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Abstract
There are four major elements that are required by the biosphere in significantly greater
quantities than they are available in nature. These four are carbon (C), nitrogen (N), sulfur
(S) and phosphorus (P). (Hydrogen and oxygen, the other two major ingredients of organic
materials, are not scarce in the earth's crust, though oxygen is also recycled along with
carbon). These natural cycles are driven by geological, hydrological, atmospheric and
biological processes. In effect, the geo-biosphere is a dissipative system (in the sense of
Prigogine) in a quasi steady state, far from thermodynamic equilibrium. This steady state is
maintained by the influx of solar exergy.
Interruption or disturbance of these natural cycles as a consequence of human
industrial/economic activity could adversely affect the stability of the biosphere, and might
possibly reduce its productivity. Indeed, because the more complex long-lived organisms such
as large mammals (including man), birds and even trees evolve more slowly than smaller
short-lived organisms, the very nature of an altered steady state might not be favorable to
many existing species. Thus there is even a potential threat to human survival itself.
Unfortunately, the interactions among these cycles have received relatively little attention up
to now.
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The Driver: Solar Exergy
In a steady state condition, exergy inflows from the sun to the earth must be balanced
by exergy outflows (i.e. infrared heat radiation) together with exergy gains by or losses from
terrestrial inventories (such as biomass) and exergy losses from biospheric and economic
processes. Stored exergy in/on the earth consists of stored heat in the air, oceans and earth's
crust, and stored chemical energy in biomass, fossil fuels and other potentially reactive
minerals and compounds. The latter include reduced forms of metals, reduced forms of sulfur
and atmospheric oxygen and nitrogen. The difference between solar exergy inflows and IR
exergy outflows is available to do work i.e. to drive terrestrial atmospheric, hydrospheric,
geospheric and biospheric processes. Among these natural processes, only the biosphere
extracts exergy from the solar influx and accumulates it in biomass, some of which is
permanently sequestered in sediments and sedimentary rock. In short, whereas the physical
processes merely "consume" exergy (being driven by it), the biological processes also
accumulate and store some of it.
Some interesting implications follow from the exergy balance condition. For instance,
consider the glacial periods, when the earth's surface temperature dropped 5 or 6 degrees
Celsius, or about 2% of absolute temperature,' for reasons not yet fully understood. The
outward efflux of exergy in the form of infrared (IR) radiation — which depends on the
fourth power of the earth's effective surface temperature — correspondingly decreased by
around 7%. Part of this could have been due to the "greenhouse effect" operating in reverse.
(It is known that CO2 levels and temperature levels tracked each other rather closely). Snow
cover over the glaciers must have significantly increased the earth's albedo, thus reducing the
solar exergy flux absorbed in the atmosphere or at the earth's surface. In effect, less exergy
was available to drive natural processes on the earth's surface.
Now consider the opposite case. What happens when greenhouse warming increases the
surface temperature? One immediate effect must be a higher exergy outflow from earth
(increased thermal radiation). Another immediate effect of global warming, would be (other
factors remaining equal) to increase evapotranspiration and the level of photosynthetic activity
and the exergy consumed for plant metabolism. A third immediate effect of warming would
seem to be to increase the evaporation of water from the oceans. The last two effects, taken
together, would raise humidity, cloud cover and precipitation. The humidity effect would tend
ceteris paribus to increase greenhouse warming, whereas increased cloud cover would tend
to increase the albedo and cause compensatory cooling.2
The other consequence of increased evaporation is a matching increase both humidity and
precipitation. Unless compensated for by some other phenomenon not yet taken into account
— for instance decreased high level cloud cover, and reduced albedo — the consequences of
surface warming (and increased evaporation) must drive the hydrological cycle harder. Indeed,
this is predicted by all the climate models (general circulation models or GCMs).

The Hydrological Cycle
The hydrological cycle is, in essence, a net transport of moisture from the oceans to the
land, compensated by river flows back to the oceans. Evaporation occurs mostly over the
oceans, for obvious reasons. Condensation occurs preferentially over land because of two
factors: hills and "hot spots" (the latter being caused mainly by local differences in surface
reflectivity/absorbtivity): humid air flowing inshore is forced to rise when it encounters
mountains or rising air currents. When it rises it expands and cools. The moisture then
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condenses and forms clouds or fog. Under appropriate conditions clouds produce rain or
snow. Net evaporation cools the oceans, while net condensation warms the land. This
influences the land water temperature gradient, which controls the monsoon weather patterns
in the tropics, for instance. This part of the system is self adjusting on a very short time scale:
if the land cools too much relative to the ocean, onshore winds bring in moisture, and
conversely.
An important consequence of the hydrological cycle, over long periods of time, is erosion
and weathering. Weathering not only converts rock to soil, but also gradually removes carbon
dioxide from the atmosphere by reacting with silicates (see below). Erosion, of course, carries
weathered material (soil and silt) from hills to valleys and finally into the sea, where the
material is buried for millions of years, until some tectonic process lifts the submerged area
once again. Hydrological processes are of major importance in several of the nutrient cycles.
Needless to say, if the hydrological cycle is driven harder, the associated processes of erosion
and weathering will be accelerated too.
As noted, climate warming would result in increased precipitation over the land surface.
The location is important. If it occurs as snow in the far north, or in high mountains, year
round snow cover will increase and more of the solar radiation will be reflected away from
the earth. The result would be — in the course of a few centuries — a compensatory cooling
effect, perhaps even the initiation of a new period of glaciation. But shorter term impacts may
be more relevant. Even changes in seasonal rainfall can be very important to agriculture and
to flood erosion.
All the global GCMs predict marked climate changes at the regional level, although the
details are very sensitive to the choice of CO 2 scenario. Some arid areas may become even
drier than they are now. Others will become more humid. Similarly, some humid areas may
become even more so. It appears likely that the northern boundary of the arid equatorial belt
— comprising northern Mexico, the Sahara, the Sahel, the Arabian peninsula and the Indus
River basin — may creep further north, for instance. This would bring increased fresh water
shortages to the Mediterranean Basin and the American southwest but more rain and runoff
to northern Europe, Canada and Siberia. Northern forests may get more rainfall (or snowfall)
and could grow faster. The northern prairies of Canada could conceivably become more
productive. Tropical monsoon patterns are likely to be affected. This could be either beneficial
or disastrous for the Indian subcontinent and for East Africa.
Unfortunately, the models do not agree on the details. One GCM model run for a
scenario assuming doubled atmospheric CO2 led to projections of changes in river runoff for
major river basins ranging from –43% to +96% [Miller & Russell 1992]. The overall level
of river runoff was up, but people living in drier could suffer disastrous reductions in fresh
water availability and agricultural potential. Unfortunately, however, no single model run can
be taken too seriously, since the results differ significantly from model to model at the
regional level. For instance, the Miller-Russell model run mentioned above estimated that
runoff in the Yangtze River basin of China would increase by 36%, while the GangesBrahmaputra basin of northern India and Bangladesh would decrease by 1%. In contrast,
another model run (using a different CO2 scenario) predicted a 23% decrease in runoff for the
Yangtze and a 20% increase for the Ganges-Brahmaputra [van Deursen & Kwadijk 1994].
Given the nonlinearity of the system and the fact that all GCMs predict increased climate
variability, it is even likely that both results are "correct" in the sense of being within the
range of possible outcomes in particular years. However, it should also be noted that these
two river basins provide water for the two most densely populated regions on earth. A
significant increase in runoff in any year could very well mean major flooding and flood
related losses, while a sharp decrease could mean starvation for millions.
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The model runs cited above are already obsolescent, due to rapid progress in the
sophistication of models dealing with land-surface-atmosphere interactions. However, a
number of modelling issues remain unresolved, including the relative importance of various
sub grid scale processes and their mutual interaction [IPCC 1995 p. 221]. Also, there are
significant data gaps with regard to the properties of different heterogeneous landscapes with
respect to relevant characteristics, such as water retention, especially of frozen soils in
northern latitudes [ibid]. In short, the uncertainties remain great; the modelling state of the
art does not yet permit robust forecasts of precipitation or surface runoff, especially at the
regional level.
A further consequence of global warming could be to interfere with ocean currents such
as the Gulf Stream. In tropical oceans warm surface water evaporates, leaving the salt behind.
The salty warm water flows north on the surface, over a colder deeper layer. As the saline
current loses its warmth it eventually sinks due to its excess density and flows back towards
the equator in the deep ocean; these surface and subsurface currents, taken together, constitute
the so-called "conveyor belt" which transports heat from the equatorial regions to the poles
and transports nutrients (especially phosphorus) from the deep waters of the polar oceans back
to the surface waters of the equatorial regions.
Global warming will result in increased evaporation in the tropics. The effect of increased
ocean surface evaporation would be to increase the salinity (and density) of the surface water.
It will also cause accelerated melting of polar ice. In addition, excess precipitation on land
will result in increased freshwater runoff. This would suddenly increase the influx of fresh
water into the Gulf Stream as it flows through the North Atlantic. One major North American
river, in particular, the St. Lawrence, flows directly into the Gulf Stream. The admixture of
fresh water would reduce the salinity/density differential of the Gulf Stream and other warm
currents flowing towards the polar regions and could conceivably interrupt the return flow of
the "conveyor belt" itself. (This has probably happened in the past, for several hundred years,
during the rapid melting of the Wisconsin glacier). Were this to happen again, northern
Europe would be cooled by several degrees Celsius as a direct consequence of general global
warming!
As the Gulf Stream becomes both warmer and more saline, the point where it ceases its
northward flow and sinks to the bottom depends (roughly) on which is the dominant effect:
(1) the increased fresh water input from runoff and precipitation, (2) the excess heat buildup
in tropical waters due to global warming and (3) the excess salinity due to enhanced
evaporation in the tropics. Other effects, such as wind stress and wave response also need to
be reflected in the models. GCMs are not yet able to make satisfactory predictions in this
area, due to the different scales at which these phenomena occur.3
The conveyor belt does not only warm northern Europe. The reverse flow of the deep
currents ends with upwelling of cold and nutrient rich water in the tropics, especially off the
west coast of South America (mainly Peru and Ecuador). These cold waters rise to the surface
at a rate determined by the strength of the surface trade winds known as "easterlies" which
blow from southeast to northwest along the Peruvian coast and thence offshore. This wind
pushes the warm surface waters away from the continental coastline and drags the cold deeper
waters to the surface in their wake. When the easterly winds blow normally at full strength,
the cold water rising to the surface cools the air immediately above it. This cool air is too
dense to rise high enough to condense into raindrops and cause precipitation near the western
coast of South America. These areas are consequently extremely dry. The humid surface air
moves across the sea surface (warming gradually as it goes) and finally releases its moisture
as rain when it encounters mountainous islands in the western Pacific (e.g. Melanesia and
Indonesia).
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At least, that is the normal pattern. However, the complexity of ocean atmosphere
relationships is illustrated by the so-called El Nino events, observed in recent years. 4 The first
recorded event of this kind was in 1972. Others have occurred in 1976, 1982, 1987 and 1992.
Such an event is characterized by abnormally weak surface winds from east to west, reduced
upwelling, unusually warm ocean surface waters in the eastern Pacific, and a shift of the
rainfall zone from the western to the central Pacific. The suspicion that these events have
been triggered by general climate warming is very strong. In fact, El Nino Southern
Oscillation (ENSO) is now regarded as an important part of the global climate system, and
it is clear that more accurate simulations are needed.5
The ENSO phenomenon is not local. Conditions as far away as the Caribbean and South
Africa are also affected. (To illustrate the magnitude of the change, "normal" rainfall at
Christmas Island in the central Pacific ranges from 0 to 8 inches. In El Nino years, rainfall
has several times exceeded 40 inches on that island). This shift in wind patterns means sharp
reductions in the traditional anchovy fish catch in the upwelling zone off Peru and Ecuador,
and draught in Northern Australia and Indonesia. There is no doubt that El Nino events are
very costly in terms of reduced fish catch, floods, storms, droughts and fires in drought
impacted areas.6 Efforts are underway to measure sea surface temperatures more consistently
and reliably.
The advent of industrial activity has obviously altered the preindustrial exergy balance.
On the one hand, humans now dispose of a small but increasing direct share of available solar
exergy "current income", mainly through agricultural use and hydrological engineering. In
addition, humans are consuming exergy capital that was accumulated through past
photosynthesis and sequestration. Indeed, it is the latter (mainly combustion of fossil fuels)
that is the primary cause of climate warming and other environmental threats. Apart from
immediate atmospheric warming, and sea level rise (which have received most of the attention
so far) general climate warming may have much more far reaching impacts on oceanic
currents and the hydrological cycle. These impacts have not yet been modelled adequately,
but rapid progress is being made. Until a few years ago, general circulation models (GCM's)
of the atmosphere could not yet take into account ocean currents, for reasons of computer
capacity limitations (arising from time and spatial scale mismatches). However, atmospheric
GCMs have recently been linked with ocean current models, permitting far more integrated
assessments than were possible just a few years ago.

The Origin of Nutrient Cycles
The nutrient cycles, as they exist today, are consequences of biogeological evolutionary
processes. An observer from another galaxy might well regard these cycles as the most
significant consequence of that evolutionary process. In fact, the nutrient elements (C, N, S,
P) were not recycled during the earth's early evolutionary history. It should be noted that the
atmosphere of the early earth certainly contained no free oxygen, and the earth's crust
certainly contained no free carbon or sulfur. It is currently thought to have consisted of carbon
dioxide, nitrogen and water vapor.
The earliest known forms of life, about 3.5 billion years ago, were single celled
prokaryotic organisms — essentially, protobacteria — which obtained the energy needed for
their metabolic processes from a supply of simple organic molecules, like glucose. Nobody
knows the origin of this primitive food supply. It may have been synthesized on earth by
some unknown abiotic process. Or, it may have been created originally in cold interplanetary
space. The key metabolic process of the first protobacteria was fermentation, schematically
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represented by the sequence:
glucose --0 pyruvate --0 ethyl alcohol and/or lactic acid + CO2
Since there was no mechanism for replacing the original "food" supply, this population of
fermenting organisms was not stable, or sustainable. Carbon was not recycled.
Fortunately, after the passage of half a billion years or so, the problem was solved by an
evolutionary "great leap forward". This was the appearance of the first prokaryotic
photobacteria. These were organisms capable of utilizing the energy of sunlight to create
glucose from carbon dioxide. However, there was a waste product from this reaction, namely
oxygen. Oxygen was highly toxic to early forms of life. However, oxygen did not accumulate
in the atmosphere at first. For a long time it was removed from circulation almost as fast as
it was formed. Oxygen reacted with soluble ferrous iron and/or sulfides to form insoluble
ferric iron and calcium sulfates. These materials were deposited on the ocean floor as hematite
(iron ore) and gypsum, respectively. We mine these ores today.
However, life on planet Earth would have self destructed sooner or later from oxygen
poisoning if another evolutionary development had not occurred. This was the appearance of
first oxygen tolerant photosynthesizers. These were cyanobacteria (2 billion years ago). The
next important evolutionary step (1.5 billion years ago) was even more radical: it was an
extension of the fermentation process to oxidize the organic waste products (e.g. lactic acid)
to yield carbon dioxide, plus additional metabolic energy. This new process is aerobic
respiration. As it happens, aerobic respiration is 18 times more efficient (in energy terms)
than fermentation. Thus, the respirators (eukaryotes) eventually outcompeted fermenters in
aerobic environments. The fermenters have been relegated to anaerobic environments, such
as lake bottoms, sediments and swamps.
The advent of aerobic respiration created a route for the closure of both the oxygen and
carbon cycles, for the first time. The evolutionary history of the nitrogen, sulfur and
phosphorus cycles is less wellknown. However, all of the grand nutrient cycles did evolve,
over billions of years, to a relatively stable state. All of them can be characterized, in
Prigogine's terms, as "dissipative systems" that are far from thermodynamic equilibrium [e.g.
Nicolis & Prigogine 1977]. Thermodynamically they are all oxidation reduction cycles
involving a number of biologically driven steps.
It is convenient for purposes of exposition to describe the grand nutrient cycles in
functional terms, as illustrated by Figure I. The cycles differ markedly in terms of the
physical and chemical form of the major inorganic reservoir, and the mechanisms for transfer
from one reservoir to another. When an element passes from the bio-unavailable inorganic
reservoir to the bio-available reservoir it is said to be mobilized. In the case of nitrogen,
mobilization essentially consists of splitting the di-nitrogen N 2 molecule, which is quite
stable.' When a nutrient moves in the reverse direction it is sequestrated. (In the case of
carbon, the term is also used in connection with the accumulation of carbon or carbon dioxide
in a reservoir from which CO2 cannot reach the atmosphere). A nutrient can pass from an
organic reservoir (e.g. dead plant material) to an inorganic reservoir by decomposition or (in
the case of nitrogen) bacterial denitrification.
There are really two subcycles. The first is an exchange of the nutrient element between
a bio-unavailable reservoir and a bio-available reservoir. For instance, in the case of carbon,
there are two bio-unavailable forms. One is the sedimentary calcium and magnesium
carbonates (limestone, dolomite), and the other is reduced carbon (kerogen) also in sediments
and sedimentary rocks such as shales. The bio-available (nutrient) form of carbon is the
dissolved bicarbonate ion (HCO3) in water or atmospheric carbon dioxide. In the case of
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nitrogen, the bio-unavailable reservoir is atmospheric di-nitrogen (N2) while the bio-available
forms constituting the nutrient pool are dissolved nitrates (NO 3-) or ammonium (NH4+) ions.
In the case of sulfur, there are, again, two major reservoirs. The bio-unavailable reservoir
consists of insoluble sulfates (e.g. gypsum) and buried metallic sulfides (e.g. pyrites). The bioavailable reservoir consists of sulfur-containing organic compounds. In the case of
phosphorus, the largest reservoir is in marine sediments. However, compared to the quantities
embodied in marine or terrestrial biomass, a great deal or phosphorus is already bio-available,
either in humus and litter or dissolved in ocean water. The main bio-unavailable terrestrial
reservoir is the mineral apatite (Cas(PO4)30H), better known as "phosphate rock", which
constitutes 95% of all known mineral sources.
Table I shows the (approximate) quantities of C, N, S, P in the various reservoirs. Table
shows
the ratios of C, N, P in some of the major reservoirs.
II
Apart from reservoirs, it is important to identify carriers. For carbon there are two main
gaseous carriers: carbon dioxide (CO2) and methane (CH4). The water soluble form of carbon
is bicarbonate (HCO3-), which is also a carrier. For nitrogen the main gaseous carriers are
nitrogen oxides (N0x) and ammonia (NH 3); most ammonium compounds and nitrates are
soluble in water, but the main aqueous form is nitrate (NO3-). In the case of sulfur, the
inorganic gaseous media are hydrogen sulfide (H 2S), carbonyl sulfide (COS), carbon disulfide
(CS2) and dimethylsulfide (DMS = (CH3)2S) and sulfur dioxide (SO 2); the main aqueous form
is sulfate (SO41, but DMS is also quite soluble in water. The only phosphorus carriers are
phosphate ions PO4=. (The aqueous form is phosphoric acid (H3PO4).)
The second subcycle is an exchange between the bio-available nutrient reservoir and
living organisms themselves (which constitute a secondary reservoir of the nutrient). The
reverse transfer, by decomposition or mineralization, has already been mentioned. In the case
of carbon the conversion of CO2 to its primary biological form (ribose, a kind of sugar) is
accomplished by photosynthetic organisms. Most of the other transfers in this subcycle are
carried out by specialized bacteria or by enzymes within cells. For instance, nitrogen in living
(or dead) organisms is normally in the amine group (–NH2). A few free-living bacteria —
notably Rhizobium — and some anaerobic cyanobacteria and yeasts have the ability to split
the di-nitrogen molecule and fix nitrogen in a bio-available form.
Aerobic bacteria require oxygen for metabolic purposes. The usual metabolic process is
respiration, in which organic material of the general form (CH2O) is oxidized by molecular
oxygen from the atmosphere to CO 2 and H20. If atmospheric oxygen is not available, bacteria
will obtain it from other molecular sources. In order of decreasing preference (as measured
by a quantity called "redox potential"), these sources — termed "electron acceptors" — are:
NO3-, Mn02, Fe(OH)3, and SO4=. Lacking any of these oxygen-containing molecules, some
anaerobic bacteria can also break the CH 2O molecule directly, yielding CO 2 and methane
(CH4). Carbon dioxide and water are the main products in every case, but other byproducts
are generated. For instance, the process of denitrification yields N2 or N20, desulfonation
yields H2S, and so on. These are the gases that transfer nutrients between marine and
terrestrial reservoirs.
In principle, anaerobic bacteria could also extract oxygen from the phosphate radical PO4,
yielding a gaseous compound, phosphine (PH3). However, phosphorus is extraordinarily
attracted to oxygen (which is why phosphate groups are oxygen carriers in all living
organisms). If phosphine were produced it would be reoxidized very rapidly in today's
atmosphere, which limits the possibilities for transport of phosphorus in gaseous form over
significant distances.
It is tempting to compare the preindustrial nutrient "cycles" (C, N, S) with the current
fluxes, on the assumption that these three cycles were, or very near, a steady-state in
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preindustrial times. Steady-state, in this context, means that each of the major reservoirs
remains essentially constant or fluctuates within narrow limits. Inputs and outputs of each
species to each reservoir must exactly balance (on average) any chemical transformations
from one species to another in a steady-state condition. By this straightforward test, as will
be seen, none of the grand nutrient cycles is in steady-state now. However, it seems that the
grand cycles are seldom in balance for long, if ever, thanks to geological processes such as
continental drift, uplifts, episodic vulcanism and ice ages that occur over geological time
scales. Thus, it can be quite misleading to compare the current state of imbalance with a
hypothetical balance condition.
Brief descriptions of the main cycles follow.

The "Slow" Carbon Cycle
The major inorganic reservoir of carbon (Table 1) is sedimentary carbonate rocks, such
as limestone or calcite (CaCO 3) and dolomite (CaMg(CO3)2). This reservoir contains more
than 105 times more carbon than the atmosphere and the biosphere together. These reservoirs
participate in a "slow" (inorganic) cycle, in which, carbon dioxide from the atmosphere is
taken up by the weathering of silicate rocks, driven (as mentioned earlier) by the hydrological
cycle. This process occurs in a reaction that can be summarized by
CaSiO3 + CO2 + 21120 Ca(OH)2 + Si02 + H2CO3(1)
The calcium, magnesium and bicarbonate ions, as well as the dissolved silica, in the surface
waters are carried to the oceans. There the dissolved calcium, silica, carbonate and
bicarbonate are either precipitated inorganically or picked up by marine organisms and
incorporated into their shells as calcium carbonate and opa1 8. The calcium and carbonate part
of the marine system can be summarized as:
Ca(OH)2 + H2CO3 Ca CO3 + 2H20

(2)

In due course the inorganic precipitates and shells drift down to the ocean floor as sediments,
eventually being converted by heat and pressure into limestone, chalk and quartz. The sum
of the two reactions is
Ca Si 03 + CO2 Ca CO3 + Si 02(3)
The observed rate of oceanic calcium carbonate deposition would use up all the carbon
dioxide in the oceans in about 400,000 years.
However, just as volcanos eject hot lava and gases onto the surface from under the earth's
crust, there are subduction zones (mostly under the oceans) that carry sediments back into the
reducing magmatic layer. There is another chemical reaction that occurs at the high pressures
and temperatures of that region. This reaction reverses the direction of reaction (3) and
reconverts sedimentary calcium and/or magnesium carbonate rocks (mixed with quartz) into
calcium or magnesium silicate, releasing gaseous CO 2 that is vented through volcanic
eruptions or hot springs. Weathering rates are relatively easier to measure [Holland 1978;
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Berner et al 1983] compared to outgassing rates [Berner 1990; Gerlach 1991]. But insofar as
the data is available, the two rates (CO2 uptake and emission) appear to agree within a factor
of two [Kasting & Walker 1992]. The fact that agreement is not closer is an indication of the
fact that much remains to be learned about the details of these bio-geo-chemical processes.
In principle, there is a somewhat crude geological mechanism that would tend to keep
the silicate weathering rate roughly equal to the volcanic outgassing rate, over very long time
periods. A buildup of CO2 in the atmosphere would lead to greenhouse warming. This
increases the rate of evaporation (and precipitation) of water, thus accelerating the weathering
process, which removes CO 2 from the atmosphere. The silicate weathering rate is directly
dependent on climate conditions, including the precipitation rate and the surface exposure.
This would eventually halt the temperature rise. If the atmospheric CO 2 level rises, due to
abnormal volcanic activity, there will be an increase in the rate of weathering and CO 2 uptake.
Conversely, if the CO2 level is dropping, so will the temperature and the weathering rate.9
In fact, it is asserted by some geologists that the inorganic carbon cycle is sufficient to
explain the major features of paleoclimatic history [Holland 1978; Berner et al 1983]. Bemer's
model failed to explain one major feature, however: the fact that the earth's climate has
actually ccoled significantly during the last 50 million years. However, thanks to more recent
work there is now a strong presumption that the cause of this cooling is also geological (i.e.
tectonic) in origin. In brief, during that period the Indian subcontinent moved north and
collided with Asia (actually, about 35 million years ago), forcing the Tibetan plateau to rise.
The rise of this enormous mountain range, in turn, must have sharply increased the rate of
CO2 removal from the atmosphere [Raymo & Ruddiman ??]. In fact, some calculations
suggest that the weathering of the Tibetan plateau, alone, would remove all the CO2 from the
atmosphere in a few hundred thousand years. Obviously there must be other partially
countervailing effects at work which are not yet fully understood.

The "Fast" Carbon Cycle
The geochemical response mechanisms described above are much too slow to account
for the strong observed correlation between climate and atmospheric CO 2 levels over much
shorter periods. These are part of the "fast" carbon cycle, which is biologically controlled. The
observed seasonal cycle of atmospheric CO 2 is an obvious short-term effect of the biosphere.
Photosynthetic activity in the spring and summer in the northern hemisphere normally brings
about a measurable reduction in the atmospheric CO 2 concentration. Actually, CO2 is
biologically transformed by photosynthesis into sugars and cellulose, with the generic formula
CH20, viz.
CO2 + H20 -, C H20 + 02(4)
Aerobic respiration is the reverse of carbon fixation. On a longer time scale, CO2
fertilization of terrestrial vegetation is a factor (along with temperature) tending to maintain
atmospheric CO2 at a constant level. Rising atmospheric carbon dioxide directly enhances the
rate of photosynthesis, other factors being equal. 19 It also causes climate warming, and
increased rainfall, both of which further enhance the rate of plant growth, subject to the
availability of other nutrients, water, etc.
However, the organic carbon cycle cannot be understood in terms of the biochemistry of
photosynthesis alone. Nor is all sedimentary carbon in the form of carbonates. There is a
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significant reservoir of reduced organic carbon (kerogen), buried in sediments, some of which
has been aggregated by geological processes and transformed by heat or biological activity
to form coal, petroleum and (possibly) natural gas. 11 Of course, it is the geologically
concentrated sedimentary hydrocarbons that constitute our fossil fuel resources and which are
currently being reconverted to CO 2 by combustion.

The Methane Subcycle
Methane (CH4) has its own subcycle. In any anaerobic environment 12 — including the
guts of cellulose-ingesting animals such as ungulates and termites — organic carbon is broken
down by bacteria. The methane is generated according to the reaction:
2 CH20 -- CO2 + CH4

(5)

In sediments, these anaerobic bacteria produce "swamp gas" (while the organic nitrogen and
sulfur are reduced to ammonia and hydrogen sulfide). In the stomachs and intestines of
grazing animals such as cattle and sheep, or termites, the methane is excreted by belching.
As noted previously, the existence of free oxygen in the atmosphere is due to the fact that
so much organic carbon has been sequestered over eons by burial in silt. Nevertheless, at least
half of all buried organic carbon is recycled to the atmosphere by anaerobic methanation. The
methane in the atmosphere is gradually oxidized, via many steps, to CO 2. It is not recycled
biologically, as such.
However at present methane is being emitted to the atmosphere faster than it is being
removed. The total atmospheric reservoir is quite disputed, since the residence time is difficult
to measure precisely. Global atmospheric concentrations are increasing; they increased 11%
between 1978 and 1987 alone [Mackenzie et al 1992]. Annual sources currently exceed sinks
by around 10% [ibid]. This is a matter of concern, since methane is a very potent greenhouse
gas, much more so than CO 2. Clearly, any mechanism that increases the rate of methane
production by anaerobic bacteria will have a pronounced impact on climate, ceteris paribus.
For instance, the expansion of wet rice cultivation in the orient, together with the spread of
cattle and sheep husbandry worldwide, constitute a significant anthropogenic interference in
the natural methane cycle.

The Carbon Cycle as a Whole
The carbon cycle as a whole is summarized in Figures 2 and 3. The carbon cycle is not
now in balance. (Whether it was truly balanced in preindustrial times is debatable [e.g.
Sundquist 1993]). In any case, the carbon dioxide level of the atmosphere has been rising
sharply for over a century. Anthropogenic extraction and combustion of carbonaceous fuels,
together with deforestation to clear land for agriculture, have contributed significantly to
altering the atmospheric CO2 balance. About 5% of total CO 2 emissions from the land to the
atmosphere are anthropogenic [Bolin 1986]. The CO 2 concentration is now approaching 360
ppm, more that 25% above the preindustrial level (estimated to be 280 ppm). The rate of
increase in recent years has been about 0.4% per year, although it fluctuates. (In 1992-94 the
rate of increase was considerably slower for reasons that are not fully understood.)
As of 1990 approximately 5.4 Pg/yr of carbon was being converted to CO 2 by
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combustion processes and transferred from underground reservoirs of reduced carbon to the
atmosphere. A further 1.6 Pg/yr is attributed to tropical deforestation, for a total of 7 Pg/yr
[Stern et al 1992, Table 3.2]. Roughly half of this excess anthropogenic flux, or 3.5 Pg/yr,
is known to be accumulating in the atmosphere. At first glance, it would appear that the
remainder must be accumulating either in the oceans or in terrestrial biomass. Although it has
been assumed until recently that the ocean must be the ultimate sink [e.g. Peng et a/1983],
there is increasing evidence that the known atmosphere-ocean transfer mechanisms cannot
account for all the "missing" carbon [Tans et al 1990; Schlesinger 1991; Sundquist 1993].
The 1990 IPCC "business as usual" projections of atmospheric CO 2 concentrations to the
year 2100 appear to have neglected or underestimated this fertilization effect, resulting in an
overestimate of the order of 66 ppm (i.e. the difference between 761 ppm and 827 ppm) [den
Elzen 1994]. However, simulation models of the carbon cycle, working both "forward" and
"backward, have contributed significantly to clarification of the situation. To summarize some
recent research, it appears that the most plausible way to balance the carbon budget, within
historical emissions and parametric uncertainty ranges, is to introduce a biospheric "sink" for
CO2 — mostly in the northern hemisphere — probably attributable to a combination of carbon
and other fertilization effects [Houghton et al 1992].
There is also physical evidence to support the hypothesis of enhanced plant growth in the
northern hemisphere as a sink for atmospheric CO 2. Notwithstanding increased timber and
woodpulp harvesting, the forest biomass of the north temperate zones, North America and
northern Europe — and perhaps Russia — is actually increasing [Kauppi et al 1992; Sedjo
1992]. This finding was confirmed by the 1994 IPCC Scientific Assessment [Schimel et al
1994], which no longer considers the terms "imbalance" or "missing carbon" to be
appropriate. Quantitative estimates now appear to confirm the sufficiency of the N-fertilization
hypothesis [Galloway et al 1995; den Elzen et al 1995].

The Nitrogen Cycle
In general, vegetation can utilize either soluble nitrates or ammonium compounds, but
not elemental nitrogen. 13 Thus, all life depends on nitrogen fixation. By the same token, the
nitrogen cycle (Figure 4) depends intimately on living organisms. Because nitrogen was (and
is) a limiting factor in many agricultural regions, it has been relatively easy to increase output
by supplementing natural sources of available nitrogen by the addition of synthetic sources.
For this reason, however, the imbalances in the nitrogen cycle may prove to be the most
difficult to correct (or compensate for) by deliberate human action.
Nitrogen fluxes to the atmosphere (the major reservoir of inorganic nitrogen) are of two
kinds. Bacterial denitrification from the decay of organic materials, and denitrification of
nitrate fertilizers return nitrogen to the atmosphere as inert N 2 or N20. This loss must be
compensated by fixation. On the other hand, ammonia volatilization from the soil, combustion
of organic materials (generating N0x) and bioemissions from marine organisms are recycled
as "odd" nitrogen. Fluxes from the atmosphere to the land and ocean surface include
deposition of nitrate NO3 (from "acid rain") and ammonium NH4. Fluxes to the biosphere
include uptake of soluble nitrates and ammonium compounds, recycling of organic detritus
(e.g. manure), and bio-fixation by microorganisms. None of these fluxes, except the
application of synthetic fertilizers, is well quantified. A number of estimates from the
literature are summarized in Table III. Recent estimates are presumably more reliable.
Synthetic fertilizers from industrial nitrogen fixation (mainly as ammonia, NH 3) became
important only in the present century. Current global annual ammonia production is of the
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order of 110 million metric tons, or 110 Tg/yr [UN Industrial Statistics 1992]. Of this, about
91 Tg is nitrogen content, of which 82 Tg/yr is used for agricultural fertilizer; the remainder
is used to manufacture other industrial chemicals, notably explosives, pesticides, plastics
(nylon) etc. These products eventually become wastes and are disposed of, either in landfills
or via waterways. This nitrogen eventually finds its way back into the global cycle. As
mentioned earlier, the only global reservoir of nitrogen is the atmosphere, which is 78%
elemental nitrogen gas N2. The total stock of molecular nitrogen (di-nitrogen) in the
atmosphere (Table 1) is estimated to be 3.8 billion teragrams (Tg). Di-nitrogen (N2) and
nitrous oxide (N20) are not biologically available. There are only four sources of biologically
available ("odd") nitrogen compounds. These are (1) biological fixation, (2) atmospheric
electrical discharges (lightning), (3) high temperature combustion and (4) industrial processes
for producing synthetic ammonia.
As already mentioned, only a few very specialized bacteria and actinomycetes (yeasts)
can utilize (i.e., "fix") elemental di-nitrogen. There are some 25 genera of free-living or
symbiotic bacteria. The most important is Rhizobium, which attaches itself to the roots of
legumes, such as alfalfa. In addition, there are 60 genera of anaerobic cyanobacteria, such as
anabaena (leftovers from the early evolutionary history of earth), and 15 genera of
actinomycetes (most prominently, Frankia). The range of estimates for biofixation in the
literature is from 100 Tg/yr to 170 Tg/yr on land and from 10 to 110 Tg/yr in the oceans (see
Table III). Overall, biological N-fixation, from all sources, may be as little as 110 Tg/yr and
as much as 280 Tg/yr. The most recent estimates (Figure 5) are that 140 Tg is fixed by
terrestrial vegetation, plus 30 Tg from marine phytoplankton.
The rate of natural atmospheric nitrogen fixation as NO R by electrical discharges is even
less accurately known than the biofixation rate. Estimates vary from 0.5 to 30 Tg/yr, although
the latter figure now looks much too high. Nitrogen oxides (NO R) are also produced by high
temperature combustion processes. Anthropogenic activities, mostly automobiles and trucks
and electric power generating plants, currently generate around 40 Tg/yr of NOR. There is a
further contribution (estimated to be around 12 Tg/y from natural forest fires. Finally, of the
order 5 Tg/yr of ammonia (NH3) is also discharges by volcanoes and fumaroles, on average,
although this can vary a lot from year to year.
Evidently, known anthropogenic inputs of fixed nitrogen are already comparable in
quantity to (and may even be significantly larger than) estimated natural fixation rates.
Assuming the nitrogen cycle to have been balanced in preindustrial times (an assumption that
is probably not justified, however) it would follow that inputs and outputs to some reservoirs
are now out of balance by a large factor. Of course, it would be very difficult to detect any
changes in total atmospheric nitrogen content (i.e. pressure) over any short period of time.
However, it is known that nitrous oxide (N20) has increased in recent years, from
approximately 300 ppb in 1978 [Weiss 1981] and is probably close to 315 ppb today. The
annual increase has been estimated by several investigators. For example, Khalil and
Rasmussen estimated the annual increase at 0.2%; and Schnell put the rate at 0.33% per
annum [Khalil & Rasmussen 1983; Schnell 1986].
Nitrous oxide is not oxidized in the troposphere. In the stratosphere it is photolyzed
yielding N2 and 0, or it is oxidized by ozone to NO R. In fact, oxidation of nitrous oxide is
the major source of stratospheric NOR. The disappearance rate by these two mechanisms in
combination is estimated to be 10 Tg/yr [Weiss 1981; Liu & Cicerone 1984; McElroy &
Wofsy 1986]. This process has aroused great interest in recent years because of the discovery
by Crutzen and others that this set of processes governs the stratospheric ozone level, at least
in the absence of chlorine compounds (which also catalytically destroy ozone) [Crutzen 1970,
1974].
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N20 is a coproduct (with N2) of natural denitrification by anaerobic bacteria and other
microorganisms. Aggregated data on the N 20/N2 ratio is scarce. However, such data as does
exist (for fertilized land) implies that the ratio of N 2 to N20 production on land is probably
in the range 10-20, with a most likely value of about 16:1 [CAST 1976]. In other words, N20
is about 1/16 of the total terrestrial denitrification flux. There is no a priori reason to assume
this ratio should not hold true for marine conditions or preindustrial times, although it might
actually vary quite a bit. It would follow from this assumption that the current apparent N20
flux of 13 Tg/yr should be accompanied by a corresponding N2 flux of about 16x13 = 208
Tg/yr. (This compares with 240 Tg/yr in Figure 5; however, it must be emphasized that the
numbers are subject to considerable uncertainty).
It now appears that denitrification of nitrate fertilizers accounts for 0.7 Tg/yr of N20
emissions at present. According to one source, approximately 0.3% of fertilizer nitrogen is
converted to N20 [Galbally 1985]. A calculation by Crutzen sets the figure at 0.4%, which
would correspond to N20 emissions of 0.25 Tg/yr at current fertilizer production levels. 14 An
industrial source of N20, recently recognized, is the production of adipic acid, an intermediate
in nylon manufacture [Thiemens & Trogler 1991]. This source could theoretically account for
as much as 0.4 Tg/yr or 10% of the annual increase, in the absence of any emissions controls.
However, the actual contribution from this source is probably much less. One other possible
source of N20 is explosives. Virtually all explosives are manufactured from nitrogenated
compounds (such as nitrocellulose, ammonium nitrate, trinitroglycerin, and various amines);
according to simulation calculations, under conditions of rapid oxidation and decomposition
up to 9% of the nitrogen may end up as nitrous oxide [Axtell 1993].
Denitrification is the complementary process to nitrogen fixation (as utilized by plants).
Hence, the terrestrial contribution to denitrification must have increased in rough proportion
to overall terrestrial and atmospheric nitrogen fixation, taking into account both natural and
anthropogenic sources. On this basis, preindustrial natural fixation (approx. 140 Tg/yr) has
been increased by anthropogenic contributions, taking into account nathropogenic cultivation
of legumes, of the same order of magnitude. In other words, human activity has doubled the
amount of biologically available (reactive) nitrogen being produced each year.
It is tempting to assume that global denitrification should increase proportionally, along
with the percentage increase in nitrous oxide (N20) emissions, since preindustrial times. This
argument is not affected by uncertainties in the N2: N2O ratio. On this basis, it would follow
that the overall rate of denitrification — including N2O emissions — could have increased
by over 50% in little more than a century.
At first sight this hypothesis seems plausible. Unquestionably, global agricultural activity
has increased sharply over the past two centuries, both in scope and intensity. The nitrate
content of riverine runoff from land to oceans has increased sharply. At the same time, the
organic (humus) content of most agricultural soils has declined. This would seem to be
consistent with the notion of accelerated denitrification.
However, there is a problem. The declining organic content of soils is mainly due to
plowing and exposure to oxygen. It is oxidation that is mainly responsible for the loss of
organic material in soils. But, increased exposure to oxygen would, ceteris paribus, probably
tend to decrease the rate of denitrification (notwithstanding the fact that some N 2O and NO
are apparently produced in aerobic soils). It must remembered, after all, that denitrification
is essentially a process whereby anaerobic bacteria "steal" oxygen from nitrates in the absence
of molecular oxygen (air). Thus, the only major agricultural activity that would plausibly
result in increased denitrification is wet rice cultivation with nitrate fertilizers. On the other
hand, the drainage of wetlands would tend to have the opposite effect, decreasing
denitrification. In sum, current evidence suggests that, while denitrification has also increased,
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it does not keep pace with nitrogen fixation.
The alternative to the hypothesis of compensating global denitrification is that reactive
nitrogen is now accumulating. For one thing, global nitrogen fertilization (from acid rain and
ammonium sulfate deposition) has increased the reservoir of nitrogen in biomes like
grasslands and forests that are not cultivated. This explanation would be qualitatively
consistent with the observations of increased forest biomass in the northern hemisphere
mentioned previously [e.g. Kauppi et a/ 1992; Sedjo 1992]. This explanation is now preferred
because it also simultaneously provides a satisfactory explanation of the "missing carbon"
problem that worried people a few years ago, as mentioned previously.
Anthropogenic nitrogen fixation from all sources — especially fertilizer use and forssil
fuel combustion — is certainly increasing quite rapidly. Not all of this excess is immediately
denitrified to N It is likely to double again within a few decades. For instance, one group has
estimated that the anthropogenic fixation rate will increase from 140 Tg in 1990 to 230 Tg
by 2020, with no end in sight [Galloway et al 1995]. The consequences are very hard to
predict; certainly they vary from one reservoir to another. One predictable consequence of
nitrogen fertilization will be a buildup of toxic and carcinogenic nitrates and nitrites in ground
waters. This is already occurring in many agricultural areas. Increased forest and pasture
growth rates is another likely consequence already mentioned. But along with the gross
fertilization effect, there is a tendency to reduced biodiversity. Regions where nitrogen
availability has been the limiting factor for biological productivity are likely to shrink, or even
disappear, to be replaced by regions where other plant nutrients are the limiting factor. This
shift could lead to major changes in species composition for both plants and animals.
A specific consequence of increased NO. emissions is predictable: NO. affects the
oxidizing capacity of the atmosphere and, indirectly, increasesd the tropospheric ozone
concentration. This has well known adverse consequences on cereal crop productivity and on
human health, especially for people with respiratory problems.

The Sulfur Cycle
The global sulfur cycle resembles the nitrogen cycle thermodynamically, insofar as
reduced forms of sulfur (S, H2S) are gradually oxidized by atmospheric oxygen, ending in
sulfur oxides (S02, SO3) and finally sulfuric acid (H2SO4). See Figure 6. Sulfate (SO4) is
eventually deposited in wet or dry form (e.g. as ammonium sulfate). The reverse part of the
cycle, which converts sulfur back to states of higher thermodynamic potential, is
accomplished either by biological activity or by high temperature magmatic reactions in the
earth's mantle.
From another perspective, of course, the S-cycle consists of transformations of insoluble
and biologically unavailable forms of sulfur (notably sulfides (pyrites) and calcium and
magnesium sulfates) to available forms. These are utilized by organisms and finally returned
once again to unavailable forms. From this perspective, the cycle can also be seen as a
complex set of transfers between air, land and sea, as shown in Figure 7. Assuming the
preindustrial version of the cycle was really balanced (which is open to question) the
controlling rate, or "bottleneck" in the system must have been the rate at which insoluble
sulfides or sulfates were deposited in oceanic sediments. In the very long run (on the average)
this deposition rate must have been equal to the rate at which sulfur was remobilized by
preindustrial geochemical processes, with or without biological assistance. It must also equal
the preindustrial net rate of deposition of sulfur compounds on the ocean surface, plus the
preindustrial runoff from rivers, abrasion of shores, etc.
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Various estimates of sulfur fluxes are shown in Table IV. Roughly, the preindustrial
inputs to the land surface must have been about 26 Tg/yr, as compared to 84 Tg/yr from
atmospheric deposition (c. 1980) and a further 28 Tg/yr as fertilizer. In short, the sulfur flux
to land has more than quadrupled since the beginning of industrialization. It is likely that river
runoff has doubled, e.g. from 72 Tg/yr preindustrial to 213 Tg/yr currently. It is clear that the
global sulfur cycle is now extremely unbalanced. Inputs to oceans appear to exceed deposition
to the ocean bottom by as much as 100 Tg/yr [Schlesinger 1991].
It must be acknowledged that there is no known or obvious reason to worry unduly about
this aspect of the anthropogenic perturbation of the sulfur cycle per se, however massive.
Clearly, however, the oxidation of large amounts of reduced sulfur will continue to acidify
the soils and the ocean. Deposition of heterogeneous sulfite/sulfate (S0 3/SO4) and nitrate
(NO3) onto the land or water surface as "acid rain" — with measurable changes in pH — is
currently much higher than the preindustrial case.
Atmospheric haze, consisting mostly of sulfuric acid/ammonium sulfate aerosols in the
micron size range, has probably increased by orders of magnitude over some land areas, due
to SO2 emissions from the combustion of fossil fuels. This was a topic of major concern in
the US during the 1980s, due to the association of sulfate particulates with acidification.
However, it is not clear whether sulfate haze has increased significantly over the oceans,
partly because it is unclear whether oceanic sulfates are attributable to terrestrial industry or
marine biology. There is evidence that marine phytoplankton emit dimethylsulfide (DMS),
which subsequently oxidizes to sulfate aerosols [Charlson et al 1987]. It has even been
suggested that this mechanism contributes to oceanic climate control [e.g. Schwartz 1988],
although there is no confirming evidence of this [IPCC 1995, p. 205].
The sulfate haze phenomenon is apparently sufficient to measurably increase the earth's
albedo (i.e. it's reflectivity to visible radiation) and, possibly, compensate partially for
greenhouse warming in recent decades [Wigley 1989; Taylor & Penner 1994]. It is now
incorporated in GCMs, where it largely accounts for the fact that climate warming has not
occurred as rapidly as the earlier models predicted. On the other hand, sulfate haze is
proportional to the current rate of sulfate emissions, whereas the greenhouse phenomenon is
a function of the atmospheric concentration, or total buildup, of greenhouse gases. Thus, the
greenhouse warming and sulfate cooling will not continue to cancel each other indefinitely.
Sulfate particulates play a different and much subtler role in climate control, however,
since microparticulates also act as cloud condensation nuclei (CCNs). These nuclei are known
to affect cloud properties, and hence to modify their absorption and reflection of radiation of
different wavelengths. But the quantitative aspects and even the aggregate magnitude of these
effects are not yet well understood. This remains among the most uncertain aspects of the
current generation of GCMs [IPCC 1995 p. 117]

The Phosphorus Cycle
As was noted earlier, there is no reduced gaseous form of phosphorus that could facilitate
transfer from marine to terrestrial reservoirs. Phosphine gas, the only candidate, oxidizes too
rapidly in the oxygen atmosphere. Consequently, the phosphorus cycle is only "closed"
(incompletely) by means of geological processes. In the preindustrial era terrestrial phosphorus
is mobilized very slowly from soil by erosion, mainly driven by carbonic acid. It is taken up
by plants and bioaccumulated by animals, especially in bones and teeth. It is recycled, to
some extent, by fires.
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However, over long periods of time, erosion and runoff gradually moves the biologically
available phosphorus from the terrestrial biosphere to the oceans. Again, it is bioaccumulated
by marine animals in bones and teeth (especially shark's teeth). This material gradually falls
to the sea floor as detritus. However, ocean currents bring phosphates back to the surface via
upwelling. (Upwelling zones, such as the west coast of South America, are famously
productive.)
In the very long run, however, organic phosphates tend to accumulate in marine
sediments. Only when formerly submerged areas of the sea floor are raised by tectonic
processes are these phosphate accumulations — known as "phosphate rocks" or apatites —
mobilizable once again by erosion.
Needless to say, anthropogenic activity has enormously increased the rate of terrestrial
phosphate mobilization as well as the rate of phosphate loss, via erosion and runoff, to the
oceans. While known reserves of minable phosphate rock are quite large, and appear adequate
for the next century or more, phosphate loss will eventually be a limiting factor for
agriculture.

Thermodynamic Equilibrium
One important point needs to be emphasized again with regard to the grand nutrient
cycles. It is that the atmosphere and lithosphere are emphatically not in thermodynamic
equilibrium with the oceans. All three of the cycles discussed above consist of two distinct
branches, a geochemical and a biological branch. In the geochemical branch, as schematically
represented in Figures 2,4,6, reduced forms of carbon, nitrogen and sulfur are gradually
oxidized by a multistep sequence of processes, approaching the most stable (i.e., lowest
energy) thermodynamic state. The latter would be one in which buried carbon and sulfur, and
atmospheric nitrogen, combined with oxygen (and water) to form acids, viz.
C + 02 + H2 0 -3' H2CO3

H2 0

+ N 2 + -102 -->

S + 0, + H 2 0 --.
2 -

2 HNO3

H2S 04

These acids would react with all alkaline species in the environment and eventually
accumulate in the ocean. For instance, if the nitric acid formation reaction (8), alone,
proceeded to chemical equilibrium it has been calculated that almost all the oxygen in the
atmosphere would be used up and the pH of the ocean would decrease to 1.5 [Lewis &
Randall 19231 More recent equilibrium calculations (below) have confirmed and refined this
result.
Fortunately, some of these thermodynamically favored oxidation reactions do not occur
at significant rates on the earth's surface — including the atmosphere and the oceans — under
current conditions. In the case of carbon and sulfur, this is because biological reduction
processes, combined with sedimentation and burial, regenerate and sequester reduced forms
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kerogen and sulfides).
In the case of nitrogen, where physical sequestration is not a factor, there are two
barriers. The first is kinetic. The formation of nitric acid is thermodynamically favored, to be
sure. But it can only proceed by a sequence of reversible reactions involving a number of
intermediate oxidation stages. The first stage (N2 + 02 2NO) is quite endothermic. It only
occurs in very hot fires (or in the path of a lightening bolt). Thus, the rate at which this
reaction occurs in nature is very low. Even so, the nitric acid level of the oceans would
gradually build up, except for another barrier. There are several enzymatically catalyzed
biological processes that convert soluble nitrates back to reduced forms, including NH3 and
even N2, thus restoring the nonequilibrium situation.
In the absence of these biological denitrification processes, most of the atmospheric
oxygen would end up as dissolved nitrates in the ocean. Ahrendts has calculated that an
atmosphere-ocean-crustal system (equilibrated to a depth of 100 meters) would have an
atmosphere of 95% N2, with only a trace amount of oxygen (0.3ppm and a pressure of 0.77
atmospheres [Ahrendts 1980]. The atmospheric oxygen would end up mostly as NaNO3 in the
ocean, where it would constitute 0.4% of the dissolved solids, and the surface layer would
consist largely (54.5%) of silicic acid (H4SiO4) [ibid].
If the equilibration in the earth's crust were taken to a deeper level (e.g. 1000 meters),
the silicic acid, ferric iron (hematite), and sulfates would be reduced to silica, magnetite, and
sulfides respectively. Calcium carbonate and silica would also recombine to produce calcium
silicate (CaSiO3) and CO2 (the reverse of equation 3). Essentially all of the sequestered carbon
and hydrocarbons in the earth's crust would be oxidized (releasing CO 2 to the atmosphere).
Ammonia and methane would also exist in the atmosphere [ibid]. Atmospheric pressure and
temperature would then rise. But, in any case, there would be no free oxygen in the
atmosphere.
In summary, the earth system does not (for the present) closely approach thermodynamic
equilibrium. This is lucky for us, since the true equilibrium state — or anything close to it
— would be antithetical to life. It is possible to estimate roughly what earth would be like
if all of the thermodynamically favored chemical reactions went to completion without
biological interference. In addition to Ahrendt's work, noted above, this has been done using
two different approaches (Table V). "World #1" is based on a computer simulation of the
earth as a chemistry experiment, in which all favorable chemical reactions go to completion
[Sillen, quoted by Lovelock 1979]. "World #2" is based on an interpolation between observed
conditions on Mars and Venus, allowing for the earth's intermediate orbit and slightly greater
gravitational field (ibid). It can be seen that the two are very similar to each other, and
roughly consistent with Ahrendts' equilibrium calculations [Ahrendts op cit]. The conditions
are far different from conditions on the actual earth as we know it.
The ability of the biosphere to maintain the earth system far from thermodynamic
equilibrium is the essence of the "Gaia" hypothesis. A thermodynamic measure of the earth's
"distance from equilibrium" is the exergy (or availability) content of the atmosphere, ocean
and crustal layer. Ahrendt has actually computed the stored exergy values of the major
components of the actual state (actually a slightly simplified "model" version) vis a vis several
possible reference (equilibrium) states [ibid]. Without the biosphere, this stored exergy would
be dissipated and lost (as entropy).
Stored environmental exergy has increased, on average, over geologic time at least until
human industrial activity began in earnest, two hundred years ago. Since then, there has been
a reversal. Environmental exergy has certainly decreased, although probably not yet by a very
significant amount. (For example, the amount of free oxygen in the atmosphere is essentially
unchanged), and the fraction of sequestered carbon that has been consumed by burning fossil
(e.g.
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fuels is still infinitesimal compared to the amount stored in shales, not to mention carbonates.
Nevertheless, there are potential risks.

Acidification of the Environment
Acids are associated with W ions and bases are associated with OH- ions. A strong acid
such as HNO3 is one that ionizes easily in water, viz. HNO3 4-* W + NO3-. Obviously the
total number of positive and negative ions (due to overall charge neutrality) remains constant.
However, acidification can increase if the number of W ions increases. For this to happen
without a corresponding increase in OH- ions means that there must be a buildup of other
negative ions to balance the positive charges.
Acidification results largely from the oxidation of other atmospheric gases. In particular,
reduced gases such as ammonia (NH3) and hydrogen sulfide (H2S) were present in the
primordial atmosphere. 15 Ammonia dissolved in water is ammonium hydroxide (NH4OH), a
base. These gases can be oxidized (in several steps) to nitric and sulfuric oxides, respectively.
In water, these oxides become strong acids. The oxygen buildup, of course, resulted from the
evolutionary "invention" of photosynthesis and the sequestration of carbon (as hydrocarbons)
in sediments.
Acid rain is a natural phenomenon, but is closely related to both the sulfur and nitrogen
cycles. Hence the anthropogenic acceleration of these cycles has greatly increased the rate of
acidification. The basic mechanism for sulfuric acid generation is that sulfur dioxide (SO2)
from combustion products oxidizes in the atmosphere to sulfur trioxide (SO 3) which
subsequently dissolves in water droplets to form sulfuric acid (H 2SO4). In the case of nitrogen,
the sequence also starts with combustion, except that the nitrogen is from the air itself. The
two nitrogen oxides, NO and NO 2, are also produced by high temperature combustion with
excess air, as in electric generating plants and internal combustion engines operating with lean
mixtures. Further reactions with oxygen occur in the atmosphere, by various routes, finally
producing N205 and (with water), nitric acid (HNO3).
These strong acids ionize to generate nitrate (NO 3-) and sulfate (SO4) radicals and
hydrogen ions (W). This process increases soil and water acidity (i.e. reduce the pH). They
react immediately with ammonia or any other base. Many metallic ions — including toxic
metals — that are bound quite firmly to soil (especially clay) particles when the soil pH is
high (alkaline) are likely to be mobilized as the alkaline "buffering" capacity (Ca' and Mg++
ions) in the soil are used up. Aluminum is one example. Aluminum poisoning, caused
indirectly by acid rain, may be one of the causes of the European Waldsterben that has
decimated some forests in central Europe. Similar problems may arise in the future as toxic
heavy metals like Pb, Cd, As and Hg continue to accumulate in soils and sediments.
Although virtually all of the literature on acid rain pertains to localized effects, it may
be important to consider the global implications. The buildup of NOc and SO 4= ions in the
environment is necessarily matched by a corresponding buildup of W ions. This long-term
acidification trend has been under way throughout geologic time. An hypothetical evolutionary
acidification trajectory is indicated schematically in Figure 8.
In preindustrial times, I would speculate that the long-term trend toward environmental
acidification was mainly driven by two processes. One was volcanic sulfur (H2S) emissions.
This would have been gradually oxidized and resulted in a buildup of soluble sulfates in the
oceans until the rate of removal and sequestration by sedimentation (as insoluble calcium
sulfate or in organic materials) matched the rate of input. The fact that large amounts of
sulfur have been sequestered in this manner is obvious from the existence of enormous
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deposits of gypsum and, of course, the sulfur content of all natural hydrocarbon deposits,
which ranges from 1% to 3%.
The other important acidification process must have been biological nitrogen fixation
followed by ammonia emissions (from anaerobic decay and animal metabolism) which were
then partially acidified and converted to nitrate by oxidation. Of course, part of the acid was
neutralized by the basic ammonia itself (yielding ammonium sulfate or ammonium nitrate).
But the problem is that all nitrates are extremely soluble in water and thus cannot be
sequestered in insoluble sediments as carbon and sulfur are). Nitrates and nitric acid would
have continued to accumulate in the oceans, except for the biological "denitrification" process,
caused by anaerobic soil organisms that derive their metabolic oxygen requirements by
decomposing nitrate molecules. The rate of activity of such organisms would evidently
increase with nitrate concentration. This was an evolutionary "invention" that was necessary
to stabilize the system. It was needed to prevent the gradual fixation and conversion of all
atmospheric nitrogen to nitric acid.
Natural sources of atmospheric hydrogen ion (W) production amount to around 9 Tg/yr16
[Schlesinger 1991]. Of this amount, only 3 Tg/yr is neutralized by NH 3 from natural sources
such as volcanos and soil volatilization [Warneck 1988]. Thus, the natural acidification
processes were not in balance with natural sequestration and denitrification processes, even
before humans arrived on the scene. Meanwhile, however, anthropogenic sources of fr
(HNO3 and H2SO4) add another 7.4 Tg/yr to the 9 Tg/yr of natural origin. Since the industrial
revolution, of course, the sulfur and nitrogen cycles have been sharply accelerated, by
carbonaceous fuel combustion and synthetic fertilizer usage. Moreover, the anthropogenic
contribution to acidity is rapidly increasing. It already almost equals the natural contribution.
Indeed, in many locations the very slow carbonic acid-driven process of rock weathering
is now being replaced by a much faster sulfuric and nitric acid driven weathering process. The
geological implications of this are difficult to foresee, although there is an obvious implication
of increased carbon dioxide removal from the atmosphere. The natural sulfur sequestration
process has clearly been reversed, and the biological denitrification process is unlikely to keep
up with the rate of injection of synthetic nitrogen into the environment. (However,
generalizations are risky: even though most fertilizers are in the form of urea or ammonium
and other nitrates, some acid neutralization may occur later when the nitrified organic material
decays and releases ammonia).

Attempts to Model the Cycles
Very little integrated assessment or global modelling was done in the 1980s. Climate
models (GCMs) were developed in isolation. Gradually carbon cycle models were linked with
them, but until recently these models were not very sophisticated. However, growing concern
about acid rain, ozone depletion and "greenhouse" climate warming, have changed the
situation. Since the late 1980s there has been a renewal of interest in large-scale modelling,
and especially in the integration of economic and physical models covering different time and
geographical scales.
Since 1990, however, integrated assessment (largely in the context of climate change) has
become almost a new field of study in itself, driven in part by the Intergovernmental Panel
on Climate Change (IPCC). Ambitious large-scale "integrated assessment" efforts to link
economic and climate change models have been undertaken at a number of universities and
research centers in the US and Europe. Relatively few such efforts have attempted to deal
with all of the nutrient cycles in the context of global change. The first of these may have
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been the NATO Advanced Research Workshop on Interactions of C,N,P and S
Biogeochemical Cycles held at Melreux, Belgium, March 4-8 1991. The proceedings have
been published [Wollast et al 1993].
More recent efforts have attempted to develop a seet of linked computer models. Several
of these efforts focussing primarily on the climate warming problem. For instance, an
integrated assessment program emphasizing the statistical treatment of multiple uncertainties,
has been under way since 1990 at Carnegie-Mellon University [e.g. Dowlatabadi & Ball
1994]. Another integrated assessment project along similar lines is apparently under way at
MIT, although I have found no reference to published outputs.
The major integrated assessment activity in Europe has been developed at the National
Institute for Public Health and the Environment (RIVM) in the Netherlands [Rotmans et al
1994]. This program consists of a set of interconnected models, known as TARGETS (Tool
to Assess Regional and Global Environmental and health Targets for Sustainability). The
supporting research program at RIVM is "Global Dynamics and Sustainable Development",
or GLOBO for shoa l' There are a number of interrelated submodels, including an integrated
climate change model (Integrated Model to Assess the Greenhouse Effect, or IMAGE), which
was developed independently but which can be used with the others [Rotmans 1990; Alcamo
1992; den Elzen 1994] and an integrated model of biogeochemical cycles CYCLES [den
Elzen et al 1995].
These submodels are linked together through outputs and inputs. For instance, CYCLES
simulates the biogeochemical processes for cycling and transporting the four nutrients C, N,
S and P between the atmosphere, hydrosphere (oceans), lithosphere and biosphere. It reflects
most (but not all) of the linkages outlined schematically in this paper. It also includes
subroutines dealing with toxic heavy metals (e.g. lead) and pesticides. The CYCLES model
has several links with the water model AQUA, since transport processes are hydrologically
determined, and with the climate model IMAGE, since nutrient cycles are also intimately
linked to vegetation patterns. By the same token, water quality is dependent on the
concentration of nutrients such as N, P, as well as toxics. Feedback links of this sort are
essential for integrated assessment of policy.
Obviously no simple model can reflect all of the physical phenomena of importance.
Model development is essentially an iterative process, since each generation of models must
be "reality tested" extensively before its strengths and weaknesses can be fully diagnosed. It
is premature to attempt to assess the current generation of integrated assessment models,
except to say that they are far more comprehensive than their predecessors. The GCM climate
models are still a weak link, at this point, due to the inherent complexity (and nonlinearity)
of some of the physical relationships. The GCMs are still not reliable for regional
precipitation forecasts, nor are they adequately linked to ocean currents, for instance. The
CYCLES model does not attempt to reflect very long geological cycles, or the global
acidification problem, although a module to deal with the latter is under development.
But the weakest links of all are the economic growth models, especially in terms of their
treatment of resource inputs and waste outputs. It is economic activity that increasingly
dominates the nitrogen, sulfur and phosphorus cycles and, of course, CO2, NH4 and N20
emissions associated with energy use and agriculture are the drivers of long term climate
change. The very simplistic "computable general equilibrium" models that are popular today
among macro-economists are far from satisfactory, if only because of their casual assumption
that technological change is essentially smooth, free and exogenous. However, this is not the
place for a detailed critique of long-term economic models.18
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Nonlinearity is one of the essential features of a complex system existing in a stable state
far from thermodynamic equilibrium. In recent years the dynamics of nonlinear systems has
been a subject of considerable interest among mathematicians, ecologists and others. There
is a well known tendency for nonlinear systems to have multiple "solutions" or stable
trajectories. They can suddenly "flip" from one (apparently) stable state — or branch — to
another. The mathematician Rene Thom has classified the various possible "flips" (or
"catastrophes") in topological terms.
Under certain circumstances such systems can also become "chaotic". Chaotic trajectories
may (or may not) be bounded by "strange attractors". It is as though the trajectory were a
planetary orbit influenced by large, invisible gravitational masses whose existence can only
be inferred from irregularities in the planetary motion. Scientists ability to predict chaotic
behavior is obviously limited.
The weather is an example of chaotic behavior within a bounded region. Short-term
predictions can be reasonably accurate, and there seems to be some possibility to predict long
term climate changes. The climate of a region is, effectively, the "strange attractor" for the
weather in that region. But the climate itself is probably a chaotic variable on a longer time
scale. The earth system as a whole is so complex, and so nonlinear, that accurate predictions
of some kinds of behavior are probably impossible. The best that can be done is to construct
models with the requisite degree of nonlinearity and to use these models in simulation
experiments to explore the bounds of various "strange attractors" in the system.
Yet models of a system can never capture all of the features of the original, and one of
the most important features of nonlinear systems is that small — even infinitesimal —
changes in initial conditions can cause unbounded changes in trajectories after some time has
passed. This is called the "butterfly effect", from the fanciful notion that even the flight of
a butterfly in the Amazon forest might have some unpredictable future impact on the weather
in Chicago.
Similarly, a seemingly trivial change in the specification of a complex nonlinear model
can have a surprising — maybe unbounded — impact on the dynamical behavior of the
model. What this means, in effect, is that it is virtually impossible for scientists to determine
some of the features of the dynamics of the earth system. The system may be the only
adequate model of itself.

Some Concluding Comments
To bring this discussion to a conclusion, one can envision the present climatic regime as
a "strange attractor" in the above sense. It is a stable state, far from thermodynamic
equilibrium. Are there other branches? Other stable states suitable for life support? How far
can the system be perturbed before it becomes unstable? How rapidly would the transition
("catastrophe" in Thom's terms) occur? This question is illustrated by Figure 9. It is
impossible to answer such questions now. Because of the complexity and nonlinearity of the
system, it may never be possible, no matter how wide the reach of future science.
Meanwhile, humans are perturbing the grand nutrient cycles, and the climate, in major
ways. Some people seem to have great faith in the ability of the biosphere to adjust and even
control the climate to serve its own needs. This is the Gaia theory, in it's most extreme
version. But most scientists, including myself, see little evidence to support this appealing but
rather romantic idea. Others have great confidence in the ability of the human race to adjust
to any perturbation, no matter how large. But, in my view, there is no rational basis for such
confidence either. Certainly, the biosphere has survived great perturbations in the past —

R. U. Ayres

Integrated Assessment & the Grand Nutrient Cycles

February 25, 1997

Page 22

probably including an asteroidal collision 65 million years ago — not to mention major ice
ages. But these periods also resulted in enormous loss of species, especially of the larger
animals [Tudge 1996]. In this context, it is vital to bear in mind that the time scale is critical.
Biological evolution is a comparatively slow process, except for microorganisms and species
(like rodends and insects) that reproduce rapidly and in large numbers. Thus evolutionary
adjustment is not possible as a means of accommodation to changes that occur within decades
or centuries, as opposed to eons. Life itself will be hard to extinguish, but to paraphrase
Herman Kahn, (speaking of nuclear war) the survivors might envy the dead.
The fact that, apart from threats to biodiversity, no ecological catastrophe of enormous
magnitude has yet occurred — at least so far as we can determine — is not evidence of
inherent biospheric stability. It could well be the case that, by the time the catastrophe is
clearly recognizable as such, it will be too late to avoid or repair. The only safe course for
humans is to adopt a prudential economic policy: to consciously restrain anthropogenic impact
on the environment to levels that are within the range of past deviations and excursions of
natural origin.

Endnotes
1.

Average absolute temperature of the earth's surface is taken to be about 20° Celsius or 300° Kelvin (where
absolute zero is approximately —280° C). Thus 6° C corresponds to 6/300 = .02 or 2%.

2.

The physics is actually quite complicated, and there are still significant uncertainties; research in this area
is now very active. See [IPCC 1995, p. 201 et seq.].

3.

For a more complete summary of the relevant literature see [IPCC 1995, especially Fig 4.5 p. 211]

4.

El Nino (the Christ child) was originally the name given to a warm coastal current that appeared off the
coast of Peru around Christmas time, each year. Now, however, it refers to the abnormal conditions.

5.

For a summary of the recent literature, see [IPCC 1995 section 4.3.7 pp. 215-216]

6.

Economic impacts attributed to the 1982-83 event alone exceeded $8.1 billion, including flooding and
hurricane damage in Tahiti, Hawaii and US Gulf Coast, flooding in Bolivia, Peru and Ecuador, and
draught/fire damage in much of the tropical equatorial belt including Indonesia, Sri Lanka, South Africa,
the Philippines, Mexico and Central America, Southern Peru and western Bolivia.

7.

2NO is highly endothermic. It does not occur spontaneously
For instance, the oxidation reaction N2 + 0 2
at normal temperatures and pressures (otherwise the atmosphere could not contain both molecular oxygen
and molecular nitrogen). Once NO is formed, however, further oxidation reactions do occur spontaneously,
— albeit slowly — until the most oxidized form of nitrogen (N203) is reached. Dissolved in water, this is
nitric acid (HNO3). In thermodynamic equilibrium, oxygen and nitrogen would be combined in this form.

8.

Opal is a form of silica used for the shells of diatoms.

9.

If the oceans were to freeze the weathering rate would fall to zero, allowing the atmospheric CO 2 level to
rise due to volcanic action. It has been shown that this feedback is sufficient to assure that the oceans
would not have been frozen over, even during the earth's early history when the sun was emitting 30% less
energy than it does today [Walker et al 1981].

10. In the more general case, the rate of photosynthesis can be expected to depend on the concentrations of all
the essential nutrients — especially C,N,S,P — in biologically available form.

R. U. Ayres

Integrated Assessment & the Grand Nutrient Cycles

February 26, 1997

Page 23

11. The origin of natural gas is currently in doubt. For a long time it was assumed that natural gas was entirely
biogenic and associated mainly with petroleum. Now it is known that gas deposits are much more widely
distributed than petroleum deposits. It has been suggested by several astronomers that much of the hydrogen
in the earth's crus may have originated from the sun (via the "solar wind" proton bombardment).
12. To be more precise, an environment lacking nitrates, manganese oxide, iron oxides or sulfates. Recall the
earlier discussion of "redox potential" and bacterial sources of oxygen for metabolism.
13. Most bacteria and animals can only utilize organic nitrogen, mainly as amino acids.
14. Denitrification bacteria reduce nitrates (NO3) to obtain oxygen for metabolic purposes. They do not
metabolize ammonia. Thus the denitrification flux from fertilizers depends somewhat on the chemical form
in which it is applied. The N20/N2 proportion depends on local factors, such as carbon content of the soil,
acidity and dissolved oxygen. It must be acknowledged that the combined uncertainties are quite large.
Thus, for instance, a recent US study sets the N20 emissions from fertilizer at 1.5 Tg/yr, as compared to
only 1 Tg/yr from fossil fuel combustion. Other estimates in the literature range from 0.01 to 2.2 Tg/yr
[Watson et al 1992].
15. To be sure, CO2 was present in the early atmosphere and carbonic acid (H2CO3) is CO2 dissolved in water.
But CO2 is not very soluble, and the oceans are essentially a saturated solution. Moreover, carbonic acid
is a very weak acid as compared to sulfuric and nitric acids.
16. A more detailed breakdown of the sources of fr in the atmosphere is as follows: carbonic acid 1.25 Tg/yr;
volcanic S02 1.3 Tg/yr, NOx formation by atmospheric electrical discharges (lightning) 1.4 Tg/yr, oxidation
of biogenic sulfur compounds 4.1 Tg/yr. The total for all the above natural processes is of the order of 9
Tg/yr.
17. A book describing TARGETS is in preparation, written by J. Rotmans and H.J.M deVries.
18. See, however, [Ayres 1994].
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Table I: Nutrient Reservoirs Participating in Global Cycles*

Atmosphere

Hydrosphere

Nutrient/Stable form
Carbon (Pg C)
Carbonate
CO2
750
3
CH4
740+30
Organic (DOC, POC)
150
Fossil organic (kerogen)
Carbonates (CO3, HCO3 )
38,100
Nitrogen (Tg N)
Elemental (N2)
2* 10'
3.8* 109
N20
1500
NOx
0.6
Organic (DON, PON)
530+240
Inorganic (DIN, PIN)
530
Sulfur (Tg S)
4.8
SO2
Organic
}1.3*109
Inorganic, dissolved
Inorganic sulfate (SOO, solid
3*108
Phosphorus (Tg P)
650
Organic (DOP)
89,000
Phosphoric acid (DIP)
Inorganic, solid
0.84* 109

Terrestrial
Marine
Lithosphere Biosphere Biosphere
10'
1500
106

610

3

95,000
1.94011

3500

300

3*105

760

30

260

50-120

2* 1010
96,000
19,000

• Excluding elements in igneous rock
DO = Dissolved Organic, PO = Particulate Organic, DI = Dissolved Inorganic, PI = Particulate Organic
Sources: [Den Elzen et al 1995; IPCC 19951
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Table II: Ratios of C, N, & P in Various Reservoirs

Terrestrial
vegetation (a)
Marine plankton (b)
Soil (c)
Sediment
Anthropogenic (e)
(a)
(b)
(c)
(d)
(e)

C

N

P

800

1x107
16
2
15
15

1
1
(d) 1
1
1

30

Source: [Stumm 1977, Table 3, p. 268]
[Deevey 1970]; The C:N ratio for terrestrial bopmass has been recalculated to be 160 [Schlesinger
1991].
[Redfield et al 1963]
The C:N ratio for soil has been estimated to be 15 [Schlesinger 1991].
Including insoluble P; if only soluble P is included, the C:P and N:P ratios are more than 2 orders
of magnitude higher.
Assuming C mobilized by fossil fuel combustion; N mobilized by industrial fixation (fertilizer) and
NO= by combustion; P is mobilized by phosphate rock mining.
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Table III: Published Nitrogen Balances
Delwiche &
Likens 1977

Flux

Sliderland &
Svensson 1976

McElroy
1976

Sweeney

et al 1977

Burns & Hardy
1975

NAS 1978

Biofix

N2 -• ON

terrestrial
marine

99
30

139
110 (30-130)

170
10

100
15-90

N-fix

N2 --* NO
N2 -, NH,
N2 -0 NO.

atmospheric
industry
combustion

7
40
18

—
80
19

10
40
40

0.5-3
35
15

10
30
15

30
80
10-200 (bio)
21 (ft)

N2

from
denitrification

terrestrial
marine

122
40

107-161
25-179

210
50

90
50-125

190

197-390
0-120

N20

N2 -0 N 20
N20 -° N2, NO

combustion
disappearance
terrestrial
marine

in N-fix

in N-fix

in N-fix

in N-fix

in N2
in N2

in N2
in N2

in N2

in N2
in N2

—
(N2=15, NO=5) 20
20

from
denitrification
Bioemission of NO

terrestrial
marine

NO; deposition

terrestrial
marine

NH +,, deposition
NH,

NH, --• NO.

River runoff
To sediments
Outgassing from volcanoes

in N2

Liu &
Cicerone
1984

139
139
36 110 (20-120)
10 (2-20)
1-10 (bio)
15-25 (ff)

den Elzen 1995
(Mackenzie et al

1992)
140
30

140
30

?
80
41 (bio)
12 (ff)

3
90
—
20

158
111

130
70

in N-fix
10
in N2
11-33
11-33

12

60

66-200
17-42

38
15

terrestrial
marine

140

in NO;

54
16

atmospheric
combustion
volatilization

30
5
165

18-45 terr.
18-45 mar.
35

13-24

20

30

—
10
5

Ayres, Schlesinger
& Socolow 1994

1 10

<5

—
18-45 tern.
18-45 mar.
18
30-40

1-10

75
13
42.4
10.5
?

40
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Table IV: Estimates of Sulfur Fluxes
(fglyr) Eriksson Junge Robinson Kellogg Friend Granat Ivanov & Brimblecombe den Elzen
1973
et a! Freney
et al
1963 & Robbins et al
et a
1960
1972
1976
1983
1989
1970
1995
39
40
70
50
65
65
113
Combustion, smelting, etc.
93
76
28
Fertilizer
—
—
—
—
—
—
land 10
land 20
—
—
1.5
—
2.0
3.0
28
Volcanic gases
Aeolean emission (dust)
Biogenic, land
Biogenic; coastal & ocean
Sea spray
Long-lived reduced S-compounds
Uptake of SO, by land & terr.veg.
Washout of SO4 over land
Dry sulfate deposit over land
Uptake of SO, by oceans

—
77
190
44
—
77

River runoff: natural
River runoff: anthropogenic
Abrasion from shores
Underground river seepage
Erosion & runoff
Ocean sediments, SO4
Ocean sediments, reduced (pyrite)
Atmospheric transfer, land to sea
Atmospheric transfer, sea to land

—
70
55

57
70

Washout of SO4 over ocean
Dry SO4 deposition over ocean

—
70
160

15
70

—
68
30
44
—
26
70
20
25

60
146

71

—
90
43
—
15
86
10

72

—
58
48
44
—
15
86
20
25

0.2
5
27
44
—
28
43
—
10

20
16
20
140

63
____

230

71

ocean 10

ocean 20

20
22
43
144

76
53

84

120

258

79

213

118
40

5

17
51
16
11
17
104
104
7
11

72
28
111
total 102
anthropogenic 65

135
81
20

140
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Table V: The Stabilizing Influence of the Biosphere (Gaia)
Reservoir

Substance

Atmosphere Nitrogen
Oxygen
CO2
Argon

Actual world Ideal world I

Ideal world II

0%
0%
99%
1%

1.9%
trace
98%
0.1%

78%
21%
0.03%
1%

?

85%
96%
Hydrosphere Water
13% Not
3.4%
NaC1
NaNO31.7%
much

?

Water
Temperature Degrees Celsius
Pressure

Atmospheres

13

290 ± 50

290 ± 50

1

60

60

Note: Life is impossible if average temperature is too high for liquid water, or if salinity exceeds 6%.
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Figure 1. 4-box scheme for bio-geo-chemical cycles
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Figure 3. Present day carbon cycle: intermedia fluxes a oisg C)
Source: [Schlesinger 1991, Figure 11.1J
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Figure 5. Present day global nitrogen cycle: intermedia fluxes (10 I2g N)
Source: [Schlesinger 1991, Figure 12.2]
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