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Preface

Discussing issues related to limits to economic growth (an activity in which
I have engaged on various Internet discussion forums) is often an extremely
frustrating experience. Frequently bringing up limits to growth causes one
to be dismissed as either a fanatical socialist comrade and/or as a tree
hugging hippie sentimentalist who has no understanding of the practical
realities of human nature. My perception is that the people who make
such accusations are resisting (for very understandable reasons) the prospect
of a major discontinuity in our prevailing social institutions, but they are
not responding to the actual substance of limits to growth arguments and
the implied serious problems which need to be addressed. The reality of
the economic and environmental crises which we face can be understood
independently of political ideology. The fact that once that understanding
is achieved very uncomfortable conclusions about the fate of our current
social institutions immediately follows does not in any way tend to falsify
the underlying fundamental truths.

While thinking along these lines I decided to write down a series of
statements about economic production which, within the limits of my un-
derstanding, are objectively true. The list given below is the result of this
effort. In the chapters in the first part of this book I shall expand on each
of the each of these truths.

1. Human beings are dependent upon each other.

2. Human beings are dependent upon the resource base provided by the
earth’s mineral resources and by the transformations of those resources
provided by the interactions of the biosphere with solar energy.

3. The resource base which supports the human economy is finite.

4. Growth of the economy at a constant percentage implies constant ac-
celeration of growth in absolute in absolute terms in a pattern known
as exponential growth.
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5. Dematerialization of economic output (e.g. the service economy, the
information economy etc.) cannot support exponential expansion of
economic output indefinitely.

6. Private finance of economic infrastructure requires growth for effective
functioning.

7. Private savings are investments in economic infrastructure. The desire
to store up lots of economic value in order to gain future security is
really a desire to continuously build up economic infrastructure and
increase total resource use.

8. All investment in infrastructure are community investments.
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Part 1

The Truths






Chapter 1

Truth 1: Human beings are
dependent upon each other

This truth can be regarded as self-evident, but there is a surprisingly large
group of people who want to deny it, or at least regard such dependence as
onerous and wish to do everything they can to minimize it. Unfortunately
for the people possessed by this idea, the reality is that ever since the begin-
ning of the industrial revolution and the increasingly diverse specialization
of labor which accompanied it, the circle of human beings upon whom we
are dependent for the economic artifacts of our everyday lives has contin-
ually increased in both numbers and in geographical area. This increasing
human interdependence is a physically necessary consequence of the scope
and methods of modern economic production. To fail to understand this
physical necessity is to live in a dream world.

Nevertheless many people experience a very real longing to be indepen-
dent, self-sufficient, masters of their own fate. However, the most elementary
knowledge of natural and human history should make it clear that no one
is master of his or her own fate. Not Alexander the Great, not Isaac New-
ton, not Michelangelo obtained such mastery. No amount of talent, creative
energy, and will power can protect anyone from the actions of chance and
mutability. In the final analysis the desire to be /textitmaster of one’s own
fate is the desire to be lucky. Such a wish is perfectly natural, but basing
public policy decisions upon people’s desire to be lucky does not seem to be
an intelligent basis for creating a stable society.

A casual examination of the facts of physical existence make it clear that
society as a collective organism can greatly reduce the probability that bad
luck will limit the individual’s chances to realize his or her full potential as



Truth 1: Human beings are dependent upon each other

a human being. If you lived alone on an island utterly isolated from other
intelligent beings, then a broken leg, an attack of the flu, a bad back, a bad
storm, or a summer drought could end your life. In society the support of
other human beings reduces the chances that comparatively minor accidents
will be fatal or crippling with respect to your future prospects for finding
life satisfaction.

Many people will accept some degree of dependence on other human be-
ings but want to limit it to a small group: To their families and to a select
group of friends. But in a complex economy with a great deal of specializa-
tion of labor and elaborate large scale infrastructure this limitation is not
possible. What is really meant by independence in this case is that the nec-
essary dependence should operate smoothly and reliably without any need
to explicitly ask for or to give help to one’s larger circle of co-dependents.
The key question is what form of social organization is likely to give the
greatest stability to the complex network of social and physical interdepen-
dencies which enable us to live and interact with the world in the manner to
which we have become accustomed. Very few people have given any serious
thought to this question, but simply wish for a continuation of whatever
they are used to, or long for a return to some supposed ideal condition of
the past, the fundamental basis of which has not been carefully examined.

Let us examine a classic example of supposed independent nuclear fami-
lies: That of American pioneer farmers. It cannot be denied that ownership
of high quality agricultural land conveys a sort of economic power to the
proprietor. However, ownership is a social phenomenon which (unless you
are living alone on an isolated planet) can be maintained only by some form
of agreement among the various aspirants to such a form of economic power.
For example, the Native Americans whose hunting grounds and garden land
were being taken over by European settlers were eager to deny ownership to
the pioneers, but the American military, backed initially by the industrial
might of England, and eventually by the growing industry of the eastern
United States made sure that the rights of the new owners were enforced.

For a long time a large percentage of the U.S. population was able to at-
tain to such land ownership because of the “underpopulated” state of North
America by the standards of European agricultural technology. However,
this ability of anyone with willingness to take a risk, to pull up stakes, move
west, and take possession of substantial quantities of high quality land for a
relative pittance was a form of historical good luck (from the point of view
of the European settlers, at least) which could not last forever. Again being
lucky is not the same thing as being independent in an absolute sense.

But even within the historical context of cheap and plentiful land, Amer-
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ican pioneer farmers were hardly independent. Yes, they were business own-
ers and could direct their time as they saw fit within certain limits, but
without the ability to trade their produce for the output of centers of in-
dustrial manufacturing they would have been dirt poor subsistence farmers.
The whole infrastructure of industrial civilization, including mining, manu-
facturing, transportation, education, law, government, and so forth was an
essential contributor to the wealth of such independent farmers. The failure
to understand this fact is a failure to understand the essential nature of the
modern human social organism.

And, in fact, even the independence of the individual farmer to run his
or her business in the best way he or she sees fit is limited by considerations
of general social agreements. Suppose for example that some far sighted
individual foresaw that the trend of modern mechanized/chemicalized agri-
culture was not sustainable in the long term because it could not preserve
soil and soil fertility. If such a person wished to experiment with more
sustainable methods of food production, emphasizing tree crops and other
perennial plants, the immediate pressure of economic competition with well
established, high yielding (at least in the short term) agricultural meth-
ods would put tremendous pressure on this farsighted individual to go along
with accepted methods of agricultural production. If you depend upon trade
for your livelihood then you are not independent of the general social will
concerning the right way to create human welfare.

Perhaps the most absurd conception associated with false ideas of in-
dependence (of true ideas of independence I will speak shortly) is that of
financial independence. In many traditional societies people are supported
in their declining years by their children or by the tribe in tribal societies.
This dependence of the old on the young is perfectly natural, and the support
given is viewed as being a deserved return for the support and protection
provided by the parents to their children or to the tribe during the early
part of their life. The physical underpinnings of modern financial indepen-
dence (so-called) are not really any different than the traditional methods of
supporting the aged. If retired people continue to consume food, clothing,
fuel, medical care, etc. they do so because men and women who have not
retired get out of their beds every morning and do the work which provides
these outputs. Financial independence is really dependence with the human
element of mutual obligation moved out of immediate sight.

So-called savings are often viewed as simply deferral of consumption,
and as such are regarded as a form of virtue and discipline which deserves
future recompense. However, one can easily show that except in relatively
small amounts intended to cover large consumer purchases or to serve as
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Truth 1: Human beings are dependent upon each other

a crisis fund in periods of temporary unemployment this view of financial
holdings as deferred consumption is functionally incorrect. The essentially
unbounded desire to accumulate financial markers as the primary means of
gaining ongoing and future support from our economic fellow travelers has
destructive consequences in the long run, as I will explain more fully under
Truth 7.

Many people will think that I am being overly negative about the idea
of independence. Surely the word has some positive meaning? Certainly
it does, even though economic independence is nonsense. Let us consider
two common uses of the word independent. Many people profess to admire
independent thinkers. An independent thinker is someone whose ideas are
not completely constrained by social conventions in some particular area
of knowledge, and who can therefore sometimes achieve insights about the
workings of reality that cannot be achieved by people who know what every-
one knows without really understanding the fundamental basis of the belief
which they mistake for knowledge. Note that in this instance we do not
really love independence for independence sake. An independent inventor
who ended up poisoning his or her neighbors or burning them alive in the
pursuit of some invention that no one else thought was of any value would be
sent to prison rather than given a reward. Insofar as we admire independent
thought we do so because we believe it can help to bring into existence new
kinds of social utility.

In fact the admiration expressed for independent thought is often more
conventional that real. We admire independent thinkers after the fact when
the social benefit of their originality is manifest, but before the fact they
are often regarded with fear and distrust by the conventional everyone of
everyone knows. This distrust of originality exists even in the supposedly
objective hard sciences, but even more so in the field of social and political
organization where it generally believed that all of the fundamental issues
of fact were settled long ago, and only fanatics or delusionary idiots could
possibly doubt the fundamental rightness of our current social institutions.

The question of how to encourage independent thinking is a delicate
one. The tenure system used by many institutions of higher learning is an
attempt to do so. By granting a creative individual economic security the
intention is to give him or her the freedom to pursue interesting research
projects independently of currently popular ideas about the most important
subjects of such research. However, economic security granted by the judi-
cious judgment of one’s colleagues (and of the taxpaying public) is not the
same thing as absolute economic independence.

Another form of independence which is much desired is independence
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from arbitrary authority. I distinguish arbitrary authority from natural
authority. Natural authority comes into existence when a group of people
recognize that some person has superior knowledge or ability that should be
deferred to in order to better accomplish some common goal toward which
the group is working. Such natural authority is spontaneous and voluntary.
On the other hand arbitrary authority is the imposition of the will of one
person or of a small group of persons over other people by means of fear
and threats, in most cases hiding behind a mask of social necessity. The
absolute monarch or the absolute dictator who can have you beheaded or
sent to the gulag simply because they dislike you are archetypal examples
of arbitrary authority. Of course, far less extreme examples of arbitrary
authority exist: Petty bureaucrats and corporate tyrants of various types
exist in our current socioeconomic system who enjoy tormenting people who
must submit to their dictates in order to achieve a desired end.

Whether or not it is possible to create a social and political system in
which almost all authority is natural and almost none is arbitrary is question
on which I will express no opinion. However, my inclination is to strive to
maximize natural authority and minimize arbitrary authority as much as
possible. However, I think that the idea that capitalism, as it now exists or
as it existed fifty or a hundred years ago, has provided an optimum stable
final solution to this problem is a mistaken notion, as I hope to show in the
remainder of this book.
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Chapter 2

Truth 2: Human beings are
dependent upon the resource
base provided by the earth’s
mineral resources and by the
transformations of those
resources provided by the
interactions of the biosphere
with solar energy

The first part of this truth concerning our economic dependence on the
earth’s mineral resources is, I believe, universally acknowledged, although
many people regard it as having no real relevance to any limitation on human
economic activity, since they regard this resource base as being effectively
infinite, effectively infinite meaning of no practical concern until long after
I am dead and gone. Some people are hoping that asteroid mining will
eventually extend our mineral resource base beyond the earth’s atmosphere
thus postponing concerns about the limits of this resource base to an even
more distant future. I do not pretend to have a crystal ball which allows me
to see into the far distant future, but I am not expecting any economic help
from asteroid mining within my lifetime or, indeed, within this century.



Truth 2: Human beings are dependent upon the resource base provided by
the earth’s mineral resources and by the transformations of those resources
provided by the interactions of the biosphere with solar energy

It is true, that for the most part, human mining and manufacturing
activity is dispersing the earth’s elemental resources rather than destroying
them. However, since such dispersed supplies of the elements may require
much more energy and labor to gather together and purify than was required
to gather and purify them originally from concentrated ores in the earth’s
crust, such dispersal may ultimately have negative economic consequences.
Therefore the supply lifetime of key elements relative to some definition of
economic health depends on the distribution of these elements in the earth’s
upper crust and not just on the total amount present.

The second part of this truth concerning our dependence on the trans-
formations of the earth’s material matrix brought about by the biosphere
is acknowledged in some degree by a fairly large group of people, and it
finds its typical modern expression in the movement called environmental-
ism. However, many people regard environmental issues as related more to
quality of life than to fundamental human welfare, and are willing to trade
off long term environmental health against short term economic “health” as
that term is defined in the dominant cultural paradigm.

Of course, no one can deny our dependence on plants and animals for
food, but our agricultural system has come to depend on a relatively small
number of species raised in artificially managed ecosystems (e.g. farms,
orchards, ranches, etc) which have been rising in productivity for several
hundred years. The success of this system of food production can be inter-
preted to mean that we have freed ourselves from dependence on so called
wild nature.

However, continued progress in the productivity of agricultural food sys-
tems or even the maintenance of current levels of production is not guar-
anteed. These simplified ecosystems require constant human intervention
to maintain production of the desired species at high yields. Plant mono-
cultures are highly susceptible to pests so that heavy use of chemical pes-
ticides is required to prevent serious crop damage. Over time the targeted
pests become resistant to particular chemical killers and new varieties of
pesticide have to be developed. Whether or not this cycle of stronger pests
and stronger pest killers can be maintained in the long term is questionable.
Dependence on a small number of crop species cultivated in huge monocul-
tural plantings also carries a certain amount of risk because the emergence
of a super-pest for which we have no adequate defense could seriously effect
food supplies. The Irish potato famine is a well knows historical example of
this danger.

Shallow rooted annual plants cannot reach deep sources of water. Fur-
thermore regular plowing tends to lower the water retention capacity of
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the tilled soil. Therefore the need for irrigation water during dry spells
is increased. In a number of important agricultural regions water tables
are being pumped down faster than the natural replacement rate with an
obvious threat to future productivity when the wells eventually run dry.
Natural ecosystems with undisturbed soil and deep-rooted perennial plants
make much better use of available water.

Modern agriculture also requires heavy applications of chemical fertilizer
(the primary required nutrients being nitrogen, phosphorus, and potassium).
Phosphorus fertilizer, which is derived from rock phosphates, is a particular
concern because global phosphate resources are much lower than potash
resources (the source of potassium fertilizer) or nitrogen supplies (Nitrogen
constitutes 78% of the earth’s atmosphere.). To some extent this need for
heavy chemical nutrient feeding may be inextricably tied to high crop yields,
but some aspects of agricultural ecosystems may exacerbate the need for
nutrient feeding compared to natural ecosystems. Shallow rooted annual
plants cannot access nutrients in the deeper soil. Much of the nutrient load
absorbed by crop plants is removed from the land permanently in the form
of grain, fruit, roots, vegetable stalks, etc. since we do not complete the
nutrient cycle and return our manure, urine, and decomposing bodies to
the land in the same way that animals do in natural ecosystems. However,
a significant portion of the applied nutrients remain behind in the form
of organic matter from plant roots, and from plant shoots as well if these
are left on the land. In natural ecosystems the nutrients from this organic
matter are consumed by soil organisms which eventually make the nutrients
available again in a form that plants can use. Nutrients leach out of tilled
soil with a reduced population of soil organisms or disappear directly via soil
erosion at a much higher rate than they do from the untilled soil of natural
ecosystems, again increasing the need for externally applied nutrients.

Many important food plants are dependent upon insects for pollination
and thus for the development of fruit. Certain plants are adapted to be
pollinated by specific insects, and in particular the honey bee is a vitally
important pollinator for a variety of important food crops (e.g. apples, cran-
berries, almonds, melons, broccoli, blueberries, cherries, tomatoes, beans
etc.). Honey bee populations are currently shrinking due to unknown causes
(chemical pesticides are suspected). There is not the remotest prospect of
any human technology substituting for the role played by honey bees, so
that a collapse of the bee population could have very serious effects on the
human food supply.

Another possible threat to the productivity of our food production sys-
tem is climate change (human induced or otherwise). Natural ecosystems
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Truth 2: Human beings are dependent upon the resource base provided by
the earth’s mineral resources and by the transformations of those resources
provided by the interactions of the biosphere with solar energy

adapt to changing conditions by utilizing the store of genetic information
that has been produced over vast periods of time. When environmental
conditions change the mix of species and the relative population density of
different species change in response to the new conditions. Human food
production systems have become dependent on a relatively small variety
of plants with high productivity under existing conditions. Whether or not
such artificial ecosystems can adapt to rapidly changing climactic conditions
with sufficient speed to maintain current levels of productivity is question-
able.

Our dependence upon the material transformations brought about by
plants and animals does not end with food. Wood is still an important
construction material and its fibers are the primary source of paper products.
Plant fiber and animal fur (e.g., cotton and wool) are still widely used in
manufacture of clothing. Animal hides in the form of leather are still widely
used for shoes and clothing. A variety of medicinal and chemical products
are derived from plants and animals.

Biologist Edmund O. Wilson, among many others, has argued for the
importance of preserving biodiversity both as a source for the development
of useful products for human use, and as a source of adaptability to en-
vironmental changes. The genetic heritage of the biosphere is a source of
information developed over vast periods of time in response to changing en-
vironmental conditions. Wilson estimates a lower limit on current species
extinction rates at one thousand times the prehuman rate .

It is not possible to put any immediate economic value on the genetic
information that is being lost, but in the long term these losses could have
significant impacts on our ability to adapt to environmental changes.

Another important aspect of our dependence on the transformations
of matter brought about by the biosphere with the aid of solar energy is
our dependence upon the fossil fuels coal, natural gas, and oil. Plants use
energy from the sun to combine hydrogen from water and carbon from at-
mospheric carbon dioxide into carbohydrate compounds. The carbohydrate
compounds thus produced are the basic chemical energy source which sup-
port the life functions of most living organisms on earth (there are a few
microscopic life forms which obtain their energy from geothermal sources).
Animals (including humans) get their bodily energy by eating plants or by
eating other animals which have eaten plants.

When human beings first mastered fire they began using the stored chem-

"Wilson, Edmund O. (2002), The Future of Life, Chapter 4, p. 99, Vintage Books,
New York
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ical energy of plants for other purposes than the direct support of their
bodily functions through the consumption of food. With the invention of
metallurgy an important extension of this external dependence of human
economic activity on plant chemical energy came into existence. Impor-
tant metals such as copper, zinc, iron, and lead exist in nature primarily
in combination with other elements, the most important being oxygen. For
example the classic iron ores are magnetite (Fe304) and hematite (Fe203).
In order to get pure iron the oxygen must be removed from the ore. The
primary method of this reduction (i.e. removal of oxygen) is to heat the
ore to a high temperature in the presence of pure carbon and oxygen. The
carbon combines with the oxygen to form carbon monoxide (CO) and then
the carbon monoxide reacts with the iron oxide to produce pure iron and
carbon dioxide. In the Iron Age charcoal (which is wood reduced to a state
of nearly pure carbon) was used as both the energy source to produce the
necessary high temperature and as the source of carbon required to draw
oxygen out of the iron ore.

However, charcoal derived from trees or other woody plants is not the
only source of biological carbon. Typically when plants or animals die their
bodies (and the chemical energy contained therein) are consumed by scav-
engers and microscopic decomposers. However, in some circumstance large
amounts of biological material have been geologically buried in oxygen free
conditions where their chemical energy cannot be consumed by other living
organisms. Heat and pressure eventually drive out most of the oxygen from
this buried organic material leaving behind energy rich hydrocarbon com-
pounds. These remaining hydrocarbon compounds in the form of coal, oil,
and natural gas are collectively called fossil fuels.

Eventually coal took over from charcoal as the preferred source of carbon
for smelting metal ores, although this development took a surprisingly long
time. The reason for this long delay is that coal in its natural state when it
is dug out of the ground has inferior properties for the reduction of metals
compared to charcoal. In order for coal to be useful for smelting iron it
must be converted to a substance called coke by driving out impurities at
high temperature, and only certain grades of coal are capable of producing
high quality coke. The Chinese discovered how to make coke as early as the
ninth century, but in Europe the discovery was delayed until the beginning
of the eighteenth century. It was the rising cost of charcoal and of timber
generally in the seventeenth century that lead smelters to experiment with
alternate fuels. These experiments lead to the invention of the blast furnace
powered by coke derived from special grades of coal.

Just a few years after Adam Darby introduced coking coal into the iron
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Truth 2: Human beings are dependent upon the resource base provided by
the earth’s mineral resources and by the transformations of those resources
provided by the interactions of the biosphere with solar energy

industry in 1709, Thomas Newcomen invented the first practical coal pow-
ered steam engine in 1712. This engine was primarily used for pumping
water out of mines. A new era in the relation of the human economy to so-
lar energy transformed by plants into chemical potential energy had begun.
For the last three hundred years human consumption of so-called fossil fuels
has steadily increased and is still increasing even at the present time in spite
of all the hoopla surrounding renewable energy from the wind and the sun.

Obviously the total amount of such transformed biological material avail-
able in the earth’s crust is quite large or it would not have been able to
support three centuries of economic expansion. However the supply is not
infinite, and in particular, the run-up in oil prices in the first decade of this
century which drove large volumes of shale oil and tar sands production,
highlighted the limited supplies of conventional petroleum, discoveries of
which peaked in 1960s.

Many people have interpreted the recent drop in oil prices as clear ev-
idence that any economic constraints due to the direct expenses of fossil
fuel production are still comfortably distant. Whether or not this sense of
comfort is well founded is questionable, but the geological/economic issues
involved are so complex that a definitive pronouncement on this subject is
nearly impossible to come by. Indeed concerns about climate change caused
by the emission of CO2 into the atmosphere have given rise to a serious
worry that the supplies of economically extractable fossil fuel are too large
rather than too small. In these scenarios the indirect environmental costs
of continued large scale extraction of fossil fuels will hit humanity sooner
and harder than will the rising labor and capital costs of that extraction.
I will have make more comments about both of these concerns in the next
chapter.
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Chapter 3

Truth 3: The resource base
which supports the human
economy is finite

3.1 An obvious truth. But does it really matter
any time soon?

The finite nature of the earth’s resource base is self-evident. However it is
possible to doubt the relevance of this fact to any short term limitation on
the business as usual operation of global capitalism on two different grounds:

1. The earth is a very large place and provides a very large pool of re-
sources. Even if the finite nature of this pool will eventually limit
human economic expansion the hour of this dismal event is still far
distant. Gentlepersons, keep your engines running.

2. The relationship between resource input and economic output is not
fixed. Advances in science and manufacturing technology are enabling
us to produce more economic output with a given amount of resources.
Therefore even as physical constraints start to raise the costs of in-
creasing resource extraction, human technological cleverness will com-
pensate for the increasing cost of raw materials and keep the growth
engine running.

Both of these arguments are attempts to help the current generation of
human beings escape from any necessity of achieving economic maturity.
We can chase more dollars and increase the variety and sophistication of
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Truth 3: The resource base which supports the human economy is finite

our toys and recreational amusements and let some future generation worry
about limits to growth. The second argument about the triumph of human
technological sophistication over physical and biological limits I will cover
in truth five. In this chapter I will only address argument 1 concerning the
size of the available resource base.

3.2 Mineral resources

The earth is a very large place and the use of a wide variety of resources has
steadily increased in the three hundred years since the beginning of the in-
dustrial revolution. Furthermore the earth’s elemental resources are, for the
most part, not destroyed by human activity; they are merely redistributed.
Nevertheless this redistribution may eventually have economic consequences.
If more energy and labor are required to gather together and purify the met-
als which have entered the waste streams of the human economy than it did
to gather and purify them from concentrated deposits in the earth’s crust
in the first place, then this redistribution of material will eventually impact
our economic productivity if we exhaust the easily available, high quality
deposits of critical minerals.

The declining grade of copper ores being mined is an often cited example
of the finite nature of the earth’s mineral resources. Hall et al' in their book
Energy and Resource Quality present a graph which they created from data
in the U.S. Bureau of Mines Minerals Yearbook which shows the trend in
the average copper ore grade (% of copper by weight) and the total amount
of ore produced between 1905 and 1980. During this time period the ore
grade (the % by weight of copper present in the ore) declined by a factor
of four from an average of 2% to an average of 0.5%. At the same time the
total tons of ore produced increased by a factor of 14. If we account for
the lower grade of ore the total increase in the mined amount of elemental
copper was 3.5. During the same time period the population of the United
States increased by a factor of 2.8 so that the total copper mined per capita
increased by 23%. Omne can point to increasing total copper extraction in
the face of declining ore grades as evidence of increased efficiency in mining
technology.

In the USGS 2015 mineral year book (the most recent one I could find on
line) U.S. ore grades for the years 2011 to 2015 are published®. The average

'Hall, Charles A. S.; Cleveland, Cutler J.; Kaufmann, Robert; 1912, Energy & Resource
Quality, Chapter 4: Resource Quality, p. 99, University Press of Colorado, Niwot Colorado
2Edelstein, Daniel L.; 2013, 2015 Minerals Yearbook Copper, U.S. Department
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value is 0.41%, indicating a possible further degradation in ore grade since
1985.

Whether or not the decline of copper ore grades will lead an actual
decline of copper production in medium term (i.e. the next two to three
decades) depends on several factors. First it depends on the actual distribu-
tion of copper ore within the earth’s upper crust. If the total amount of ore
between say 0.4% and 0.2% is very large compared to current production
rates then ore availability may not limit production for a long time, as long
as other input costs of copper production stay relatively constant.

One important production cost of mining and smelting is the cost of
energy. A lot of energy is required to mine and smelt a metric ton (1000kg)
of pure copper. The lower the ore grade the more energy is required both
for mining and for post processing of the ore after it has been removed from
the ground. Most of this energy is at present provided by fossil fuels. I
will come to a discussion of fossil fuels as a finite resource shortly, but here
the combination of declining ore grades and rising energy cost is a more
likely source of resource extraction limits in the medium term than simple
exhaustion of key elemental resources.

3.3 Rock phosphates

One particularly important mineral resource which deserves special men-
tion is rock phosphates which contain the important agricultural nutrient
phosphorous. Phosphorous is one of the im