percent of the carbon will remain in dis-
solved form, mostly as HCO3™.

To work out the balance of Ca and Si used in the hard parts of organisms, we add these ele-
ments to the average composition of the lower reservior to get CaggoSizoCgooN15P. Partic-
ulate carbon falls into the deep ocean in the ratio of about two atoms in organic tissue to
one atom in the form of calcite. This makes the overall composition of detrital material
something like C199N15P; i.e., 80 organic C’s and 40 in CaCO3. Accompanying these 40 cal-
cite units will be 40 Ca atoms, but this represents a minor depletion of the 3200 Ca atoms
that eventually return to the surface, so this element is only slightly depleted in the upper
waters. Silicon, being far less abundant, is depleted to a much greater extent.

10.2 The oceanic sediments

The particulate shower. A continual rain of particulate material from dead organisms falls
through the ocean. This shower is comprised of three major kinds of material: calcite
(CaCOy), silica (Si0y), and organic matter. The first two come from the hard parts of both
plants and animals (mainly microscopic animals such as foraminifera and radiolarians). The
organic matter is derived mainly from the soft tissues of organisms, and from animal fecal
material. Some of this solid material dissolves before it reaches the ocean floor, but not usu-
ally before it enters the deep ocean where it will remain for about 1600 years.

The remainder of this material settles onto the floor of the sea, where it forms one compo-
nent of a layer of sediments that provide important information about the evolution of the
sea and of the earth. Over a short time scale of months to years, these sediments are in
quasi-equilibrium with the seawater. On a scale of millions of years, the sediments are
merely way-stations in the geochemical cycling of material between the earth’s surface and
its interior.

The oceanic sediments have three main origins:

Detrital material is derived largely from particles deposited in the ocean by rivers and
also directly by the wind. These materials are mostly aluminosilicates (clays), along with
some quartz. These substances accumulate on the deep ocean floor at a rate of about 0.3 g
em ™2 per 1000 years.

Authigenic materials are formed by precipitation within the ocean or by crystallization
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within the sediment itself. These constitute only a small fraction of the total sediment.

Biogenic components consist mainly of the calcium carbonate and silica that make up
the hard parts of organisms. Scavenging by other organisms is so efficient that only about
0.3 % of the total deep sea sediment consists of actual organic material.

Our main interest lies with the silica and calcium carbonate, since these substances form a
crucial part of the biogeological cycle. Also, their distributions in the ocean are not uniform-
a fact that must tell us something.

The skeletons of diatoms and radiolarians are the principal sources of silica sediments.
Since the ocean is everywhere undersaturated with respect to silica, only the most resistant
parts of these skeletons reach the bottom of the deep ocean and get incorporated into sedi-
ments. Silica sediments are less common in the Atlantic ocean, owing to the lower content of
dissolved silica.

The parts of the ocean where these sediments are increasing most rapidly correspond to
regions of upwelling, where deep water that is rich in dissolved silica rises to the surface
where the silica is rapidly fixed by organisms. Where upwelling is absent, the growth of the
organisms is limited, and little silica is precipitated. Since deep waters tend to flow from the
Atlantic into the Pacific ocean where most of the upwelling occurs, Atlantic waters are
depleted in silica, and silica sediments are not commonly found in this ocean.

For calcium carbonate, the situation is quite different. In the first place, surface waters are
everywhere supersaturated with respect to both calcite and aragonite, the two common crys-
tal forms of CaCOg. Secondly, Ca?" and HCO4~ are never limiting factors in the growth of
the coccoliths (plants) and forams (animals) that precipitate CaCOsg; their production
depends on the availability of phosphate and nitrogen. Because these elements are effi-
ciently recycled before they fall into the deep ocean, their supply does not depend on
upwelling, and so the production of solid is more uniformly distributed over the world’s
oceans.

More importantly, however, the chances that a piece of carbonate skeleton will end up as
sediment will be highly dependent on both the local 0032_ concentration and the depth of
the ocean floor. These factors give rise to small-scale variations in the production of carbon-
ate sediments that can be quite wide-ranging.

For more on ocean sediments, and many interesting
llustrations, see:
http://www-class.unl.edu/geol109/sediment.htm

10.3 Ocean sediments and continental drift

New crust is being generated and moving away from the crests of the mid-ocean ridges at a
rate of a few centimetres per year. Although the crests of these ridges are relatively high
points, projecting to within about 3000 m of the surface, the continual injection of new mate-
rial prevents sediments from accumulating in these areas. Farther from the crests, carbon-
ate sediments do build up, eventually reaching a depth of about 500 m, but by this time the
elevation has dropped off below the saturation horizon, so from this point on the carbonate
sediments are overlaid by red clay.

If we drill a hole down through a part of the ocean floor that is presently below the satura-
tion horizon, the top part of the drill core will consist of clay, followed by CaCOg at greater
depths. The core may also contain regions in which silica predominates. Since silica produc-
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tion is very high in equatorial regions, the appearance of such a layer suggests that this par-
ticular region of the oceanic crust has moved across the equator.

11 +Chemical budgets of oceanic elements

To the extent that the composition of the ocean remains constant, the rate at which any one
element is introduced into seawater must equal the rate of its removal. A listing of the vari-
ous routes of addition and removal, together with the estimated rate of each process, consti-
tutes the budget for a given element. If that budget is greatly out of balance and no other
transport routes are apparent, then it is likely that the ocean is not in a steady state with
respect to that element, at least on a short time scale. It is important to understand, how-
ever, that short-term deviations from constant composition are not necessarily inconsistent
with a long-term steady state. Deviations from the latter condition are most commonly
inferred from geological evidence.

The major input of elements to the oceans is river water. Groundwater seepage constitutes a
very small secondary source. These were considered the only sources until the 1970’s, when
the existence of hydrothermal springs at sites of seafloor spreading became known. Pollution
represents an additional source, mainly dissolved in river water, but also sometimes in rain
and by dry deposition.

Routes of removal are formation and burial of sediments, formation of evaporite deposits,
direct input to the atmosphere by sea-salt aerosol transfer associated with bubble-breaking,
and burial with sediments, either in interstitial water or adorbed onto active surfaces. Reac-
tion with newly-formed basalt associated with undersea volcanic activity appears to be an
important removal mechanism for some elements.

spedies addition from rivers | loss to atmosphere
Cl- 308 40
Na+ 269 21
sulfur (mostly SO427) 143 4
Mgt 137 3
K* 52 1
Ca?* 550 0.5
HCO5~ 1980 -
H,Si0, 180 -

Table 7: Input and output rates (Tg/yr) of major elementsin seawater
by two mechanisms.

Of these routes, only those of river input and loss to the atmosphere (given in the above
Table) are quantifiable with any degree of accuracy.

11.1 Phosphorus

The major elements undergoing steady-state dynamic change in the ocean are connected

with biological processes. The key limiting element in the development of oceanic biomass is
phosphorus, in the form of the phosphate ion. For terrestrial plant life, nitrogen is more com-
monly the limiting element, where it is taken up in the form of the nitrate ion. In the ocean,
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however, the ratio of the nitrate ion concentration to that of phosphorus has been found to be
everywhere the same; this implies that the concentration of one controls that of the other.
The source of nitrate ion is atmospheric Ny, which is freely soluble in water and is thus
always present in abundance. The conversion of Ny to NO3™ is presumed to be biologically
mediated, probably by bacteria. The constancy of the NO3/P concentration ratio implies
that the phosphorus concentration controls the activity of the nitrogen-fixing organisms, and
thus the availability of nitrogen to oceanic life.

Photosynthetic activity in the upper part of the ocean causes inorganic phosphate to be
incorporated into biomass, reducing the concentration of phosphorus; in warm surface
waters, phosphate may become totally depleted. A given phosphorus atom may be traded
several times among the plant, animal and bacterial populations before it eventually finds
itself in biodebris (a dead organism or a fecal pellet) that falls into the deep part of the sea.
Only about 1% of the phosphorus atoms that descend into deeper waters actually reach the
bottom, where they are incorporated into sediments and permanently removed from circula-
tion. The other 99% are released in the form of soluble phosphate, which is eventually
brought to the surface in regions of upwelling. An average phosphorus atom will undergo
one cycle of this circulation in about 1000 years; only a few months of this cycle will be spent
in biomass. After an average of 100 such cycles, the atom will be removed from circulation
and locked into the bottom sediment, and a new one will have entered the sea with river or
juvenile water.

Phosphorus is unique in that its major source of input to the oceans derives ultimately from
pollution; in the long term, this represents a transfer of land-based phosphate deposits to
the oceans. About half of the phosphorus input is in the form of suspended material, both
organic and inorganic, the latter being in a variety of forms including phosphates adsorbed
onto clays and iron oxide paticles, and calcium phosphate (apatatite) eroded from rocks.
These various particulates are known to dissolve to some extent once they reach the ocean,
but there is considerable uncertainty about the rates of these processes under various condi-
tions.

The major sink for oceanic phosphorus is burial with organic matter; this accounts for about
two-thirds of the phosphorus removed. Most of the remainder is due to deposition with
CaCOg. A minor removal route is through reaction with Fe(II) formed when seawater
attacks hot basalt, and in the formation of evaporite deposits. However, there is more phos-
phorus in evaporite deposits in the Western U.S. than in all of the ocean, so it i1s apparent
that the long-term phosphorus budget is still not clearly understood.

11.2 Carbon

Carbon enters the ocean from both the atmosphere (as CO5) and river water, in which the
principal species is HCO45™. Once in solution, the carbonate species are in equilibrium with
each other and with H;0", and the concentrations of all of these are influenced by the par-
tial pressure of atmospheric CO4. The mass budget for calcium is linked to that of carbon
through solubility equilibria with the various solid forms of (mainly calcite). During photo-
synthesis, C!2 is taken up slightly more readily than the rare isotope C!2. Since the rate of
photosynthesis is controlled by the phosphate concentration, the C13/C!2 ratio in the dis-
solved carbon dioxide of surface waters is slightly higher than in the ocean as a whole.
Observations of carbon isotope ratios in buried sediments have been useful in tracking his-
torical changes in phosphate concentrations.

The CP ratio and the reqgulation of atmospheric CO 5 The ratio of carbon to phosphorus
in sea salt is about eight times greater than the same ratio measured in organic debris. This
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1mplies that in exhausting the available phosphate, the living organisms in the upper ocean
consume only 12.5% of the dissolved carbon. Even this relatively small withdrawal of carbon
from the carbonate system is sufficient to noticeably reduce the partial pressure of gaseous
COg in equilibrium with the ocean; it has been estimated that if all life in the ocean should
suddenly cease, the atmospheric COy content would rise to about three times its present
level. The regulation of atmospheric COg pressure by the oceans also works the other way:
since the amount of dissolved carbonate in the oceans is so much greater than the amount of
COy in the atmosphere, the oceans act to buffer the effects of additions of CO, to the atmo-
sphere. Calculations indicate that about half of the CO4 that has been produced by burning

fossil fuel since the Industrial Revolution has ended up in the oceans’.

Bicarbonate. This is of course the major carbonate species in the ocean. Although it is
interconvertible with COy and is thus coupled to the carbon and photosynthetic cycles, itself
can neither be taken up nor produced by organisms, and so it can be treated somewhat inde-
pendently of biological activity. In this sense the only major input of into the oceans is river
water. The two removal mechanisms are formation of CO,

H* + HCO3~ ® H,0 + CO,
and the (biologically mediated) formation of CaCOjg:
Ca?* + HCO3;~ ® CaCOg + H*

Since the pH of the oceans does not change, H* is conserved and the removal of HCO3~ by
biogenic secretion of CaCOg can be expressed by the sum of these reactions:

Ca?* + 2 HCO3;~ ® CaCOj + CO, + H,0

whose reverse direction represents the dissolution of the skeletal remains of dead organ-
isms as they fall to lower depths.

Calcite The upper parts of the ocean tend to be supersaturated in CaCOg. Solid CaCOj, in
the form of calcite, is manufactured by a large variety of organisms such as foraminifera. A
constant rain of calcite falls through the ocean as these organisms die. The solubility of
increases with pressure, so only that portion of the calcite that falls to shallow regions of the
ocean floor is incorporated into sediments and removed from circulation; the remainder dis-
solves after reaching a depth known as the lysolcline. At the present time, the amounts of
carbonate and Ca®" supplied by erosion and volcanism appear to be only about one-third as
great as the amount of calcite produced by organisms. As the carbonate concentration in a
given region of the ocean becomes depleted due to higher calcite production, the lysocline
moves up, tending to replenish the carbonate, and reducing the amount that is withdrawn
by burial in sediments. Organic residues that fall into the deep sea are mostly oxidized to
CO,, presumably by bacterial activity.

11.3 Other Elements

Calcium Calcium is removed from seawater solely by biodeposition as CaCOsg, a process
whose rate can be determined quite accurately both at the present and in the past.

1. These calculations are based on rates of transport of H? and C!, introduced into
the atmosphere by atomic weapons tests, into the ocean, and their subsequent dis-
persal into various parts of the oceans.
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inputs outputs
Rivers 550 CaCOg into shallow water | 520
volcanic basalt 191 CaCOjg into deep water 440
cation exchange 37
total 778 total 960

Table 8: Present-day budget for oceanic calcium (Tg Calyr).

As is explained above, the upper part of the ocean is supersaturated in calcite but the lower
ocean is not. For this reason, less than 20% of the CaCO4 that is formed ends up as sediment
and is eventually buried.

The main questions about the calcium budget tend to focus on the rates and locales at which
dissolution of skeletal carbonates occurs, and on how to interpret the various kinds of exist-
ing carbonate sediments. For example, the crystalline form aragonite is less stable than cal-
cite, and will presumably dissolve at a higher elevation. The absence of aragonite-containing
pteropod shells in deeper deposits seems to confirm this, but in the absence of rate data is it
difficult to know at what elevations these particular organisms originated.

At the present time, the data inTable 8 indicate that there is a net removal of calcium from
the oceans. This is due to the rise in sea level since the decline of the more recent glacial
epoch during the past 11,000 years. The additional water has covered the continental
shelves, increasing the amount of shallow ocean where the growth of organisms is most
intense. Over the more distant past (25 million years) the calcium budget appears to be well
balanced.

Chloride Evidence from geology and peleontology indicates that the salinity, and hence the
chloride concentration of sewater has been quite constant for about 600 million years. There
have been periods when climatic conditions and coastal topography have led to episodes of
evaporite formation, but these have evidently been largely compensated by the eventual
return of the evaporite deposits to the sea. The natural input of chloride from rivers is about
215 Tg/yr, but the present input is about half again as great (Table 7 on page 33), due to pol-
lution. Also, there are presently no significant areas where seawater is evaporating to dry-
ness. Thus the oceanic chloride budget is considerably out of balance. However, the
replacement time of Cl™ in the oceans is so long (87 million years) that this will probably
have no long-term effect.

Sodium Although sodium is tied to chloride, it is also involved in the formation of silicate
minerals, the weathering of rocks, and in cation exchange with clay sediments. Its short-
term budget is quite out of balance for the same reasons as is that of chloride. On a longer
time scale, removal of sodium by reaction with hot basalt associated with undersea volcanic
activity may be of importance.

Sulfate Considerably more sulfate is being added to seawater than is being removed by the
major mechanisms of sediment formation (mainly CaSO, and pyrites). The natural river
input is 82 Tg of S per year, while that due to pollution is 61 Tg/yr from rivers and 17 Tg/yr
from rain and dry deposition.

Magnesium This element is unusual in that its river-water input is balanced mostly by
reaction with volcanic basalt; removal through biogenic formation of magnesian calcite
(dolomite) accounts for only 11% of its total removal from the ocean. The present-day magne-
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sium budget seems to have been balanced for the past 100 million years. However, most of
the extensive dolomite deposits were formed prior to this time, so the longer-term magne-
sium budget is poorly understood.

Potassium The potassium budget of the ocean is not well understood. The element is
unusual in that only about 60% of its input is by rivers; the remainder is believed to come
from newly formed undersea basalt. The big question about potassium is how it is removed;
fixation by ion-exchange with illite clays seems to be a major mechanism, and its uptake by
basalt (at lower temperatures than are required for its release) is also believed to occur.

Silica About 85% of the silicon input to the oceans comes from river water in the form of
silicic acid, H4Si0,4. The remainder probably comes from basalt. It is removed by biogenic
deposition as opaline silica, Si09 nH50 produced mainly by planktonic organisms (radi-
olaria and diatoms). Unlike the case for CaCOg, the ocean is everywhere undersaturated in
silica, especially near the surface where these organisms deplete it with greater efficiency
than any other element.

Because opaline silica dissolves so rapidly, only a small fraction makes it to the bottom. The
major deposits occur in shallower waters where coastal upwelling provides a good supply of
N and P nutrients for siliceous organisms. Thus over half of the biogenic silica deposits are
found in the Antarctic ocean.

In spite of the fact that dissolved silica has the shortest replacement time (21,000 years) of

any major element in the ocean, its concentration appears to have been remarkably constant
during geological time. This is taken as an indication of the ability of siliceous organisms to
respond quickly to changes in local concentrations of dissolved silica.

Nitrogen This element is complicated by its biologically-mediated exchange with atmo-
spheric nitrogen, and by its existence in several oxidation states, all of which are intercon-
vertible. Unlike the other major elements, nitrogen does not form extensive sedimentary
deposits; most of the nitrogen present in dead organic material seems to be removed before it
can be buried. Through this mechanism there is extensive cycling of nitrogen between the
shallow and deep parts of the oceans.

The real difficulty in constructing a budget for oceanic nitrogen is the very large uncertainty
in the rates of the major input (fixation) and output. Both of these processes are biologically
mediated, but little is known about what organisms are responsible, where they thrive and

how they are affected by local nutrient supply and other conditions.
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Part 3 - The Atmosphere

Life as we know it on the Earth is entirely dependent on the tenuous layer of gas that clings to
the surface of the globe, adding about 1% to its diameter and an insignificant amount to its total
mass. And yet the atmosphere serves as the earth’s window and protective shield, as a medium
for the transport of heat and water, and as source and sink for exchange of carbon, oxygen, and
nitrogen with the biosphere. The atmosphere acts as a compressible fluid tied to the earth by
gravitation; as a receptor of solar energy and a thermal reservoir, it constitutes the working
fluid of a heat engine that transports and redistributes matter and energy over the entire
globe. The atmosphere is also a major temporary repository of a number of chemical ele-
ments that move in a cyclic manner between the hydrosphere, atmosphere, and the upper
lithosphere. Finally, the atmosphere is a site for a large variety of complex photochemically
Initiated reactions involving both natural and anthropogenic substances.

Fig. 14: Solar irradiation of the Earth [ uv. Vvisible _ infrared _
(Ferguson)

The gases ozone, water vapor, and carbon
dioxide are only minor components of the
atmosphere, but they exert a huge effect on
the Earth by absorbing radiation in the
ranges indicated by the shading. Ozone in
the upper atmosphere filters out the u.v. light
that is destructive of life. O, and H,O are
“greenhouse” gases that trap some of the ==
heat absorbed from the Sun and prevent it 400 800 1200 1600 2000 2400
from re-radiating back into space. wavelength, nm

A/ Solar radiation at top of atmosphere

Solar radiation at sea level

intensity

On the scale of cubic meters the air is a homogeneous mixture of its constituent gases, but
on a larger scale the atmosphere is anything but uniform. Variations of temperature, pres-
sure, and moisture content in the layers of air near the earth’s surface give rise to the
dynamic effects we know as the weather.

Although the density of the atmosphere decreases without limit with increasing height, for
most practical purposes one can roughly place its upper boundary at about 500 km. How-
ever, half the mass of the atmosphere lies within 5 km, and 99.99% within 80 km of the sur-
face. The average atmospheric pressure at sea level is 1.01 ~ 10° pascals, or 1010 millibars.
A 1-cm? cross section of the earth’s surface supports a column weighing 1030 g; the total
mass of the atmosphere! is about 5.27 ~ 10?1 g.

About 80% of the mass of the atmosphere resides in the first 101® km; this well-mixed region
of fairly uniform composition is known as the troposphere.

12 + Structure of the atmosphere

We commonly think of gas molecules as moving about in a completely random manner, but
the Earth’s gravitational field causes downward motions to be very slightly favored so that
the molecules in any thin layer of the air collide more frequently with those in the layer
below. This gives rise to a pressure gradient that is the most predictable and well known
structural characteristic of the atmosphere. This gradient is described by an exponential

1. The calculation is as follows: (1.01° 10° kg ms2) , (9.80 ms2 = 1.03 kg; the total mass is found
by multiplying this by the earth’s surface area, 5.1 108 cm?.
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law! which predicts that the atmospheric pressure should decrease by 50% for every 6 km
increase in altitude. This law also predicts that the composition of a gas mixture will change
with altitude, the lower-molecular weight components being increasingly favored at higher
altitudes. However, this gravitational fractionation effect is completely obliterated below
about 160 km owing to turbulence and convective flows (winds).

The atmosphere is divided vertically into several major regions which are distinguished by
the sign of the temperature gradient. In the lowermost region, the troposphere, the tempera-
ture falls with increasing altitude. The major source of heat input into this part of the atmo-
sphere is long-wave radiation from the earth’s surface, while the major loss is radiation into
space.
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Fig. 15: Structure of the atmosphere
Notice that the main divisions of the atmosphere are defined by the elevations at which
the sign of the temperature gradient changes. The chemical formulas at the right show
the major species of interest in the various regions.

At higher elevations the temperature begins to rise with altitude as we move into a region in
which heat is produced by exothermic chemical reactions, mainly the decomposition of ozone
that is formed photochemically from dioxygen in the stratosphere. At still higher elevations
the ozone gives out and the temperature begins to drop; this is the mesosphere, which is

1. The partial pressure of agas of molecular weight M at elevation hiin acolumnisgiven by Py, = P, exp(-Mgh/RT) wherePois the
pressure at the bottom of the column and g is the acceleration of gravity.
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finally replaced by the thermosphere which consists largely of a plasma (gaseous ions). This
outer section of the atmosphere which extends indefinitely to perhaps 2000 km is heated by
absorption of intense u.v. radiation from the Sun and also from the solar wind, a continual
rain of electrons, protons, and other particles emitted from the Sun’s surface.

13 + Composition of the atmosphere

Except for water vapor, whose atmospheric abundance varies from practically zero up to 4%,
the fractions of the major atmospheric components Ny, Oo, and Ar are remarkably uniform
below about 100 km. At greater heights, diffusion becomes the principal transport process,
and the lighter gases become relatively more abundant. In addition, photochemical pro-
cesses result in the formation of new species whose high reactivities would preclude their
existence in significant concentrations at the higher pressures found at lower elevations.

substance formula abundance

nitrogen N,y 78.08 pph (%)

% oxygen 0O, 20.95 pph

E argon Ar 0.93 pph
water H50 0 - 4 pph
carbon dioxide CO, 325 ppm
neon Ne 18 ppm
helium He 5 ppm

5 methane CH, 2 ppm

'E krypton Kr 1 ppm
hydrogen H, 0.5 ppm
nitrous oxide N,O 0.3 ppm
carbon monoxide CO 0.05 - 0.2 ppm
ozone Ogq 0.02 - 10 ppm
xenon Xe 0.08 ppm
ammonia NH; 4 ppb

@ nitrogen oxide NOg 1 ppb

E sulfur dioxide SOy 1 ppb
hydrogen sulfide H,S 0.05 ppb

Table 9: Composition of air at sea level

The gases listed in the Table fall into three abundance categories: major, minor, and trace.
Nitrogen, the most abundant component, has accumulated over time as a result of its
geochemical inertness; a very small fraction of it passes into the other phases as a result of
biological activity and natural fixation by lightning. It is believed that denitrifying bacteria
in marine sediments may provide the major route for the return of Ny to the atmosphere.
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Oxygen is almost entirely of biological origin, and cycles through the hydrosphere, the bio-
sphere, and sedimentary rocks. Argon consists mainly of Ar? which is a decay product of
K*0in the mantle and crust. The most abundant of the minor gases aside from water vapor
1s carbon dioxide, about which more will be said below. Next in abundance are neon and
helium. Helium is a decay product of radioactive elements in the earth, but neon and the
other inert gases are primordial, and have probably been present in their present relative
abundances since the earth’s formation. Two of the minor gases, ozone and carbon monoxide,
have abundances that vary with time and location. A variable abundance implies an imbal-
ance between the rates of formation and removal. In the case of carbon monoxide, whose
major source is anthropogenic (a small amount is produced by biological action), the vari-
ance is probably due largely to localized differences in fuel consumption, particularly in
internal combustion engines. The nature of the carbon monoxide sink (removal mechanism)
1s not entirely clear; it may be partly microbial.

Ozone Ozone is formed by the reaction of Oy with oxygen atoms produced photochemically.
As a consequence the abundance of ozone varies with the time of day, the concentration of O
atoms from other sources (photochemical smog, for example), and particularly with altitude;
at 30 km, the ozone concentration reaches a maximum of 12 ppm.

Carbon dioxide The concentration of atmospheric carbon dioxide, while fairly uniform glo-
bally, is increasing at a rate of 0.2-0.7% per year as a result of fossil fuel burning. The
present COy content of the atmosphere is about 129~ 10'® g. Most of the COg, however, is of
natural origin, and represents the smallest part of the total carbonate reservoir that
includes oceanic COy, HCO3™, and carbonate sediments. The latter contain about 600 times
as much CO, as the atmosphere, and the oceans contain about 50 times as much. These rel-
ative amounts are controlled by the rates of the reactions that interconvert the various
forms of carbonate.

The surface conditions on the earth are sensitively dependent on the atmospheric COy con-
centration. This is due mainly to the strong infrared absorption of CO,, which promotes the
absorption and trapping of solar heat (see below). Since CO5 acts as an acid in aqueous solu-
tion, the pH of the oceans is also dependent on the concentration of COy in the atmosphere;
it has been estimated that if only 1% of the carbonate presently in sediments were still in
the atmosphere, the pH of the oceans would be 5.9, instead of the present 8.2.
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14 «Energy balance of the atmosphere and earth

1340 watts m-2 at upper limits of atmosphere

ﬁ 797 watts i.r. radiated to
space by atmosphere

94 watts scattered back to

space by atmosphere 322 watts reflected from 2090 watts i.r. emitted
clouds to space by atmosphere

1293 watts i.r. absorbed
by surface

1460 watts i.r. absorbed
bv atmosphere

74 watts i.r. radiated to
space from surface

234 watts absorbed by
atmosphere

194 watts diffuse
radiation from clouds

141 watts diffuse

radiation from blue sky 301 watts reach Earth’s
surface directly
@ 54 watts reflected to 1534 watts of i.r. emitted
space by surface bv surface

Earth’'s surface
Fig. 16: Radiation balance of the Earth

The amount of energy (the solar flux) impinging on the outer part of the atmosphere is 1367
watts m™2 . About 30% of this is reflected or scattered back into space by clouds, dust, and
the atmospheric gas molecules themselves, and by the earth’s surface. About 19% of the radi-
ation is absorbed by clouds or the atmosphere (mainly by and Oz, but not COy), leaving 51%
of the incident energy available for absorption by the earth’s surface. If one takes into
account the uneven illumination of the earth’s surface and the small flux of internal heat to
the surface, the assumption of thermal equilibrium requires that the earth emit about 240
watts m2. This corresponds to the power that would be emitted by a black body at 255 K, or
—18°C, which is the average temperature of the atmosphere at an altitude of 5 km. The
observed mean global surface temperature of the earth is 13°C, and is presumably the tem-
perature required to maintain thermal equilibrium between the earth and the atmosphere.

14.1 The greenhouse effect

The energy radiated by the earth has a longer wavelength (maximum 12m) than the incident
radiation. Most gases absorb radiation in this range quite efficiently, including those gases
such as CO4 and NyO that do not absorb the incident radiation. The energy absorbed by
atmospheric gases is re-radiated in all directions; some of it therefore escapes into space, but
a portion returns to the earth and is reabsorbed, thus raising its temperature.This is com-
monly called the greenhouse effect!. If the amount of an infrared-absorbing gas such as car-
bon dioxide increases, a larger fraction of the incident solar radiation is trapped, and the
mean temperature of the earth will increase.

Any significant increase in the temperature of the oceans would increase the atmospheric
concentrations of both water and CO,, producing the possibility of a runaway process that
would be catastrophic from a human perspective. Fossil fuel combustion and deforestation
during the last two hundred years have increased the atmospheric CO4 concentration by
25%, and this increase is continuing. The same combustion processes responsible for the

1. The implied comparison is not entirely correct, since the main effect of the glass
roof of a greenhouse is to prevent dissipation of heat by convection, rather than by
radiation.
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increasing atmospheric CO4 concentration also introduce considerable quantities of particu-
late materials into the upper atmosphere. The effect of these would be to scatter more of the
incoming solar radiation, reducing the amount that reaches and heats the earth’s surface.
The extent to which this process counteracts the greenhouse effect is still a matter of contro-
versy; all that is known for sure is that the average temperature of the Earth is increasing.

Carbon dioxide is not the only atmospheric gas of anthropogenic origin that can affect the
heat balance of the earth; other examples are SOy and N5O. Nitrous oxide is of particular
interest, since its abundance is fairly high, and is increasing at a rate of about 0.5% per year.
It is produced mainly by bacteria, and much of the increase is probably connected with intro-
duction of increased nitrate into the environment through agricultural fertilization and sew-
age disposal. Besides being a strong infrared absorber, N5O is photochemically active, and
can react with ozone. Any significant depletion of the ozone content of the upper atmosphere
would permit more ultraviolet radiation to reach the earth. This would have numerous dele-
terious effects on present life forms, as well as contributing to a temperature increase. The
warming effect attributed to anthropogenic additions of greenhouse gases to the atmosphere
is estimated to be about 2 watts per m? , or about 1.5% of the 150 watts per m2 trapped by
clouds and atmospheric gases. This is a relatively large perturbation compared to the maxi-
mum variation in solar output of 0.5 watts per m? that has been observed during the past
century. Continuation of greenhouse gas emission at present levels for another century could
increase the atmospheric warming effect by 6-8 watts per m2.

A less-appreciated side effect of the increase in atmospheric carbon dioxide (and of other
plant nutrients such as nitrates) may be reduction in plant species diversity by selectively
encouraging the growth of species which are ordinarly held in check by other species that
are able to grow well with fewer nutrients. This effect, for which there is already some evi-
dence, could be especially pronounced when the competing species utilize the C3 and C4 pho-
tosynthetic pathways that differ in their sensitivity to CO,.

15 + Origin and evolution of the atmosphere
15.1 Prebiotic atmosphere

The atmosphere of the Earth (and also of Venus and Mars) is generally believed to have its
origin in relatively volatile compounds that were incorporated into the solids from which
these planets accreted. Such compounds could include nitrides (a source of Ny), water (which
can be taken up by silica, for example), carbides, and hydrogen compounds of N and C. Many
of these compounds (and also some noble gases) can form clathrate complexes with water
and some minerals which are fairly stable at low temperatures. The high temperatures
developed during the later stages of accretion as well as subsequent heating produced by
decay of radioactive elements presumably released these gases the surface. Even at the
present time, large amounts of COy , water vapor, Ny, HCL, SOy and H,S are emitted from
volcanos. The more reactive of these gases would be selectively removed from the atmo-
sphere by reaction with surface rocks or dissolution in the ocean, leaving an atmosphere
enriched in its present major components with the exception of oxygen which is discussed in
the next section.

Any hydrogen present would tend to escape into space!, causing the atmosphere to gradu-

ally became less reducing. However there is now some doubt that hydrogen and other vola-

1. The escape rate of hydrogen is presently about 2.5 x 1010 glyear, and is limited by
atmospheric diffusion; this rate is therefore believed to be unchanged throughout
geologic history.
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tiles (mainly the inert gases) were present in the newly accreted planets in anything like
their cosmic abundance. The main evidence against this is the observation that gases such
as helium, neon and argon, which are among the ten most abundant elements in the uni-
verse, are depleted on the earth by factors of 1077 to 10711 . This implies that there was a
selective removal of these volatiles prior to or during the planetary accretion process.

The overall oxidation state of the earth’s mantle is not consistent with what one would
expect from equilibration with highly reduced volatiles, and there is no evidence to suggest
that the composition of the mantle has not remained the same. If this is correct, then the
primitive atmosphere may well have had about the same composition as the gases emitted
by volcanos at the present time. These consist mainly of water and COg, together with small
amounts of Ny, Hy, HoS, SO, , CO, CH 4, NH3, HCl and HF. If water vapor was a major com-
ponent of outgassing of the accreted earth, it must have condensed quite rapidly into rain.
Any significant concentration of water vapor in the atmosphere would have led to a runaway
greenhouse effect, resulting in temperatures as high as 400°C.

15.2 Origin of atmospheric oxygen

Free oxygen is never more than a trace component of most planetary atmospheres. Thermo-
dynamically, oxygen is much happier when combined with other elements as oxides; the
pressure of Oy in equilibrium with basaltic magmas is only about 10~7 atm. Photochemical
decomposition of gaseous oxides in the upper atmosphere is the major source of Oy on most
planets. On Venus, for example, CO, is broken down into CO and Oy . On the earth, the
major inorganic source of Oy is the photolysis of water vapor; most of the resulting hydrogen
escapes into space, allowing the Oy concentration to build up. An estimated 2 x 101! g of Oy
per year is generated in this way. Integrated over the earth’s history, this amounts to less
than 3% of the present oxygen abundance. The partial pressure of Oy in the prebiotic atmo-
sphere is estimated to be no more than 1072 atm, and may have been several orders of mag-
nitude less. The major source of atmospheric oxygen on the earth is photosynthesis carried
out by green plants and certain bacteria:

Hzo + C02 = (CHzo) + 02

A historical view of the buildup of atmospheric oxygen concentration since the beginning of
the sedimentary record (3.7 x 10° ybp) can be worked out by making use of the fact that the
carbon in the product of the above reaction has a slightly lower C'2 content than does carbon
of inorganic origin. Isotopic analysis of carbon-containing sediments thus provides a mea-
sure of the amounts of photosynthetic Oy produced at various times in the past.

The initial rise in atmospheric oxygen (see illustration on the next page) did not take place
until well after photosynthetic production began. Oxygen is a strong oxidizing agent, and the
many electron donors present at the earth’s surface (particularly Fe(I)) constituted a mas-
sive “oxygen sink” that required several billion years to fill up

1. Thisisessentially what happened on Venus, where the surface temperature and pressure are 750 K and 90
atm. The high surface temperatures contributed to the further release of CO, from rocks; this gas is now the
major atmospheric component. The rather small quantity of water vapor in the Venusian atmosphere is prob-
ably due to the drying effect of the liquid sulfuric acid that forms the clouds.
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Part 4 - The biosphere

The biosphere comprises the various regions near the earth’s surface that contain and are
dynamically affected by the metabolic activity of the approximately 1.5 million animal spe-
cies and 0.5 million plant species that are presently known and are still being discovered at
a rate of about 10,000 per year. The biosphere is the youngest of the dynamical systems of
the earth, having had its genesis about 2 billion years ago. It is also the one that has most
profoundly affected the other major environmental systems, particularly the atmosphere
and the hydrosphere.

About a third of the chemical elements cycle through living organisms, which are responsi-
ble for massive deposits of silicon, iron, manganese, sulfur, and carbon. Large quantities of
methane and nitrous oxide are introduced into the atmosphere by bacterial action, and
plants alone inject about 400,000 tons of volatile substances (including some metals) into the
atmosphere annually’.

The increase in the abundance of atmospheric oxygen from its initial value of essentially
zero has without question been the most important single effect of life on earth, and the time
scale of this increase parallels the development of life forms from their most primitive stages
up to the appearance of the first land animals about 0.5 billion years ago.

16 * Chemistry and energetics of the life process

All life processes involve the uptake and storage of energy, and its subsequent orderly
release in small steps during the metabolic process. This energy is taken up in the combina-
tion of ADP with inorganic phosphate to form ATP, in which form the energy is stored and
eventually delivered to sites where it can provide the free energy needed for driving non-
spontaneous reactions such as protein and carbohydrate synthesis.

ADP + PO43_ ® ATP DG° = +30 kJ

The three main metabolic processes are glycolysis, respiration, and photosynthesis. The first
two of these extract free energy from glucose by breaking it up into smaller, more thermody-
namically stable fragments. Photosynthesis reverses this process by capturing the energy of
sunlight into ATP which then drives the buildup of glucose from COs.

16.1 Glycolysis and fermentation.

As its name implies, this most primitive (and least efficient) of all metabolic processes is
based on the breakdown of a sugar into fragments having a smaller total free energy. Thus
the 6-carbon sugar glucose can be broken down into two 3-carbon lactic acid units, or into
three 2-carbon ethanol units.

CgH1206 ® 2 CHzCHOHCOOH DG® = —197 kJ

1. It has been suggested that biological activity might be responsible for the deficiency of hydrogen on the
earth, compared to its very high relative abundance in the solar system as awhole. Bacteria capable of reduc-
ing hydrogen compounds to H, transform this element into aform in which it can escape from the earth;
such bacteria may have been especially active in the reducing atmosphere of the early earth. A second mech-
anism might be the microbial production of methane, which presently injects about 10° tons of this gasinto
the atmosphere each year. Some of this reaches the stratosphere, where it is oxidized to CO, and H,O. The
water vapor is photolyzed to H,, which escapesinto space. This may be the major mechanism by which
water vapor (and thus hydrogen) is transported to the stratosphere; the low temperature of the upper atmo-
sphere causes most of the water to condense before it can migrate to higher altitudes.
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free energy

In this process, two molecules of ATP are produced, thus capturing 61 kdJ of free energy.
Since the standard free energy of glucose (with respect to its elements) is —2870 kd, this rep-
resents an overall efficiency of about 2 percent.

The net reaction of glycolysis is essentially a rearrangement of the atoms initially present in
the energy source. This is a form of fermentation, which is defined as the enzymatic break-
down of organic molecules in which other organic compounds serve as electron acceptors.
Since there is no need for an external oxidizing or reducing agent, there is no change in the
oxidation state of the environment.

16.2 Respiration

When the enzymatic degradation of organic molecules is accompanied by transfer of elec-
trons to an external (and usually better) electron acceptor, the process is known as respira-
tion. The overall reaction of respiration is the oxidation of glucose to carbon dioxide:

CgH1,06+ 60, ® 6CO,+6H,0 ° = -2380 kJ

In this process, 36 molecules of ADP are converted into ATP, thus capturing 1100 kdJ of free
energy: an efficiency of 38 percent.

The oxidizing agent (electron sink) need not be oxygen; some bacteria reduce nitrates to NO
or to Ny, and sulfates or sulfur to HygS. These metabolic products can have far-reaching local-
ized environmental effects, particularly if hydrogen ions are involved.

16.3 Photosynthesis

The energy of sunlight is trapped in the form of an intermediate which is able to deliver elec-
trons to successively lower free-energy levels through the mediation of various molecules
(mainly cytochromes) comprising an electron-transport chain. The free energy thus gained is
utilized in part to reduce COg to glucose, which is then available to supply metabolic energy
by glycolysis or respiration. In green plants and eukaryotic algae, the source of hydrogen is
water, the net reaction being

6 CO,+6H,0 ® CgHip06+60, DG = +2830 kJ

For every CO4 molecule fixed in this way, 469 kd of free energy must be supplied. Red light
of 680 nm wavelength has an energy of 168 kJ/mol; this implies that about three photons
must be absorbed for every carbon atom taken up, but experiment indicates that about ten
seem to be required.

Fig. 18: The photosyn-
thetic-respiration cycle.
The net effect of photosyn-
respiration thesis is to accumulate free
(free energy out) energy through multi-step
conversions of ADP to ATP,
eventually forming carbohy-
ATPU ADP DG° drate which serves as stor-
age and fuel for respiration
in which the free energy is
CO2 + H2O CO2 + HO expended.

{CH20} + O2

photosynthesis
(free energy in)

There are many kinds of photosynthetic bacteria, but with one exception (cyanobacteria)
they are incapable of using water as a source of hydrogen for reducing carbon dioxide.
Instead, they consume hydrogen sulfide or other reduced sulfur compounds, organic mole-
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cules, or elemental hydrogen itself, excreting the reducing agent in an oxidized state. Green
plants, cyanobacteria, green filamentous bacteria and the purple nonsulfur bacteria utilize
glucose by respiration during periods of darkness, while the green sulfur bacteria and the
purple sulfur bacteria are strictly anaerobic.

17 +Biogeochemical evolution

Present evidence suggests that blue-green algae, and possibly other primitive microbial
forms of life, were flourishing 3 billion years ago. This brackets the origin of life to within
one billion years; prior to 4 billion years ago, surface temperatures were probably above the
melting point of iron, and there was no atmosphere nor hydrosphere.

By about 3.8 billion years ago, or one billion years after the earth was formed, cooling had
occurred to the point where rain was possible, and primitive warm, shallow oceans had
formed. The atmosphere was anoxic and highly reducing, containing mainly COg, Ny, CO,
H50, HyS, traces of Hy, NH3, CH,, and less than 1% of the present amount of O,, probably
originating from the photolysis of water vapor. This oxygen would have been taken up quite
rapidly by the many abundant oxidizable substances such as Fe(II), HyS, and the like.

LIFESPANS OF LIFE ON EARTH TIME OF
ANIMALS
|
Crigin TIME OF EUKARYOTES
of TIME OF BACTERIA
Earth
4 hillian 3 hillion 2 hillion 1 hillion Presert
VeSS ago WEQrs ago WEQrs ago WEQrs ago

Fig. 19: Timeline for development of the major life forms.
This drawing by R.H. Huskey provides a concise overview.
(from http://www.people.virginia.edu/~rjh9u/bactage.html)

17.1 Evidence for early life

The fossil record that preserves the structural elements of organisms in sedimentary depos-
its has for some time provided a reasonably clear picture of the evolution of life during the
past 750,000 years. In more recent years, this record has been considerably extended, as
improved techniques have made it possible to study the impressions made by single-celled
microorganisms embedded in rock formations.

The main difficulty in studying fossil microorganisms extending back beyond a billion years
1s in establishing that the relatively simple structural forms one observes are truly biogenic.
There are three major kinds of evidence for this.

Many of the most primitive life forms are still thriving, and these provide useful models with
which some of the fossil forms can be compared.

Carbon isotope ratios provide a second independent line of evidence for early life, or at least
that of photosynthetic origin. In photosynthesis, C1202 is taken up slightly more readily than is
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the heavier (and rarer) isotope C1302; thus all but the very earliest life forms have left an isoto-
pic fossil record even though the structural fossil may no longer be identifiable

+ A third evidence for early life is any indication of the presence of free oxygen in the local envi-
ronment. Easily oxidizable species such as Fe(II) were very widely distributed on the primitive
earth, and could not remain in contact with oxygen for very long without being oxidized. The
oldest known formations of oxidized iron pyrite and of uranite are in sediments that were laid
down between 2.0 and 2.3 billion years ago.

If all three of these lines of evidence are present in samples that can be shown to be contem-
poraneous with the sediments in which they are found, then the argument for life is incon-
trovertible. One of the most famous of these sites was discovered near Thunder Bay, Ontario
in the early 1950’s. The Gunflint Formation consists of an exposed layer of chert (largely sil-
ica) from which the overlying shale of the Canadian Shield had been removed. Microscopic
examination of thin sections of this rock revealed a variety of microbial cell forms, including
some resembling present freshwater blue-green algae. Also present in the Gunflint Deposits
are the oldest known examples of metazoa, or organisms which display a clear differentia-
tion into two or more types of cell. These deposits have been dated at 1.9-2.0 billion years.

The evidence from very old paleomicrobiotic deposits is less clear. Western Australia has
yielded fossil forms that are apparently 2.8 billion years old, and other deposits in the same
region contain structures resembling living blue-green algae. Other forms, heavily modified
by chemical infiltration, bear some resemblence to a present iron bacterium, and are found
in sediments laid down 3.5 billion years ago, but evidence that these fossils are contempora-
neous with the sediments in which they are found is not convincing.

The oldest evidence of early life is the observed depletion of C12 in 3.8-billion year old rocks
found in southwestern Greenland.

17 2 Origin of life: the organic environment

Under the conditions that prevailed at this time, most organic molecules would be thermo-
dynamically stable, and there is every indication that a rich variety of complex molecules
would be present. The most direct evidence of this comes from laboratory experiments that
attempt to simulate the conditions of the primitive environment of this period, the first and
most famous of these being the one carried out by Stanley Miller in 19531

Since that time, other experiments of a similar nature have demonstrated the production of
a wide variety of compounds under prebiotic conditions, including nearly all of the mono-
meric components of the macromolecules present in living organisms. In addition, small
macromolecules, including peptides and sugars, as well as structural entities such as lipid-
based micelles, have been prepared in this way.

The discovery in 1989 of a number of amino acids in the iridum-rich clay layer at the Cre-
taceous-Tertiary boundary suggests that bio-precursor molecules can be formed or depos-
ited during a meteoric impact. Although this particular event occurred only 65 million
years ago (and is presumed to be responsible for the extinction of the dinosaurs), the Earth
has always been subject to meteoric impacts, and it is conceivable that these have played a
role in the origin of life.

The presence of clays, whose surfaces are both asymmetric and chemically active, could have
favored the formation of species of a particular chirality; a number of experiments have
shown that clay surfaces can selectively adsorb amino acids which then form small peptides.

1. S.L. Miller: A production of amino acids under possible primitive earth conditions. 1953:
Science (117) 528-529.
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Fig. 20: Schematic diagram of Miller's experiment. H ” ﬁ
~J L
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It has been suggested! that the highly active and ordered surfaces of clays not only played a
crucial role in the formation of life, but might have actually served as parts of the first prim-
itive self-replicating life forms, which only later evolved into organic species.

For more on the history of this landmark experiment and on Miller’s
more recent views on the origin of life:
http://www.accessexcellence.com/WN/NM/miller.html

Another good source on the origin of life (from which the above diagram
is taken):
http://www.uta.edu/geology/geol1425earth_system/1425chapl10.htm

17.3 The first organisms

Since no laboratory experiment has yet succeeded in producing a self-replicating species
that can be considered living, the mechanism by which this came about in nature must
remain speculative. Infectious viruses have been made in the laboratory by simply mixing a
variety of nucleotide precursors with a template nucleic acid and a replicase enzyme; the key
to the creation of life 1s how to do the same thing without the template and the enzyme.

Smaller polynucleotides may have formed adventitiously, possibly on the active surface of an
inorganic solid. These could form complementary base-paired polymers, which might then
serve as the templates for larger molecules. Non-enzymatic template-directed synthesis of
nucleotides has been demonstrated in the laboratory, but the resulting polymers have link-
ages that are not present in natural nucleotides.

It has been suggested that these linkages could have been selectively hydrolyzed by a long
period of cycling between warm, cool, wet, and dry environmental conditions. The earth at
that time was rotating more rapidly than it is now; cycles of hydration-dehydration and of
heating-cooling would have been more frequent and more extreme.

The first organisms would of necessity have been heterotrophs— that is, they derived their
metabolic energy from organic compounds in the environment. Their capacity to synthesize
molecules was probably very limited, and they would have had to absorb many key sub-
stances from their surroundings in order to maintain their metabolic activity. Among the

1. See The first organisms, by A.G. Cairns-Smith, Scienfic American, June 1985
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most primitive organisms of this kind are the archaeons, which are believed to be predeces-

sors of both bacteria and eucaryotes. DNA sequencing of one such organism, a methane-pro-
ducer that lives in ocean-bottom sediments at 200 atm and 48-94°C, reveals that only about
a third of the genes resemble those of bacteria or eucaryotes.

It has been estimated that about 50 genes are required in order to define the minimal bio-
chemical and structural machinery that a hypothetical simplest possible cell would have.

Eubacteria and Archaebacteria: the oldest forms of life
http://www.bacteriamuseum.org/niches/evolution/evolution.shtm

17.4 Development of photosynthetic organisms

The earliest organisms derived their metabolic energy from the organic substances present
in their environment; once they began to reproduce, this nutrient source began to become
depleted.

Some species had probably by this time developed the ability to reduce carbon dioxide to
methane; the hydrogen source could at first have been H itself (at that time much more
abundant in the atmosphere), and later, various organic metabolites from other species
could have served.

Before the food supply neared exhaustion, some of these organisms must have developed at

least a rudimentary means of absorbing sunlight and using this energy to synthesize metab-
olites. The source of hydrogen for the reduction of CO, was at first small organic molecules;

later photosynthetic organisms were able to break this dependence on organic nutrients and
obtain the hydrogen from H,S.

These bacterial forms were likely the dominant form of life for several hundred million
years. Eventually, due perhaps to the failing supply of HyS, plants capable of mediating the
photochemical extraction of hydrogen from water developed. This represented a large step in
biochemical complexity; it takes 10 times as much energy to abstract hydrogen from water
than from hydrogen sulfide, but the supply is virtually limitless.

It appears that photosynthesis evolved in a kind of organism whose present-day descendents

are known as cyanobacterial.

Endosymbiosis and The Origin of Eukaryotes
http://www.ultranet.com/~jkimball/BiologyPages/E/Endosymbiosis.html

A less technical overview:
http://www.thymos.com/science/endosymb.html

1. The older name, blue-green algae, is now considered misleading, since they do not
resemble other algae.
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17.5 Procaryotes and eucaryotes

The five “kingdoms” into which living organisms are classified are Monera, Protista (proto-
zoans, algae), Fungi, Plantae, and Animalial. The genetic (and thus, evolutionary) relations
between these and the subcategories within them are depicted below.

Prokaryotes N Eukaryotes —|

Mukti-celled
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Purple Methon- Halophiles malds irushrooms)
hasterin hacterinm - Flarits
Thermoprotens Cilintes
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Fig. 21: Phylogony of organisms.
From R.D. Huskey: http://www.people.virginia.edu/~rjh9u/bactage.html

Superimposed on this, however, is an even more fundamental division between the procary-
otes and eucaryotes.

Procaryotes. In this group are primitive organisms whose single cells contain no nucleus;
the gene-bearing structure is a single long DNA chain that is folded irregularly throughout
the cell. Procaryotic cells usually reproduce by budding or division; where sexual reproduc-
tion does occur, there is a net transfer of some genetic material from one cell to another, but
there is never an equal contribution from both parents.

In spite of their primitive nature, procaryotes constitute the majority of organisms in the
biosphere. The division between bacteria and archaea within the procaryotic group is a
fairly recent one. Archaea are now believed to be the most primitive of all organisms, and
include the so-called extremophiles that occupy environmental niches in which life was at
one time thought to be impossible; they have been found in sedimentary rocks, hot springs,
and highly saline environments.

A very nice summary of the procaryotes from U. Wisconsin:
http://www.bact.wisc.edu/Bact303/TheProcaryotes

Eucaryotes. All other organisms— seaweeds (algae), protozoa, molds, fungi, animals and
plants, are composed of eucaryotic cells. These all have a membrane-bound nucleus, and
with a few exceptions they all reproduce by mitosis, in which the chromosomes split longitu-
dinally and move toward opposite poles. Other organelles unique to eucaryotes are mito-
chondria, ribosomes, and structural elements such as microtubules.

18 + Oxygen and biogeochemical evolution

Oxygen is poisonous to all forms of life in the absence of enzymes that can reduce the highly
reactive byproducts of oxidation and oxidative metabolism (peroxides, superoxides, ete.). All

1. Viruses and prions are not considered to be complete organisms, and so fall outside of this classification
scheme.
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organic compounds are thermodynamically unstable in the presence of oxygen; carbon-car-
bon double bonds in lipids are subject to rapid attack. Prebiotic chemical evolution leading to
the development of biopolymers was possible only under the reducing, anoxic conditions of
the primitive atmosphere.

Once organisms existed that could use water as a hydrogen source for the reduction of car-
bon dioxide, O9 began to be introduced into the atmosphere. The widespread occurrence of
ferrous compounds in surface rocks and sediments provided a sink for this oxygen that prob-
ably did not become saturated until about 2 billion years ago, when the atmospheric oxygen
abundance first rose above about 1 percent.
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As the oxygen concentration began to rise, organisms in contact with the atmosphere had to
develop protective mechanisms in order to survive. One indication of such adaptation is the
discovery of fossil microbes whose cell walls are unusually thick. A more useful kind of adap-
tation was the synthesis of compounds that would detoxify oxygen by reacting rapidly either
with Oy itself or with peroxides and other active species derived from it. Isoprenoids (the
precursors of steroids) and porphyrins are examples of two general classes of compounds
that are found in nearly all organisms, and which may have originated in this way. Later,
highly efficient oxygen mediating enzymes such as peroxidase and catalase developed. The
widespread phenomenon of bioluminescence may be the result of a very early adaptation to
oxygen. The compound luciferin is a highly efficient oxygen detoxifier, which also happens to
be able to emit light under certain conditions. Bioluminescence probably developed as a by-
product in early procaryotic organisms, but was gradually lost as more efficient detoxifying
mechanisms became available.

18.1 Development of the eucaryotes

In spite of the deleterious effects of oxygen on cell biomolecules, O, is nevertheless an excel-
lent electron sink, capable of releasing large quantities of energy through the oxidation of
glucose. This energy can be efficiently captured through oxidative phosphorylation, the key
process in respiration.

A cell that utilizes oxygen must have a structural organization that isolates the oxygen-con-
suming respiratory centers from the other parts of the cell that would be poisoned by oxygen
or its reaction products. Some procaryotic organisms have developed in this way; a number
of cyanobacteria and other species are facultative anaerobes which can survive both in the
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presence and absence of oxygen.

It is in the eucaryotic cell, however, that this organization is fully elaborated; here, respira-
tion occurs in membrane-bound organelles called mitochondria. With only a few exceptions,
all eucaryotic organisms are obligate aerobes; they can rarely survive and can never repro-
duce in the absence of oxygen. Mitotic cell division depends on the contractile properties of
the protein actomyosin, which only forms when oxygen is present.

The development of the eucaryotic cell about 1.4 billion years ago is regarded as the most
significant event in the evolution of the earth and of the biosphere since the appearance of
photosynthesis and the origin of life itself. How did it come about? The present belief, sup-
ported by an increasing amount of evidence, suggests that it began when one species of
organism engulfed another. The ingested organism possessed biochemical machinery not
present in the host, but which was retained in such a way that it conferred a selective evolu-
tionary advantage on the host. Eventually the two organisms became able to reproduce as
one, and so effectively became a single organism. This process is known as endosymbiosis.

According to this view, mitochondria represent the remains of a primitive oxygen-tolerant
organism that was incorporated into one that could produce the glucose fuel for the oxygen
to burn. Chloroplasts were once free-living photosynthesizing procaryotes similar to present-
day cyanobacteria. It is assumed that some of these began parasitising respiratory organ-
isms, conferring upon them the ability to synthesize their carbohydrate food during day-
light. The immense selective advantage of this arrangement is evident in the extent of the
plant kingdom.

18.2 Consequences of the oxygen increase

It is interesting that an atmospheric oxygen concentration of about 1 percent, known as the
Pasteur point! is both the maximum that obligate anaerobes can tolerate, and the minimum
required for oxidative phosphorylation.

As was mentioned previously, the oxygen produced by the first photosynthetic organisms
was taken up by ferrous iron in sediments and surface minerals. The widespread deposits
known as banded iron formations consist of alternating layers of Fe(IlI)-containing oxides
(hematite and magnetite) that were laid down between 1 and 2 billion years ago; the layer-
ing may reflect changing climatic or other environmental conditions that brought about a
cycling of the organism population.

During the buildup of oxygen, an equivalent amount of carbon had to be deposited in sedi-
ments in order to avoid the thermodynamically spontaneous back reaction which would con-
sume the Oy through oxidation of the organic matter. Thus the present levels of atmospheric
oxygen are due to a time lag in the geochemical cycling of photosynthetic products.

As the oxygen concentration increased, evolution seems to have speeded up; this may reflect
both the increased metabolic efficiency and the greater biochemical complexity of the
eucaryotic cell. The oldest metazoan (multiple-celled) fossils are coelenterates that appeared
about 700 million years ago. Modern representatives of this group such as marine worms
and jellyfish can tolerate oxygen concentrations as low as 7%, thus placing a lower boundary
on the atmospheric oxygen content of that era. The oldest fossil organisms believed to have
possessed gills, which function only above 10% oxygen concentration, appeared somewhat
later.Carbon dioxide decreased as oxygen increased, as indicated by the prevalence of dolo-
mite over limestone in early marine sediments.

1. Louis Pasteur discovered that some bacteria are anaerobic and unable to tolerate
oxygen above this concentration.
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Time-line charts for evolution and geology:
http://www.talkorigins.org/origins/geo_timeline.html

19 + Gaia: bioregulation of the environment

The physical conditions under which life as we know it can exist encompass a relatively nar-
row range of temperature, pH, osmotic pressure, and ultraviolet radiation intensity. It seems
remarkable enough that life was able to get started at all; it is even more remarkable that it
has continued to thrive in the face of all the perils that have, or could have occurred, during
the past 3 billion years or so.

During the time that life has been evolving, the sun has also been going through the process
of evolution characteristic of a typical star; one consequence of this is an increase in its
energy output by about 30 percent during this time. If the sun’s output should suddenly drop
to what it was 3 billion years ago, the oceans would freeze. How is it that the earth was not
in a frozen state for the first 1.5 billion years of life’s existence? Alternatively, if conditions
were somehow suitable 3 billion years ago, why have the oceans not long since boiled away?

A rather non-traditional answer to this kind of question is that the biosphere is far from
playing a passive role in which it is continually at the mercy of environmental conditions.
Instead, the earth’s atmosphere, and to a lesser extent the hydrosphere, may be actively
maintained and regulated by the biosphere. This view has been championed by the British
geochemist J.E. Lovelock, and is known as the Gaia hypothesis!.

Evidence in support of this hypothesis is entirely circumstantial, but nevertheless points to
important questions that must be answered: how have the climatic and chemical conditions
on the earth remained optimal for life during all this time; how can the chemical composition
of the atmosphere remain in a state that is tens of orders of magnitude from equilibrium?

Although the Gaia hypothesis has received considerable publicity in the popular press, it
has never been very well received by the scientific community, many of whom feel that there
1s no justification for proposing a special hypothesis to describe a set of connections which
can be quite adequately explained by conventional geochemical processes. More recently,
even Lovelock has backed away from the teleological interpretation of these relations2, so
that the Gaia should now be more properly described as a set of loosely connected effects,
rather than as a hypothesis. Nevertheless, these effects and the mechanisms that might act
to connect them are sufficiently interesting that it seems worthwhile to provide an overview
of the major observations that led to the development of the hypothesis.

19.1 Bioregulation of the atmosphere

The increase in the oxygen content of the atmosphere as a result of the development of the
eucaryotic cell was discussed above. Why has the oxygen content leveled off at 21 percent? It
1s interesting to note that if the oxygen concentration in the atmosphere were only four per-
cent higher, even damp vegetation, once ignited by lightning, would continue to burn, envel-
oping vast areas of the earth in a firestorm. Evidence for such a worldwide firestorm that
may be related to the extinction of the dinosaurs has recently been discovered. The charcoal
layers found in widely distributed sediments laid down about 65 million years ago are coinci-

1. Gaia is another name for the Greek earth-goddess Ge, from which root the sciences of geog-
raphy, geometry and geology derive their names. Lovelock’s book Gaia: A new look at life on
Earth (Oxford, 1979) is a short and highly readable discussion of this hypothesis.

2. Teleology is the doctrine that natural processes operate with a purpose. See” No longer willful, Gaia
becomes respectable.” 1988: Science 240 393-395
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dent with the iridium anomaly believed to be due to the collision of a large meteor with the
earth.

Oxygen Regulation of the oxygen partial pressure is probably achieved by a balance
between its production through photosynthesis and its consumption during oxidation of
organic matter; the present steady state requires the burial of about 0.1% the carbon that is
fixed annually, leaving one Oy molecule in the air for each atom of carbon removed from the
photosynthetic cycle. The large quantities of microbially-produced methane and N5O also
constitute important oxygen sinks; if methanogenic bacteria should suddenly cease to exist,
the Oy concentration would rise by 1% in about 12,000 years. This type of regulation implies
a negative feedback mechanism, in which an increase in atmospheric oxygen would increase
the activity of organisms capable of generating metabolic products that react with it.

Nitrous oxide Nitrous oxide, in addition to serving as an oxygen sink, might also be a factor
in the regulation of the intensity of the ultraviolet component of sunlight. NyO acts as a cat-
alytic intermediate in the decomposition of stratospheric ozone, which shields the earth from
excessive ultraviolet radiation.

Ammonia Ammonia, another atmospheric gas, is produced by the biosphere in approxi-
mately the same quantities as methane, 10? tons per year, and at the expense of a consider-
able amount of metabolic energy. The function of NHj3 could well be to regulate the pH of the
environment; in the absence of ammonia, the large amounts of SO and HCI produced by
volcanic action would reduce the pH of rain to about 3.

The fact that the atmospheric concentration of ammonia is only 107 times that of Ny should
not imply that this “trace” component plays a less significant role in the overall nitrogen
cycle than does than Ny. In fact, the annual rates of production of the two gases are roughly
the same; the much lower steady-state concentration of NHjg is due to its faster turnover
time.

Nitrogen As stable as the triply-bonded Ny molecule is, there is a still more stable form of
nitrogen: the hydrated nitrate ion. How is this stability consistent with the predominance of
nitrogen in the atmosphere? The answer is that it is not: if it were not for nitrogen-fixing
bacteria (powered directly or indirectly by the free energy of ATP captured from sunlight),
the nitrogen content of the atmosphere would disappear to almost zero. This would raise the
oxygen fraction to disastrously high levels, and the additional NO3™ concentration would
increase the ionic strength and osmotic pressure of seawater to levels inconsistent with most
forms of life.

19.2 Bioregulation of the oceans

The input of salts into the sea from streams and rivers is about 5.4E8 tons per year, into a
total volume of about 1.2E9 km yr~! . Upwelling of juvenile water and hydrothermal action
at oceanic ridges provide additional inputs of salts. With a few bizarre exceptions such as the
brine shrimp and halophilic bacteria, 6 percent is about the maximum salinity level that
organisms can tolerate. The internal salinities of cells must be maintained at much lower
levels (around 1%) to prevent denaturation of proteins and other macromolecules whose con-
formations are dependent on electrostatic forces. At higher levels than this, the electrostatic
Iinteraction between the salt ions and the cell membrane destroys the integrity of the latter
so that it can no longer pump out salt ions that leak in along the osmotic gradient. At the
present rate of salt input, the oceans would have reached their present levels of salinity mil-
lions of years ago, and would by now have an ionic strength far to high to support life, as is
presently the case in the landlocked Dead Sea.

The present average salinity of seawater is 3.4 percent. The salinity of blood, and of many
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other intra- and intercellular fluids in animals, is about 0.8 percent. If we assume that the
first organisms were approximately in osmotic equilibrium with seawater, then our body flu-
1ds might represent “fossilized” seawater as it existed at the time our predecessors moved
out of the sea and onto the land.

By what processes is salt removed from the oceans in order to maintain a steady-state salin-
ity? This remains one of the major open questions of chemical oceanography. There are a
number of answers, mostly based on strictly inorganic processes, but none is adequately sup-
ported by available evidence. For example, Na* and Mg2+ ions could adsorb to particulate
debris as it drops to the seafloor, and become incorporated into sediments. The requirement
for charge conservation might be met by the involvement of negatively charged silicate and
hydroxyaluminum ions. Another possible mechanism might be the burial of salt beds formed
by evaporation in shallow, isolated arms of the sea, such as the Persian Gulf. Extensive
underground salt deposits are certainly found on most continents, but it is difficult to see
how this very slow mechanism could have led to an unfluctuating salinity over shorter peri-
ods of highly variable climatic conditions.

The possibility of biological control of oceanic salinity starts with the observation that about
half of the earth’s biomass resides in the sea, and that a significant fraction of this consists
of diatoms and other organisms that build skeletons of silica. When these organism die, they
sink to the bottom of the sea and add about 300 million tons of silica to sedimentary rocks
annually. It is for this reason that the upper levels of the sea are undersaturated in silica,
and that the ratio of silica to salt in dead salt lakes is much higher than in the ocean.

These facts could constitute a basis for a biological control of the silica content of seawater;
any link between silica and salt could lead to the control of the latter substance as well. For
example, the salt ions might adsorb onto the silica skeletons, and be carried down with
them; if the growth of these silica-containing organisms is itself dependent on salinity, we
would have our negative feedback mechanism.

The continual buildup of biogenic sedimentary deposits on the ocean floor might possibly
deform the thin oceanic crust by its weight, and cause local heating by its insulating proper-
ties. This could conceivably lead to volcanic action and the formation of new land mass, thus
linking the lithosphere into Gaia.

For more on the Gaia hypothesis:

Overview and evolution of the hypothesis:
http://www.magna.com.au/~prfbrown/gaia.html

A critical survey from a course at U. Michigan:
http://www.sprl.umich.edu/GCL/paper_to_html/gaia.html
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