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ABSTRACT
The availability and affordability of mineral extraction is vital to industrial society. Present mineral scarcity
assessment indicators are based on reserves, prices, or extraction costs. These are incomplete as each covers only
partial aspects of mineral scarcity. They can be improved by a broader modeling approach where geological
assessments are combined with economic estimates, also taking into account political and technological aspects.
The most important step is connecting the geological distribution of the resource base with physical aspects of
location, ore grade, depth of deposits, and technology, as these determine labor, capital, and energy input costs
and hence affordability and availability. The effect of the resource distribution of ore grades and input
requirements was examined for copper, iron ore, tungsten, and phosphorus. Sufficient data was found to
statistically test the relation between declining ore grades and extraction inputs for copper, resulting in a
significant inverse relation for energy inputs and no apparent relation for labor and capital inputs. Energy inputs in
copper extraction double as the ore grade drops in half. The lack of a relation for capital and labor can be
explained by the larger importance of location, technology, and deposit depth then ore grade in terms of input
requirements.
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1. INTRODUCTION ‐ THE GREAT MINE EARTH
The total displacement of mass on earth continues to grow each year. Literally, our earth is becoming flatter as
billion tons of rocks are dug out of the ground to extract minerals. The materials shaped from raw extracted
minerals made technological advances since the beginning of the industrial era possible. Take titanium for example
which has as special properties the highest strength to weight ratio of any metal and extreme corrosion resistance.
Without its discovery by Gregor in 1790 and the start of industrial usage in the 1890s it would not have been
possible to produce titanium alloys used as critical structural parts for helicopters, aircraft, and desalination plants.
During the industrial era more than 87 out of the total of 92 elements present in nature have been put into
common usage as product components for a wide range of applications including electronics, vehicles, furniture
and buildings. The widespread usage of minerals occurred after a long process of scientific research and
experimentation in the fields of physics, chemistry, biology, and mathematics. These advancements did not come
by themselves as they required increasing availability and declining prices of most minerals due to increasing
efficiency of extraction. For example, the price of aluminum has decreased by nearly a factor 10 while the quantity
extracted from 1900 to 2008 increased 5700 times from 6800 tons to 39 million tons. The resulting dependence on
minerals has at several points in history raised doubts about the longevity of mineral resources because of their
finite nature. Especially the publication of the limits to growth report to the Club of Rome in 1972 led to a large
number of investigations in the scientific literature on the question of mineral scarcity. Interest in the topic
declined in the late 1980s. Recently it has renewed due to the large growth in Chinese resource extraction and
consumption, and price increases of 2007‐2008.
The general question that can be posed is: for how long, at what scale, and at what cost can humanity continue to
extract minerals, process them into intermediary industrial inputs, consume resulting products and dispose of
them without recycling?
The spectrum of opinions on how serious mankind should take this question lie widely apart. Divided between
those who do and those who do not expect technological progress to:
A) be able to continuously increase the amount of economically extractable portion minerals in the
foreseeable future, and
B) be able to provide sufficient alternative combinations of other resources and capital and labor inputs in
case that a mineral would become economically scarce.
The difference of views on technological progress regarding matter B) have been summarized in a thoughtful
manner by the well known economist Robert M. Solow:
“The degree of substitutability is also a key factor. If it is very easy to substitute other factors [labor
and capital] for natural resources, then there is in principle no “problem.” The world can, in effect, get
along without natural resources, so exhaustion is just an event, not a catastrophe… If, on the other
hand, real output per unit of resources is effectively bounded—cannot exceed some upper limit of
productivity which is in turn not too far from where we are now—then catastrophe is unavoidable. In
between there is a wide range of cases in which the problem is real, interesting, and not foreclosed.”
(Solow 1974; p.11)
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In this thesis the question posed above will be investigated in relation to issue A) the economic scarcity of non‐
renewable mineral resources. The term economic scarcity here is defined as the point at which extraction can no
longer provide market demand due to increasing costs of a resource.
The rate of extraction (per unit of time) at which minerals can be drawn out of the ground is related to the ease of
extraction influenced by three factors:
First, the advancement of technology improving extraction efficiency by decreasing required inputs to extract
an amount of ore.
Second, depth of ore deposits, more difficult to reach surface locations, and decreasing quality of ore available
for extraction. Usually the most economic ores are mined first, as q consequence more inputs for extraction
are needed over time.
Third, political decisions prohibiting the extraction of minerals due to which the amount of ore available
decreases.
It is plausible that in the very long run depletion will become more influential than technology on mineral
extraction, even though the reverse has been the case until now. Because Physics poses a limit to increasing
process efficiency, and the decrease in quality and increase in depth will continue over time as more resources are
mined. Hence, mineral prices in case of continued extraction without recycling are likely to eventually reverse
course and reach an upper limit where they no longer will be affordable for many processes. It is important to
stress that this will not be due to physical barriers of extraction but economic barriers as negative depletion cost
will trump over positive technology cost effects in the very long run.
The thesis is structured in ten chapters. In chapter 2 different views on mineral scarcity are outlined focusing on
scarcity indicators and their shortcomings. The process of resource extraction and processing from mining to final
product is described in detail in chapter 3. Building upon appropriate indicators from chapter 2 as well as economic
theory a framework of mineral extraction will be described quantitatively in chapter 4. The framework is partially
applied to copper, iron ore, tungsten and phosphate where possible in respectively chapter 5, 6, 7, and 8. The
results are documented in chapter 9 and conclusions and recommendations in chapter 10.
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2. MINERAL SCARCITY INDICATORS
This chapter explores the usefulness of a variety of indicators to estimate mineral scarcity. These can be
conceptually divided in two views prevalent in the mineral scarcity debate, a reserve and a price based point of
view. The reserve view assesses mineral availability based on the estimated reserves. A number of approaches
exist wherein reserves are compared to present production, to estimated future demand, estimated future
production, or a combination of forecasted demand and production. Reserves in case of non fuel minerals can
loosely be defined as the amount of resources which, with reasonable probability, can be extracted from the
earth’s crust based on technological and economic expectations.
The price based view looks at minerals not from physical availability but from changes in the prices or cost of the
service that can be obtained from a resource. Approaches vary between looking at market mineral price changes,
the input costs of extraction, the in‐situ estimated value of a resource, recycling costs, and costs of substitution for
another resource. The purpose of this chapter is to discuss indicators arising from both reserve and price based
views with respect to their methodology, uncertainty, and usefulness in determining mineral scarcity. The
indicators summed in table 2.1 will be discussed.
Table 2.1 – overview of mineral scarcity indicators.
Scarcity Indicators
Reserve based

Price based

Reserves/Production (R/P)

Historic commodity price trends

Demand Scenarios combined with reserve estimates

Input cost changes

Production models based on reserve data

Cumulative availability curve
In situ resource price assessments

2.1 Resources and reserves
Discussions about scarcity from a reserve point of view revolve around different interpretations of what amount of
mineral resources can be extracted over time. The determination of reserves is not an exact science but based on
estimates with inherent uncertainty. Geological mapping can only provide answers to the amount of resources in
the earth’s crust, while the affordability of extraction affects reserve changes over time.
The first boundary to extract minerals is technological as most mineral deposits cannot be mined efficiently
enough due to which inputs are too high to make economic extraction possible. For example, the concentration of
most minerals in seawater is so low that the labor, capital, and energy input requirements are beyond the reach of
mankind. To extract a single year of global annual copper consumption from seawater would require four times
current global annual electricity consumption. The exceptions to this are Natrium, Magnesium, Calcium, Kalium,
and perhaps Lithium as these exist of high enough concentrations in seawater for extraction to be of affordable
costs (Bardi 2010). Nevertheless, despite the fact that a significant portion of resources will remain too costly to
extract, technological advances enabled industrial society to continuously increase the number of resources added
to reserves. Advances in hydrometallurgy in the 1960s and 1970s, for example, made the development of low
grade copper deposits possible through the leach‐solvent extraction‐electrowinning (SX/EW) process, unlocking
7

many million tons of copper which could not be extracted before. Over 20% of all copper produced today is
extracted via SX/EW processing (Dresher 2001).
The second boundary to extraction is economical as costs of extraction need to be affordable to society. The
geological composition of mineral resources differ in terms of the concentration of desired minerals versus the
unwanted rocks wherein they are contained, toxic minerals that have been deposited along the mined ore, and the
location of mineral deposits in terms of depth and surface location. This results in difference in extraction and
processing costs causing a large share of mineral resources to be unprofitable to extract even at high prices, while
other deposits become profitable if easily exploitable ores have been mined and prices increase. An example is the
La Granja copper and gold deposit in central Peru which is estimated to contain 13.57 million tons of copper in 2.3
billion tons of rock at an average grade level at today’s standards of 0.59%. The deposit also contains 11,500 tons
of gold. Despite these circumstances it has never been developed as it lies deep in the mountains, with little to no
infrastructure present, and the closest port being more than 400 kilometers away. The distance poses an economic
barrier which could be solved by a price increase of the raw mineral product on the market, thereby turning the
resources of the La Granja deposit into reserves.
These two boundaries, economic and geological, to mineral extraction have been depicted in the 1970’s by Vincent
McKelvey in a two dimensional chart with on the x‐axis the increasing degree of geologic assurance and on the y‐
axis the increasing degree of economic feasibility of extraction as shown in figure 2.1. This manner of classification
has become the standard in conceptualizing the difference between resources and reserves and is named a
McKelvey box after its originator.

Figure 2.1 ‐ McKelvey box Resource Classification System (Hall et al. 1986).
The changing nature of reserves, more resources are turned in to reserves over time, has led to critique on the
interpretation of reserves as a fixed stock. Mainly from economists who look at effects of changing prices and
interpret resources from a price point of view. The dividing line in perspectives lies in the interpretation of
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reserves. Do present quantifications of reserves already take into account the inherent uncertainty of
subeconomic, hypothetical, and speculative resources as depicted in the McKelvey box? In theory reserve
estimates could be sufficiently close to the ultimate quantity to be developed warranting direct interpretation.
They could partially or wholly include all resources which currently are not extractable due to various factors
including economic, technological, or political ones. If this is not the case, or if we do not have certainty, the
reserve based view becomes at large meaningless. Future technological developments and market price changes
could then lead to large quantities of resources being turned into reserves. It is argued here, as will be further
elaborated upon later, that a more meaningful way to gauge scarcity lies in the price point of view. It gives more
detailed and certain information then reserve information can give. Both because prices say something about a
resource in relation to the economy in which it is used, and because costs are related to physical availability and
hence reserves of a resource.
The reasoning above does not imply that no boundary conditions exist to how much of the resource base can be
turned into reserves. It only implies that they are difficult to determine, even more difficult to reach consensus
about, and that costs are a better estimator for these boundaries. That is because the limit to extracting minerals is
determined by the amount of physical inputs which can be borne by society. The number of inputs increase as the
quality in terms of physical characteristics such as ore grade, depth, and location, decline, resulting in an increase
in mining and processing costs. If input costs become too high, despite technological advances, resources will no
longer be extracted. Unless the improbable happens that technological progress can overcome these changes
indefinitely until all resources are mined. That this is highly improbable will be explained by looking in more detail
at the impact of the distribution of Physical aspects of mineral ores on the economics of extracting and processing
mineral ore into market commodities.
First, the geochemical composition of minerals and their concentration is of importance. Over 4000 minerals have
been discovered of which 250 are sufficiently abundant to be of interest to extract. In terms of weight the largest
share of these minerals contain only 9 elements, Silicium, Aluminum, Kalium, Natrium, Calcium, Iron, Magnesium,
Oxygen, and Hydrogen. Together these form more than 99% of the mass of the Earth’s crust present mainly in
common minerals such as silicates. The remaining 78 trace elements form in total 1% of the earth’s crust mass and
are relatively scarce. The formation of these trace elements occurs via two subsequent mechanisms:
A) Atomic substitution, the replacement of a common element or molecule in a mineral by a trace element
without changing its structure. This is possible when the common and trace elements have similar physical
properties. For example, biotite is a mineral which may contain (among other elements) trace amounts of copper
because it can replace magnesium, as both elements have similar size and charge (Tilton 2005). The process of
atomic substitution is estimated to continue until a trace element constitutes between 0.01% and 0.1% of the
weight of the mineral under question, as all chemically possible substitutions have then taken place.
B) Geochemical processes such as water circulation and volcanic activity in the crust which form concentrated
mineral deposits. These cause atomically substituted minerals to aggregate into concentrated mineral formations
because of differences in Physical qualities. An example is the circulation of hot water which has caused the
creation of the most important copper bearing ore Chalcopyrite.
The majority of mass of the 78 trace elements exists in common rocks via atomic substitution, as only a minority
has undergone geochemical processing leading to ore deposits with high trace element concentrations. Only
between 0.01% and 0.001% of the total mass of trace elements in the crust is estimated to be present in ore
deposits (Skinner 2001). The difference between these two mechanisms has caused a significant difference in ore
grades which has been coined by Skinner (2001) as the mineralogical barrier. This can be defined as the difference
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in concentration between ore deposits and common rocks because of which a discontinuous change in extraction
inputs occurs. The reason lies in the amount of rock which needs to be processed. In case of concentrated ore
above the mineralogical barrier, the deposit is mined, rock parts which contain low concentrations are removed,
the remainder is grounded down to a high concentration, and as a last step refining takes place to obtain near pure
quantities. In case that the desired trace element would be obtained from common rock below the mineralogical
barrier it would be required to process all of the rock and pulling it apart chemically, instead of only the part with a
high concentration.
The difference in energy cost to obtain the trace element below versus above the mineralogical barrier is
anticipated to be of up to two orders of magnitude (Hall et al. 1986). An example is given by Brobst (1979) and
Skinner (1976) for copper. The mineralogical barrier for copper is estimated to occur at a grade of 0.1% as shown
in figure 2.2. At such a grade level, 1000 tons of rock need to be processed to obtain a ton of copper. In
comparison the present 0.8% grade requires processing of 125 tons of rock. Beyond the mineralogical barrier the
average concentration in common rock is 50 grams per metric ton of rock, requiring 20.000 tons of rock to be
mined and processed to recover a metric ton of copper.

Figure 2.2 – Bimodal distribution due to the mineralogical barrier between sulfide ores and silicate rocks for copper
and the related energy input cost, after Skinner (1976).
The geochemical processes which formed mineral have led to two theories on the distribution of minerals. The
first theory on the distribution, posited by Sam Lasky in the 1930s, states that as ore grade declines arithmetically
the amount of tonnage available increases geometrically, now referred to as Lasky’s law. This implies that there is
a unimodal distribution. Mineral resources would have been deposited according to a symmetric standard
distribution as would be expected based on the central limit theorem1.

1

The central limit theorem states that for the mean of a sufficiently large number of random variables an
approximate normal distribution would apply if each of these variables individually has a finite mean and variance.
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The second theory was proposed by Skinner in the 1970s based on ore formation theory. Expecting trace elements
to occur under a bimodal distribution with the largest share in very low grade deposits and the smaller extractable
share in high grade deposits, shown in figure 2.3.
No solid proof exists for either theory because little data for the range of lower concentrations of mineral ores
exists. Recently this debate was revisited for copper ores by Gerst (2008). His empirical results combined with
computer models of Kesler and Wilkinson (2008) of the entire copper resource in ore deposits, and estimates of
the concentration in common rock in the continental and oceanic crusts, give the first estimates of Earth’s entire
copper resource. Showing serious indications of a bimodal distribution although data on low to very low grade
deposits is still required to confirm these results. The problem with acquiring such data is that there is no
economic incentive to search for low grade concentration deposits. In case of accidental discoveries there is also
no incentive for quantification.

Figure 2.3 – Conceptual geochemical distribution of abundant and scarce elements from Skinner (1976).
The mineralogical barrier and distribution of mineral ores are especially important in case of a limitation on the
availability of energy inputs. It is unlikely that energy will be as cheap in the future as in the past due to the
depletion of easy to produce fossil fuel stocks. Due to which also the availability of energy has come under
question (Mohr 2010). Energy is not substitutable for other inputs and every process of extraction of mineral
resources requires energy. In the example of copper mentioned above mining below the 0.1% mineralogical
barrier would result in a thousand fold increase in energy costs. Extraction of the lowest grade mineral ore
deposits above the mineralogical barrier results in a tenfold increase in energy costs. Because energy is the
ultimate limiting factor to the extraction of minerals, suggestions have been made to create a mineral model based
on geological and energy cost data instead of economic cost criteria, shown in figure 2.4 (Hall et al. 1986).
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Figure 2.4 – Energy based classification of resources (Hall et al. 1986).
The second distribution component increasing the costs of extraction relates to how resource deposits are
distributed in the Earth’s crust. Not only the surface location but also the depth of a deposit has a large effect on
costs. Deeper underground deposits require different techniques of mining, often more layers of rock to be
stripped away, and larger transport distances to obtain the desired minerals. The drilling depth in most parts of the
world currently does not exceed 200 meters. The deepest open‐pit mine is less than a kilometer deep and the
deepest underground mine around 4 kilometers (European Commission 2010).
The discipline of rheology, a subdiscipline of geology, studies formation of ore deposits and processes that affect
these deposits over millions of years. The formation of concentrated deposits occur at a certain depth which can
be up to many kilometers deep. These deposits in due course of time move their location due to processes
including subsidence and tectonic uplift. Wilkinson & Kesler (2007) combined formation rate of deposits with
geological processes resulting in an approximation of the number of deposits and their depth distribution. The first
step is to figure out the approximate age distribution which was shown to be lognormal by validation via empirical
data on the formation of gold, copper, and silver deposits. The problem in estimating function parameters stems
from data unavailability: data only exists of deposits near the surface. The second step is estimating the formation
depth for which only a small number of measurements exist with high standard deviation. Subsequently as a third
step the changes in depth over time due to various geological processing and their probabilities are estimated, as
well as the expected emplacement or formation rate of ore deposits per million years. This is done only partially on
basis of direct observations, such is the case for the exhumation rate 2. Other factors are estimated based on
geological insights and bounded to results that are roughly comparable to known data on surface deposits. The
final part of the estimation is, hence, mainly based on theoretical assumptions which are highly dependent on the
2

The exhumation rate is the combination of burial, uplift, and erosion that exposes subsurface rocks and ore deposits to the
surface.
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correctness of the age‐frequency distribution. As the model’s formulation and exact methodology has not been
published in Wilkinson & Kesler (2007), it is not possible to know the totality of assumptions taken and their effect.
One of the interesting results of these type of analyses is that a factor hundred more deposits than known today
are probably formed and still remain in the entire crust. A considerable number of which could become available if
underground mining at great depths becomes commonplace (Kesler and Wilkinson 2008).

2.2 Reserve based indicators and reserve data uncertainty
The first comprehensive publication of underground deposits of minerals was initiated by the United States
Geological Survey (USGS) in 1932 called the annual minerals yearbook. The publication of this yearbook still
continues unabated today. Containing assessments for global reserves of nearly all minerals widely used in
industrial processes, including metals and non‐metals. Data is gathered using surveys sent to U.S. domestic mining
companies and foreign organizations including the United Nations and governments via U.S. embassies. The
process unfortunately does not provide a complete dataset. To complete the data set estimation of gaps are
carried out by country specialists hired by the USGS (USGS 2010). The quality of reserve data from the USGS, with
the exception of the U.S., is therefore reliant mostly on the thoroughness of foreign organizations unlikely to be
rigorous in their approach. Government efforts to quantify these deposits (undertaken in countries with large
deposits of minerals) are few, either due to lack of interest or lack of funding priorities. Furthermore, for reserve
assessments governments mostly rely on mining companies, which do not have an economic interest in mineral
quantification for the long term beyond financial interests. For a mining company it is strategically sufficient to
identify reserves for a time period of 20 to 30 years of operation. Little to no financial incentives are present to
research reserves in detail beyond such a future, although sometimes long term estimates of deposits in the
mining companies portfolio are made. Hence the time span at which mining companies operate is too limited for a
good identification of long term future reserve availability (Crowson 2008). Besides the lack of incentives that
companies and governments have, another difficulty in studying mineral scarcity comes from the cost of data that
is available. Often this data is not shared even commercially, or only available at a price affordable by industry.
Finally, it is difficult to forecast changes in technology and price which affect the availability of reserves over time.
Due to all these causes there is a large lack of reserve data in the public domain. This makes estimates of scarcity
using such data quite imprecise. It is no wonder therefore that reserve based approaches historically have led to
overly pessimistic assessments (Crowson 2008). The poor quality of reserve data can be shown by displaying
changes in reserve availability over time. In many cases, reserves change only slightly or not at all, or are only
updated periodically, despite continued production. For example, reserves of Tungsten in Russia between 1996
and 2008 remained stable according to the USGS mineral commodities summaries at 250.000 tons while extraction
aggregated to 3500 tons during that period. Similarly copper reserves in the USGS mineral commodities data for
the United States were reported at 45 million metric tons between 1995 and 2001 as shown in figure 2.5. In the
same period aggregate copper production was 13.25 million metric tons.
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Figure 2.5 – Copper extraction in the United States between 1900 and 2009 on the left. Copper reserves for the
United States between 1995 and 2009 on the left. Data from USGS mineral commodity summaries and USGS
minerals yearbook (USGS 1995;2010).
The aggregate production between 1995 and 2001 probably caused a downgrade in copper reserves to 35 million
in 2002, a level which has been published since up to 2009 figures, despite aggregate copper extraction of 8.8
million metric tons from 2002 to 2008.

Figure 2.6 – World copper extraction between 1900 and 2009 on the left. World copper reserves between 1946
and 2009 on the right, data from USGS mineral commodity summaries and Tilton (1977).
The uncertainty in reserve data especially affects the simplest scarcity indicator based on reserves, the ratio of
reserves to production. This ratio is calculated by dividing reserves in a single period of time with production in the
same period. Creating a ratio which shows how long present production could continue if kept constant during the
calculated period. This ratio of reserves over production is also referred to as the R/P ratio and 2008 values are
given in figure 2.7.
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Figure 2.7 – Reserves to production ratio for a selection of 29 minerals using 2008 reserve and production data.
Data from the United States Geological Survey Mineral Commodity Summaries.
The R/P mineral scarcity indicator is not only misleading due to uncertainty of reserve numbers, but also because it
is economically impossible to keep the rate of production constant. To sustain economic growth more production
is required over time and production cannot be maintained at a constant level.
A somewhat extended method to look at future supply and demand is to create scenarios for future demand
development of minerals up to a certain year, say 2050, and then compare these with the total reserve base. Using
this approach NIMS (2008) estimated mineral use per capita based on the amount of minerals consumed per GDP
and scenarios for GDP growth. The authors concluded that current reserve estimates will be exceeded for a large
range of minerals if demand scenarios based on historic extrapolation are realized. The range of scarce minerals
include Indium, Tungsten, Lithium, Copper, Zinc and Nickel. This approach also suffers from assuming that
production follows demand, has no geological constraints, and does not interact with prices.
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Figure 2.8 – A comparison between the current reserve base for several minerals and demand scenarios to 2050,
after NIMS (2008).
The two indicators above assume a constant or constantly increasing production of minerals. Models wherein
geological constraints of production are incorporated to quantify future availability of minerals have also been
developed. A common methodology is to take a variant of a symmetric logistic function namely the Hubbert curve.
Coined after Shell geologist M. K. Hubbert who first applied this methodology to estimate future oil production.
The approach is to first determine the expected cumulative production using an estimation of the total portion of
the resource that can be extracted via :

(2.1)
With Qmax as the total resource estimate, Q(t) cumulative production to year t, and
control respectively the slope of the curve and the speed at which maximum is reached.

and

as parameters to

The estimate for the maximum reserve and consumption of the portion of reserve consumed at point t can then be
translated to production (Cavallo 2004). The theory behind applying this type of curve is that production starts at
zero and has to end at zero due to the finite nature of mineral resources. Therefore the curve needs to be able to
model rising production after which a period of declining production occurs (Hubbert 1956).
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Figure 2.9 – Hubbert Curve applied to Copper production (Bardi and Paganini 2007).
The shape of the curve is not determined by one physical law but draws on many factors including geology,
economics and politics. The simplicity of applying a single logistic curve may therefore be too limited to sufficiently
explain reality. It lumps together too many factors. Empirical proof that this type of curve can provide a good fit
has only been found for oil producing countries. In total 50 large oil producing countries exist out of which 20 have
shown to give a good fit for production with a Hubbert curve, 21 a bad fit, and 9 are found to be inconclusive
(Canogar 2006). The problem of modeling oil occurs mainly when political intervention in oil production causes
large deviations from a smooth logistic shape. The inherent uncertainty of future political events and technological
and economic effects on future production are often ignored by practitioners of the methodology despite
numerous expansions of the approach.
The question has not yet been answered whether such an approach, in its basic or expanded version, is suitable to
model mineral resource scarcity beyond oil. It has never been shown empirically that applying a logistics
production curve gives a good approximation for resources obtained via digging up rocks, grinding them, and then
separating the wanted elements. Therefore produced results of this approach should be interpreted with caution.
The main concern lies in the shape of the peak or plateau. In the original approach by Hubbert it is assumed due to
the mathematics of the single logistic curve that production is symmetric. Half of all mineral reserves will have
been produced at peak, and the other half afterwards. The distribution of minerals in the Earth’s crust and the
economics of production lower the probability of appearance of such symmetric production. The length of the
minerals’ production plateau could be much longer than for oil and the slope after the peak lower and hence
asymmetric, thereby assuming that best ores are mined first. An increasing effort needs to be undertaken to mine
the same or more mineral resources over time, due to the distribution of ore grades and the depth and location of
ore deposits. Also the ore grade distribution itself described in section 2.1 is influential. The unimodal distribution
causes significantly more very low grade reserves to become available at each increase in mineral prices. The
bimodal distribution requires a jump in mineral prices beyond a certain point to increase reserves.
Next to a lack of empirical proof in applying logistic curves on mined mineral resources there is large sensitivity to
reserve figures used. Publicly available global reserve data for most minerals only go back to 1994, however,
inhibiting assertion of reserve trends development over long time periods and how this affects production models
with logistic curves.
17

2.3 Price based views to assess scarcity
Four types of price based approaches to study mineral scarcity have been developed. These are raw mineral
market prices developments, changes in extraction costs, changes in the in‐situ value of a resource, and forward
looking estimates of mineral extraction costs. In the field of economics prices are seen as the best measure to
obtain insights in scarcity. Decreasing costs and lower prices signal larger abundance of a good indicating more
supply to be available relative to demand, and vice versa. The groundwork on price based assessments for the case
of resource extraction was laid by Hotelling (1931), who as a response to concerns over the extraction of
exhaustible resources developed theoretical models of their optimal economic extraction. Hotelling’s model was
the first to include effects of a limited stock on price developments incorporating costs of extraction and sales
price. He constructed several variants including those of a monopoly, maximizing societal resource value, duopoly
and sales tax. All variants shared the assumption that mine owners seek to maximize present value of their assets,
optimize the rent of their mines, and that perfect information is available on mineral reserves. The main idea is
that the value of the marginal extracted mine asset should be at least equal to the value when extraction does not
occur. The latter being calculated from the opportunity cost of the investments money on the market. For the case
of zero extraction costs this implies that the price of a mineral resource would increase at the rate of market
interest. The empirical evidence for this proposition is lacking as resource prices have mostly declined in the past
90 years, opposed to rising positively at the rate of interest as theory posits. Also studies of in‐situ value have not
resulted in verification of Hotelling’s hypothesis (Krautkraemer 1998).
Despite the shortcomings of Hotelling’s work it has resulted in a view that mineral prices will in the long run rise
smoothly due to increasing scarcity, thereby creating time for society to adapt along the price curve. The main
problem with such a view lies in extrapolating the assumption of perfect information of extractable reserves by the
mine owner to the aggregate level of mineral resources. Data on available reserves is lacking from a geological and
economic perspective as described in detail in section 2.2. Especially the lack of information on the heterogeneous
nature of mineral resources within and between deposits is of importance. The smooth pattern of price changes
could turn out to be a large price jump which is sustained. Circumstances for such a jump would be a quick change
of the marginal cost of extraction, a rapid and sustained increase in demand, or both. Despite the uncertainty
surrounding such scenarios, price developments in the past 200 years have been used as an argument that no
scarcity is in sight (Smith 1978; Berck and Roberts 1996). The argumentation coming from the extrapolation of past
price developments for a specific number of elements. In examining price developments these are not universal,
however, as patterns of declines, and increases, as well as many variations of prices during long periods of time
can be found as shown in figure 2.10. The general validity of expecting price developments in the past to be a
guide for future scarcity is therefore doubtful as different conditions seem to guide mineral prices for different
elements. In addition their argument requires an indefensible assumption, namely that technological
developments will increase in speed enabling the continued compensation of increasing negative cost changes due
to location, depth, and ore grade changes of mined deposits.

18

Figure 2.10 – price developments for 6 minerals from 1920 to 2008 in US dollars per metric ton corrected for
inflation (real 2009 values). Data from the United States Geological Survey.
Additional uncertainty of price based views stems from price series data estimation. Svedberg & Tilton (2006)
investigated the effect of overestimating inflation of mineral prices. Long run mineral price trends need to be
corrected for changing currency values in order to create a time series of real prices. In this manner only changing
production costs of goods or raw materials are included instead of nominal prices effects where the decreasing
value of a currency influences the data. In case of using an incorrect measurement of inflation its correction results
in an inaccurate real price series for minerals. The Boskin commission (1996) shed doubt on the methodology of
measuring inflation of U.S. dollars, the common denominator for mineral prices globally. Estimating that inflation
between 1975 and 1995 was overestimated by 1.1 percentage point. Further studies have confirmed this finding
which by now has lead to a re‐evaluation of inflation measurements in the United States. The probable
overestimate of inflation is found to be in the order of 1 percentage point over time beginning in at least 1945.
Svedberg & Tilton (2006) correct for this overestimate on long run copper prices using a Consumer Price Index
(CPI) deflator adjusted by 0.5%, 1% and 1.5%. Concluding in case of a 1% or adjustment of inflation that copper
prices do not follow a long run downward trend (figure 2.11). Using a 1.5% inflation adjustment even leads to a
statistically significant price increase.
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Figure 2.11 – Historical copper prices without and with a CPI adjustment of 1%, after Svedberg & Tilton (2006).
The results of a flat instead of declining price trend for copper when adjusting the CPI with 1% is potentially also
valid for a number of other minerals:
“In the case of petroleum, lead, zinc, and tin, long‐run real price trends, when estimated with an
unadjusted deflator, are more or less constant, neither rising nor falling significantly. Adjusting the
deflator, as we have done in the case of copper, would most likely convert the trends for these
commodities from stationary to rising (though with quite pronounced short‐term fluctuations). For
another group of mineral commodities, including aluminum, nickel, and silver, the decline in the
unadjusted price series is greater than for copper, and may be sufficiently large to persist even after
adjusting the deflator.“ (Svedberg & Tilton 2006; p. 516)
Although the study is the only one of its kind, its conclusions give sufficient cause for concern on straightforward
interpretation of mineral price time series. At least in case of market prices of some commodities the validity of a
long run downward market price trend is doubtful.
The second type of price based scarcity indicator looks at developments in resource extraction cost. The most cited
and influential work in this respect was conducted by Barnett and Morse (1963). They analyzed an index of costs
of labor and capital per extracted unit of resource in dollar value between 1870 and 1957 for the United States.
The results show an average 1.13% decline in extraction costs across an aggregate cost index of mined resources
starting in 1900 until the end period of 1957. The study was extended to 1970 by Johnson et al. (1980) who found
that cost declines in the United States had continued at an average of 3.2 percent per year for all metals. Individual
analyses of Copper and Iron showed an average decline of respectively 1.8% and 4.2% between 1956 and 1970. On
the basis of which the authors concluded that public action regarding mineral resources is not justified on the basis
of increasing resource scarcity (Johnson et al. 1980).
The study by Barnett and Morse has been critiqued because of its omission of energy input costs of extraction.
According to Cleveland (1991) declining labor costs in extractive sectors came at the price of increasing external
energy inputs. Output per BTU of energy input for a weighed metal production index grew by nearly 80% between
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1915 and 1955 in concurrence with the results of Barnett and Morse (1963). Between 1955 and 1980 results
contrary to the increasing index were found as the index declined by 50% resulting in a doubling of energy costs
per unit of output. Individual metals gave a varied pattern, however, with copper, lead, and zinc output per unit of
energy input increasing in general during the entire time period, iron and silver declining, and bauxite showing first
a rising then declining pattern. The United States non‐metal mining sector index showed a continuous increase in
output per BTU of energy input resulting in a 240% efficiency increase over the entire time period of 1915 to 1980.
Again the results per mineral showed a varied picture. The results of this analysis are unfortunately quite limited
because only 7 data points could be obtained for the entire time period. Cleveland’s conclusion that energy costs
have increased sharply in the extractive sectors are therefore not robust and too general to be of much value in
studying mineral scarcity. His approach does point out, however, that taking capital and labor only as input costs
may be too general for forecasting purposes. The price of resources inputs, especially energy and water, can
change significantly in the mid to long term future due to diminishing availability in some parts of the world. Such
changes are not captured by looking at only labor and capital inputs. Finally this approach does not provide
information on future cost developments (Cleveland and Stern 1999).
A third approach in assessing mineral scarcity is to look at the value of resources in the ground via calculating a
shadow price. Halvorsen and Smith (1984) analyzed the shadow price of ore for the Canadian metal mining
industry from 1956 to 1974. Concluding that the shadow price of in‐situ ore fell substantially in that period while
the price of processed ore increased slightly.
The fourth approach was quite recently developed by Yaksic & Tilton (2009). It is based on estimating marginal
production costs of different resource deposits over time to create a forward looking price estimate. By plotting
estimated costs of known mineral deposits versus resources contained in these deposits, the potential of
production at different production costs is depicted. Cumulative consumption at a future point in time can then be
compared with costs required for production. Enabling investigation of cost changes and whether these will
become a problem in the future. By varying estimations such as technological development, geological uncertainty,
possibilities for future discoveries, and political decisions, a sensitivity analysis can be performed. Yaksic & Tilton
(2009) investigated the future availability of lithium using estimations per mine of aggregate production costs.
Concluding that in case of a scenario where cumulative demand between 2008 and 2100 would reach
approximately 17.5 million tons, sufficient lithium can be produced at a cost less than 4000 dollars per ton. The
estimated cost is less than actual market prices of lithium in real 1998 U.S. dollars since 1900, with the exception of
the period 2001 to 2007 when prices temporarily dropped below 4000 dollars per ton.

Figure 2.12 – cumulative availability curve for lithium, after Yaksic & Tilton (2009)
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Yaksic & Tilton (2009) omit the underlying cost model in their publication, so it is impossible to assess their results.
The shape of the published picture (figure 2.12) suggests that the model uses static values for input costs.

2.4 A summary of results from different scarcity indicators
The results of 21 studies published in academic literature on mineral scarcity which used the indicators outlined
above are summarized in table 2.2 below. The overview shows a wide divergence in perception of mineral scarcity
especially regarding a selected number of minerals. For example, in case of production modeling using Hubbert
curves for copper a peak and decline in production is expected to occur within two decades (Valero 2010). Other
studies using reserve/production ratios conclude diverging outcomes ranging from sufficient availability in the 21st
century to possibly nearing exhaustion in the next two decades (MacGregor 1972, Nordhaus 1974, Kesler 1999,
Sohn 2006, Gordon et al. 2006). Irrespective of different outcomes and indicators it is striking that relatively few
recent studies on general mineral scarcity exist in academic literature, and even less on specific minerals.
Table 2.2 – Overview of results of different scarcity analyses
Author(s)

Year

Type

Method

Period

Region

Results

Remarks

Barnett and
Morse

1963

Input cost
(labor and
capital)

Trend
analysis

1870 ‐
1957

United
States

Decreasing costs of mineral extraction
(labor and capital) between 1890 and 1957

Metals lumped
together in
different categories

World

Co < 50 years; 50 < V < 100 years; 100 < Ag,
Sn, W, Mo, Pb, Ni, Zn, Cr < 200 years; 200 <
Au, Pt, Hg, Cu, Mn, Ti, Fe < 400 years; Mg,
Al > 400 years

Time period based
on duration at
which continuity of
supply has certainty

World

Copper 340 years, Iron 2657 years,
Phosphorus 1601 years, Molybdenum 630
years, Lead 162 years, Zinc 618 years,
Sulphur 6897 years, Aluminum 68066
years, and gold 102 years

URR refers to
Ultimate
Recoverable
Resource based on
0.01 percent
availability to a
kilometer depth

World

Statistically significant negative coefficient
found implicating declining prices over time
for minerals, but additional Brown, Durbin
and Evans (BDE) test shows that a constant
trend cannot be observed

Minerals lumped
together in a single
price index

Metals lumped
together in
different categories
as mining

MacGregor

Nordhaus

Smith

1975

1974

1978

Reserves

R/P estimate

Reserves

URR/P
estimate

Commodity
Price Trend

OLS
hypothesis
test

1972

n/a

1900‐
1973

1980

Input cost
(labour and
capital)

Log‐Log OLS
hypothesis
test

1870 ‐
1966

United
States

Average decline of 2.4% and 3.2% in
extraction costs per unit between
respectively 1870 and 1957 and 1958 and
1970 for all metals at an R2 of 0.818.
Individual analysis for iron ore 2.7% and
4.2% average decline in unit cost
respectively between 1870 and 1957, and
1958 and 1970 at an R2 of 0.783, and
similarly a ‐3.2% and ‐1.8% average decline
for copper at an R2 of 0.942

Manners

1981

Reserves

Qualitative
analysis

n/a

World

Sufficiency physical availability of energy
and mineral materials for the next 50 years

Slade

1982

Commodity
Price Trend

Linear and
Quadatic
price model

1870 ‐
1978

World

Linear model insignificant, quadratic term
significant for 11 out of 12 tested minerals
(standard industrial metals)

1984

Input cost
(labour and
capital)

OLS
hypothesis
test

1960 ‐
1980

United
States

Significant increase in unit costs (labour
and capital) in the 1960s and significant
decrease in the 1970s at an R2 between
0.70 and 0.80

Johnson et
al.

Hall and
Hall

Metals lumped
together in
different categories
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Hall and
Hall

Halvorsen
and Smith

Ray, S.C.

1984

Commodity
Price Trend

OLS
hypothesis
test

1960 ‐
1980

United
States

No significant price trends in the 1960s and
1970s

1984

Commodity
Price Trend
& Input
cost
(labour,
capital,
energy)

Shadow cost
function of
resource in
situ

1956 ‐
1974

Canada

Large declining trend in shadow price of in
situ resource with R2 model fit of 0.96,
stable output price and insignificant model
fit at R2 = 0.26

1984

Production
model
based on
reserve
data

Logistic
curves

1952 ‐
2132

India

Copper production in India is expected to
peak between 2033 and 2057 depending
on discovery developments at a level
between 54.000 and 155.000 tons

Metals lumped
together in
different categories

Ray, G.F.

1984

Reserves

R/P estimate

1979‐
1981

World

Lack of reserves not a danger to economic
activity as reserve dynamically; Gold, Zinc,
Barytes, Mercury, Silver, Asbestos,
Diamonds < 30 year reserve life; Tin,
Tungsten, Fluorspar, Germanium, Lead,
Cadmium, Sulphur between 30‐49 years of
reserve life; molybdenum, tatnium nickel,
tantalum, zirconium, antimony, copper
between 50 to 99 years of reserve life;
potash, phosphates, vanadium, rhenium,
chromium, niobium, bauxite, iron ore,
platinum group, manganese, cobalt more
than 100 years of reserve life

Cleveland

1991

Input cost
(energy)

Trend
analysis

1919 ‐
1980

United
States

Decreasing energy costs of metal extraction
from 1919 to 1955 and increasing costs
from 1955 to 1980

Results vary
significantly per
type of metal

Quadratic
model with
testing for
adjustment
in prices

1870 ‐
1988

World

Model for quadratic price rises significant
for 5 out of 9 metals (aluminum, copper,
magnesium, nickel, silver) at 9% confidence
level, 2 out of 9 (iron, zinc) at 90%
confidence level, and 2 null hypothesis
rejected (lead, tin)

Similar model as
Slade (1982) with
extended time
period

Quadratic
and ARIMA
model

1940 ‐
1991

World

Difference Stationary models show only
weak support for a price rise for copper,
iron ore, aluminum, silver and zinc

World

Adequate reserves until 2050 in general;
R/P ratios given between 10‐25 years (10
minerals), 25‐50 years (14 minerals) , 50‐
100 years (11 minerals), 100+ years (18
minerals)

World

Natural resource prices series are
stationary around deterministic trends with
structural breaks. Quadratic price models
are not supported

World

Out of 8 minerals surveyed 4 (copper,
mercury, nickel, tin) have reserves < 50
years and 4 (bauxite, iron, phosphate rock,
potash )reserves > 50 years. Only copper,
mercury and tin could potentially near
reserve exhaustion in the medium term

Maozzami
and
Anderson

1994

Commodity
Price Trend

Berck and
Roberts

1996

Commodity
Price Trend

Kesler

Lee et al.

Sohn

1999

Reserves

R/P Estimate

1992

2006

Commodity
Price Trend

Unit Root
Test using
Langrangian
multipliers

1870 ‐
1990

2006

Reserves

R/P estimate

2003

23

No immediate concern for mineral scarcity
of zinc, copper, platinum, tin, silver, and
nickel, but in long term case for the 21st
century scarcity especially in case of
platinum is likely to appear
Too many unknowns to know the
availability of copper decades in advance

Gordon et
al.

2006

Reserves

Qualitative
analysis

n/a

World

Tilton and
Lagos

2007

Reserves

Qualitative
analysis

n/a

World

Valero

2008

Production
model
based on
reserve
data

Hubbert
Symmetric
Logistic
based curve

n/a

World

Iron ore reaching a peak in 2064, copper
production in 2024, and aluminum
production in 2057

Yaksic and
Tilton

2009

Price based
reserve
assessment

Cumulative
availability
curve

World

The amount of lithium resources available
is sufficient at current prices under a
number of demand scenarios for the entire
21st century

Reserve data has
been converted to
Exergy units

To reconcile diverging conclusions from scarcity studies the best approach is to narrow down data uncertainty. All
scarcity indicators based on reserves are difficult to interpret in a meaningful manner due a lack of reliable data in
the public domain. Although over time reserve data uncertainty could improve, leading to a positive or negative
adjustment of reserves, this is far from certain. This holds true especially for the short to medium term because of
the structure of the mineral industry and lack of incentives to come forth with better data as described in section 2
of this chapter. In the best case government(s) or institutes should intervene by supporting better studies to
evaluate reserve data country by country in a transparent manner on a continuous basis. Until such a change takes
place, however, humanity will remain stuck with significant uncertainty over its future regarding mineral
availability.
Beyond increasing data availability scarcity assessments themselves can be improved by creating a more robust
methodology through combining aspects from the present different indicators and also introducing new elements.
Reserve and price based scarcity indicators are complementary in that they assess different aspects of scarcity.
Reserve based indicators including dynamic production models give information on the quantity of material that
can flow through an economy at a given time, while price based models give information on how mineral scarcity
will affect the state of the economy. Mineral scarcity studies should therefore not be approached from a purely
price or reserve based fashion, but focus on both factors and variables that underlie price formation and reserve
estimation. In the fourth chapter an attempt is made to develop an integral model framework on mineral scarcity.
To gain insights into the relevant aspects of modeling first the practice of mining is discussed in the next chapter.
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3. THE PROCESSES OF MINING, MILLING, AND REFINING
Extracting minerals and processing the mined ores into a pure product has developed over almost two centuries.
In this chapter a brief overview will be given of the various stages of mineral extraction and processing.
3.1 Mineral exploration
The discovery of minerals starts with geological mapping of a region. This is done using a number of methods
including satellite surveys, aerial surveys, and remote sensing techniques. As this reconnaissance process is often
carried out by governments and international organizations it is usually not part of a mining companies
expenditure on mineral exploration, although individual mining or exploration companies do take such maps and
refine them for specific areas (Crowson 2008). After the initial mapping mineral explorers set out to seek a specific
mineral, using a combination of mineral area maps, conceptual studies, geological models, and available literature.
In case of identification of promising prospects more data is gathered on the ore body using test drills and
geochemical sampling. After good results further delineation of the ore body can take place through more
extensive drilling. Necessary to sample the structure/heterogeneity of the deposit and make reserve calculations.
Finally, when profitability of a deposit is proven via back of the envelope calculation, a detailed financial feasibility
study is conducted for the specific mining operation that can lead to actual extraction. The costs are higher at each
additional stage starting from exploration to reconnaissance, prospecting, ore body examination, delineation of
the ore body, and ending with the final mine feasibility study (Crowson 2008).
Mineral exploration data is published commercially on a bimonthly basis by the Canadian Mineral Economics
Group and has been summarized in Jara et al. (2008) from 1994 to 2007. The data charted in figure 3.1 shows that
global mineral expenditures in real terms more than tripled between 2003 and 2007 as mineral prices increased.

Figure 3.1 – Real global expenditures on mineral exploration between 1970 and 2007. Source of data PDAC and
Jara et al. (2008).
The cost components of exploration lie mainly in drilling and labor costs. In the long run changes in cost of
exploration are related to the amount and type of deposits found versus the efforts to locate them. The
investigation of exploration success versus exploration investments gives insights into the cost share of exploration
of extracted minerals. This can be done by looking at discoveries and their exploration expenditure in comparison
to the estimated gross value of economic minerals in the discovered ore. Detailed exploration data is available for
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a selected number of regions including Canada, and Australia, shown in figures 3.2 and 3.3. Canadian mineral
expenditure has undergone a number of cycles over time with a minimum of 500 million Canadian dollars per year.
Recently, in the global mineral price run up since 2000, almost 3000 million Canadian dollars was spent on
exploring and extracting minerals. Despite these efforts, or perhaps due to these efforts, reserves of Canadian
resources have declined constantly and significantly since the 1970s.

Figure 3.2 – Canadian real mineral expenditures in 2008 Canadian dollars on the left. Changes in Canadian reserves
of a selected number of minerals on the right. Source of data: Natural Resources Canada.

Figure 3.3 – Australian real mineral exploration expenditures in 2010 Australian dollars in black on the left y‐axis
and total meters drilled for purposes of exploration in blue on the right y‐axis. Source of data: Australian bureau of
statistics.
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Australian exploration expenditures have been increasing fairly constantly since the 1970s, with a large
expenditure spike in recent years. However, total exploration meters drilled were higher in the late 1990s then
during the recent price spike. Indicating that the costs pet meter drilled for exploration has significantly increased
in the last 10 years. The combination of cost metrics and yield of investment gives a good indication, as shown by
these examples, of the significance of such data and analysis for determining the status of mineral scarcity in a
region and the world.
3.2 Mineral extraction and concentration
Mining is mainly a process of moving rocks out of the ground and extracting the mineral or minerals out of the rock
to a desired concentration. There are three types of mining, surface, underground, and in‐situ leaching. Surface
mining is either done via an open pit that is excavated or by stripping the surface with a giant machine.
Underground mining techniques vary in their approach in terms of the cavity created underground which can be
either horizontal, vertical or even at a slope. In‐situ leaching is the creation of a borehole in the ore deposit and/or
cracking open the ores through fracturing and then pumping a solvent underground. The dissolved ore content is
pumped to the surface for processing. The first stage of processing, comminution or milling, in which the ores are
reduced to a powder or fine size, usually takes place at the mine site. This is in economic calculations often taken
together with the process of extraction. After the ore is reduced to a usable small size it is either sold or further
processed through separation of the required minerals from the remainder of the rock to a final pure product.
The process of milling begins with crushing the ore to remove most of the gangue, the worthless rock which
surrounds the wanted minerals. The process is usually conducted in several stages to crush and grind lumps of ore
that can be as large as 1.5 meters in size. Starting with primary crushing where size is reduced to 10‐20
centimeters. In sub‐surface mining this process mainly is carried out underground. The next step is secondary
crushing which usually reduces the size of the product to 0.5 to 2 centimeters in diameter. Depending on the type
of ore other processes are also involved such as washing in case of sticky ores, or additional crushing for very hard
ores. Numerous types of crushers exist, their selection depends on structure and size of mined ore rocks as well as
the type of mining operation (underground or surface mining). In between the crushing steps a process of
screening can be carried out which separates fine from denser particles. The denser particles go back to the
secondary crushing stage and the finer particles go towards the next step of grinding. A number of techniques have
been developed such as dense medium separation. This involves using a heavy liquid in which the crushed rock is
immersed. Particles that are lighter than the liquid will float on top while denser sink making separation possible.
The liquid used is usually a combination of water with suspended organic compounds such as tetrabromoethane
(C2H2Br4) and bromoform (CHBr3). After the process of separation the rock particle size is further reduced through
grinding in steel vessels with the aid of a grinding medium. The vessel used is either a tumbling mill which that
reduces particle size down to 40 to 300 micrometers or a stirring mill with a rotating rod with extensions that
grinds material down to 15 to 40 micrometers (Wills & Napier‐Munn 2006).
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Figure 3.4 – flow sheet example for mineral milling from ore feed to concentrated product.

3.3 Mineral beneficiation
After extracted ores have been milled a number of separation processes can be employed to further remove
remaining unwanted rock particles from the desired element. The process is carried out at a refinery at the site of
extraction or in a different location, depending on the type of mineral and technology. Some technologies are only
affordable under certain conditions and hence take place at specific locations. For example, the separation of rare
earth metals takes place only in China, because labor costs there are sufficiently low. These conditions have led to
a Chinese rare earth metals refining monopoly (Heida 2010). Types of separation vary significantly depending on
the type of ore. In total six methodologies are utilized:
•

Classification, separating mixtures of mineral through using the velocity at which different components
fall through a fluid medium, usually water. The flow speed of particles depends on size, gravity and
shape. Rock parts that flow faster than others through the fluid can be sorted out.

•

Gravity concentration, using the effects of gravity that cause a difference in resistance of motion in a fluid
or air medium. Usually this process is employed to pre‐concentrate the required minerals before other
separation processes are conducted.

•

Froth Flotation, a process in which the minerals are separated from the gangue through physical‐chemical
means. The process relies on chemically treating a finely grinded ore so that air bubbles can attach to the
desired mineral particles in the ore which will rise to the surface. These form a froth that can be skimmed
off to recover the desired mineral particles, with the unwanted particles remaining submerged in the
water.

•

Magnetic separation, using difference of magnetic attraction of desired minerals versus the non‐magnetic
gangue such as in the case of the tin bearing mineral cassiterite (SnO2).
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•

Electric separation, utilizing differences in electric conductivity under dry conditions. Particles are
separated as they float towards an electrode because of their negative or positive charge induced by an
electric current.

•

Manual separation, for some minerals of very high value, including diamonds, uranium and gold, ore
sorting of individual particles takes places via sensor equipment with robotics or manual labor.

Separation using magnetic and electric means is often limited because minerals can only be separated using the
depth at which magnetic attraction and electric charge is effective. The maximum volume restricts throughput per
time and makes this form of separation costly. In general costs of separation are highly dependent on the
combination of techniques, mainly being influenced by labor and capital costs.
Table 3.1 ‐ costs per metric ton milled of a 100,000 ton/day copper concentrator, after Wills & Napier‐Munn (2006)
Item
Cost – US$ per ton
Percent cost
Crushing

0.088

2.8

Grinding

1.482

47.0

Flotation

0.510

16.2

Thickening

0.111

3.5

Filtration

0.089

2.8

Tailings

0.161

5.1

Reagents

0.016

0.5

Pipeline

0.045

1.4

Water

0.252

8.0

Laboratory

0.048

1.5

Maintenance support

0.026

0.8

Management support

0.052

1.6

Administration

0.020

0.6

Other expenses

0.254

8.1

Total

3.154

100

3.4 Mineral Metallurgy
To obtain a raw mineral product the process does not end at beneficiation. Often a pure product containing up to
99% of the mineral needs to be refined or smelted from the concentrate. Depending on the type of mineral
concentrate created via beneficiation a number of routes are taken. There are two main types of processes,
hydrometallurgy and pyrometallurgy. The route of hydrometallurgy involves two or sometimes three steps:
•

The leaching of the mineral to obtain the mineral in a soluble salt in liquid medium. In the process the
temperature, oxidization, and pH of the solution are changed to dissolve the metal into a liquid phase.

•

The minerals in the solution are recovered using a number of extraction methods such as precipitation,
cementation, emulsification, or the exchange of ions using catalysts.
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•

In case a very pure product is required further refining steps take place to separate any remaining
unwanted materials, either by continued precipitation, ion exchange, or via electrolysis.

The processes of pyrometallurgy can be categorized in four different types:
•

Drying, the removal of liquids that are not chemically bound from the mineral at high temperatures.
Usually taking place above the boiling point of water so that all liquids are separated from the required
mineral

•

Calcining, the thermal decomposition of the material. The treatment of materials at high heat to induce
decomposition of the mineral in constituent chemical parts.

•

Roasting, the reaction of the mineral concentrate with gasses. Processes including oxidation, reduction,
chlorination, sulfation, and pyrohydrlosis.

•

Smelting, the melting of the mineral concentrate into a molten phase after which it can be separated from
the unwanted remaining gangue.

The choice of these routes depends on a number of factors next to the type of mineral and the technically best
suited route. The downside of hydrometallurgy is often the slow nature of the processes involved, while the
advantage is low costs. Depending on the trade‐off between costs and speed required a different refining route
can be chosen within technical suitability.

3.5 Recycling
As an alternative to mineral extraction recycling plays an important role in the supply of minerals. For a few of the
most prominently used metals recycling has become common practice. Of total US iron, copper, and magnesium
consumption respectively 51%, 28.9%, and 40% was recycled from old and new scrap in 2004 (Papp 2007). In
china 23% of iron and 17% of copper consumption was recycled in 2004 (Wang et al. 2008). Both countries
together consume more than 50% of iron and steel and copper. The share of recycling in total consumption has
stabilized since the 1990s on a relative level. For example, the percentage of copper recycled globally remained
stable from 1995 to 2005, although absolute amounts have increased. Reasons cited in the literature for copper
are a decline in the real price of copper, and prohibitively high costs to recycle stocks of old scrap of copper
(Gómez et al. 2007). Most other metals are not recycled because of a lack of policy incentives, too high cost of
recycling, or no technical means have yet been developed. An example of technological barriers to recycling are
rare earth metals, only recently due to price rises and the monopoly position of China are attempts to develop rare
earth metals recycling technology underway in Japan (Heida 2010).
Recycling can become an increasingly important stream of supply which can alleviate scarcity in case of economic
and/or geological limits to extraction. Therefore to obtain a complete picture of mineral scarcity it is necessary to
estimate the technical and economic possibilities of recycling. The difficulty of recycling minerals lies in
contamination with other materials because of which substantial processing to deliver a pure raw mineral again is
required. Also the separation from complex products is a boundary, for example mobile phones with many
different type of alloys. In recycling losses can occur but these can often be contained to a minimum, the bigger
problem is the degradation of the material. Often the recycled product is of a lower quality than the original
material and in some cases no longer suitable for all purposes. In the case of steel for instance, contamination with
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copper degrades the strength of steel, making it unusable for incorporation in car doors or high integrity structural
construction material. This makes comparisons between extraction costs and recycling more complicated than just
cost based comparisons as the obtained recycled material is often inferior.
A complete picture of the amount that can be recycled requires an assessment of the total stock and flow of a
mineral in different types of products, the costs of recycling from the product, and the products which can still be
made from the recycled product. Costs need to be considered not only at the scale of a single element but for the
range of components in a single product as recycling takes place at this level. This including cost comparisons to
obtain the raw mineral through either the recycling chain or the extraction chain. In addition to direct costs
incurred by companies which carry out recycling or mineral extraction there are also system costs that need to be
borne by society. These include environmental costs of pollution and alternative costs to recycling. The latter are
costs incurred of to obtain a mineral from extraction up to the point of land filling (Leu & Lin 1998). In order to
assess whether mechanisms created by governments to charge these costs on market actors will lead to more
economic incentives for recycling it is important to incorporate external costs in economic assessments. A
conceptual overview of these costs for extraction and recycling is given in figure 3.5 below.

Figure 3.5 – conceptual comparison between mineral extraction costs and recycling costs
The cost calculations for individual products can be used to construct a cumulative cost curve. The x‐axis of that
curve gives the quantity of material which can be recycled from different types of products versus their cost on the
y‐axis. It can be expected that as costs rise more material can be recycled up to a thermodynamic maximum, as
there will always be losses and perhaps also materials which cannot be recycled (Rombach 2002). An example of
such a curve is given in figure 3.6. The increments in material available for recycling are displayed here in a step‐
wise manner as each step represents a different product with its corresponding quantity.
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Figure 3.6 – conceptual comparison of the effect of mineral extraction costs on total material that can be
economically recycled.

3.6 Synthesis
In this chapter the process of exploration, extraction, concentrating and refining ores has been discussed, as well
as recycling as an alternative to extracting minerals. The presented picture gives a basic overview of processing
stages involved in the costs of obtaining minerals. These stages will be translated to a cost model in next chapter
with the goal of assessing relations between physical factors and costs of extraction.
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4. MODELING MINERAL SCARCITY
The approaches taken so far, outlined in chapter 2, have been to look at individual metrics that can identify
scarcity in either physical or economic terms. This inherently leads to an incomplete picture as only one or a few
aspects of the issue are taken into consideration. The approaches taken in the past are therefore insufficient and
reproducing more of such studies is not useful as it does not lead to new insights. To improve understanding
research of the many factors influencing the availability of minerals and their economic relation is needed. The
relations between these factors need to be studied, and these should be shaped into a mineral scarcity model. This
includes factors related to the geology and economics of extracting and processing minerals, the demand and
affordability of minerals for society under different economic scenarios, and how political interaction affects
production. An overview of relevant factors for such a modeling approach is given in table 4.1.
Table 4.1 – an overview of factors involved in assessing mineral scarcity

The quantification of relations between these factors is in essence combining current indicators for mineral
scarcity and improving their explanatory power. Also expanding the system boundaries for resource inputs can be
helpful. For instance, including the availability and costs of water inputs in extraction and processing ore bodies. In
the ideal case such an approach leads to a broad framework which is sufficiently realistic in its reflection of the real
economy and the issue of mineral scarcity. Such a framework could contain the following components:
1)
2)

3)

4)
5)
6)

A model of the geochemical composition of the Earth’s crust and the distribution of
minerals in terms of ore grade and depth.
A model of the complete cycle through which minerals are obtained from extraction,
processing, production, consumption, and end disposal or recycling. This would include
temporal changes due to changing economic and technological conditions.
A detailed analysis of historic and expected future changes of all inputs and outputs
throughout the mineral extraction to end product life cycle in both physical and monetary
terms.
A model of economic cycles and their effects on mineral extraction and market prices.
An analysis of substitutes for the functions that minerals under question fulfill in society and
their cost.
An analysis of potential political constraints to mineral availability and the economic effect
thereof.
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Such an approach can be conducted in many ways depending on assumptions taken, for instance through a system
dynamics approach or a general equilibrium model. In practice the creation of such a model in its totality would
take several years for a single person to develop, as the relations between these factors are complex and differ per
type of mineral. This is beyond the scope of this thesis which is why the focus here is a core component related to
1), 2), and 3). Namely the effects of ore grade changes on mineral extraction. Limited data is available on the
mineral depth of deposits, and theoretical models are too comprehensive for the purpose of this thesis. The goal is
to indicate probable mineral extraction cost developments enabling to foresee scarcity in the future and
subsequently to test the following hypothesis:
The concentration of most ore minerals will decline rapidly in the next three decades due to depletion,
causing rising energy costs of extraction. The resulting cost increases of extracted elements will lead to a
significant growth drag on the global economy as some element uses in general no longer will be
affordable and more specifically, elements critical to industrial society’s infrastructure such as copper and
phosphate increase in costs. As this effect occurs on a more widespread basis for many elements, the
compounding effects pose a serious limiting barrier to the technological development of suitable cheaper
alternative materials.
In this chapter a framework of the economic aspects of mineral extraction based on physical variables to test the
hypothesis in subsequent chapters will be developed. Physical means that not only capital and labor but also
explicitly energy resource inputs in the mining of minerals will be investigated as energy highly influences the limit
to mineral extraction due to the mineralogical barrier. The framework will applied where possible in case of
sufficient data to copper, iron ore, tungsten, and phosphate in respectively chapter 5, 6, 7, and 8.

4.1 The difference between market prices and production costs
Before starting with the model description it is important to clarify the difference between factors that affect costs
and those that influence prices. Long run costs are determined by changes in the geochemical composition of
exploited mineral bodies, the distribution of mineral bodies versus ore grades, the depth and location of deposits,
and long run changes in the prices of inputs. These together form the costs of extraction and the basis of price
formation of a mineral. They are the most stable component of the mineral price. The most important short term
factor influencing prices is the interaction between supply and demand determined by the behavior of mining
companies and the development of the global economy. In case of rising demand, additional extraction is needed.
In the short run usually carried out by expanding already operational mining operations as opening of new mining
operations can take up to a decade. The lag in adding supply from new mines in the face of rising demand can
cause a significant temporary run up in prices. After supply from new mines is added prices will fall back although
not to the same level as before the price increase. The reason lies in the cost structure of newly opened mines
which is ‐ in the majority of cases ‐ higher than those that were already in operation. Companies always extract the
least costing resources first in order to minimize cost. The decision to produce an additional amount of ore from a
mine with a higher cost structure is based on future expectations of market prices versus expected mineral
extraction rate and costs. Parameters used from a miners perspective are the size of the operation, the location,
and the cut‐off grade 3. In evaluating the design of a new mine usually a linear extrapolation is made, either based

3

The cut‐off grade is the ore grade above which the extracted ore will be further processed and below which it will be left as
tailings or dumped as waste. The cut‐off grade, hence, determines the amount of mineral output per quantity of processed ore.
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on the current price level, or a higher price adjusted to the first year of the mining operation as a stable long‐term
level (Lane 1988). The expansion of production will only take place at the point that added costs of an additional
mine and other expected lost benefits from the investment are equal to the market price. This mechanism is
illustrated in figure 4.1 taken from Tilton (1977). The highest costing producer in this market H determines the
price on the market as marginal demand is met by this producer. Other producers can profit from this price as
their costs are lower, obtaining a production rent. On top of production costs opportunity costs of invested capital
and short‐term supply‐demand balancing effects are added resulting in a market price P.

Figure 4.1 – Mineral cost overview including production costs for different producers, market price and production
rents, after Tilton (1977)
The pricing mechanism outlined above assumes markets with sufficient competition between companies. It is
doubtful whether this is the case for mineral extraction, as mining operations are mainly carried out by a few large
companies. These mostly work with contracts on an annual basis, while adjustments only are based on internal
pricing policies. Hence, price setting may lead to much higher prices than actual costs. Nevertheless, the estimate
of production costs is said to be a close enough approximation for prices because of the bulk quantities of mineral
commodities production which makes price setting more difficult due to the information available for buyers on
costs (Tilton 2003).

Reducing the cut‐off grade requires processing more ore to maintain output of minerals. In case of a sustained price rise a
company may decide to reprocess tailings waste if this is economically sensible.

35

4.2 Modeling mineral tonnage distribution and ore grades
The start of the mineral scarcity model is to study distribution of total tonnage of an element versus its
concentration or ore grade. Three levels of distribution occur, at individual deposits, mineral types with a number
of deposits, and at the total level of a resource. The latter is of interest for this study as the focus here is the global
resource base. As discussed in section 2.1 there are two theories on the tonnage‐grade distribution. The first the
continuous distribution as posited by Lasky in the 1930s and the second the bimodal distribution as hypothesized
by Skinner (1979). To construct these two distributions the approach developed by Gerst (2008) is reproduced
here.
The standard log‐Gaussian curve is taken as it has empirically been shown that this gives a sufficient approximation
for the distribution of tonnage and grade levels in the earth. The log‐Gaussian is transformed towards a tonnage‐
grade model. The approach by Gerst (2008) starts with the standard log‐Guassian:

(4.1)

exp

√

With η as the mean, σ the variance of the distribution, and x the variable of interest. The variable x is replaced by
the name of the ore grade variable g to create the distribution of ore grade:

(4.2)

exp

√

To create a function which displays tonnage as a dependent variable and grades as independent the formula needs
to be rearranged. Providing a log‐model where tonnage first increases and then decreases when ore grades
decline. To do so the scaling factor 1 is replaced by theta representing the total copper content of the deposit
under question. In addition the the grade variance and distribution are replaced by estimated tonnage values,
resulting in:

(4.3)

√

exp

A detailed derivation from Gerst (2008) of (4.3) is included in Appendix A. The bimodal model of Skinner adds two
distribution cycles from (4.3):

(4.4)

∑

√

exp

with

1,2

The mean and variance parameters for the function need to be estimated using sufficiently large sample datasets
of the entire resource to make extrapolation towards the entire population possible. After this procedure the
approximate distribution of tonnage and grade of a resource is known.
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4.3 The costs of extraction
The second component are extraction costs and their relation to the grade‐tonnage distribution of ore deposits. A
distinction is made on two levels, the process stage to create a mineral product which can be sold on a global
market, and the different inputs that make up costs at each stage. For practical reasons (as it is difficult to obtain
data at a more detailed level) two process stages are taken: denoted by m for mining and milling and r for refining.
Input costs are divided between capital, labor, energy and other resource costs, resulting in the following general
cost summation:

(4.5)
(4.6)
(4.7)
With Ct as total costs, Cm as mining and milling costs, Cr as refining costs, Cl as labor costs, Ce as energy costs, and
Cr as non‐energy resource input cost. All variables are denoted with subscript t for year t
1,2, … , and are
calculated per ton of product.
The costs of obtaining a raw mineral arise from the amount of inputs required to mine, mill and refine a ton of
product and the costs of these inputs. In a basic form these are expressed as price P times the amount of input
required. The different physical conditions have a varied effect on the amount of input required for mining and
milling. The effect of the ore grade can be expressed in the tonnage of processed ore necessary to produce a ton of
the desired mineral. The relation can be easily found by looking at the amount of rock that needs to be processed
depending on the grade of ore. For example, when a rock contains 0.1% of the desired material a total of 100 tons
need to be processed to obtain one ton of that mineral. This relation can be expressed by dividing one by the ore
grade, which is a hyperbolic relation, as shown in figure 4.2 below.

Figure 4.2 – Relation between required tonnage of rock processed to obtain a ton of the desired mineral and the
ore grade, after Page & Creasey (1972).
By finding the respective input costs to process the tonnage of materials, the effect of grades on costs is
established. The general cost formula then becomes:

(4.8)

,

,
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With C as costs of the respective input i with an index
1,2,3,4 , P the price of the input i for year t
1,2, … , , the specific parameter giving the relation between amount of input required to mine and mill a
certain ore grade, and g the ore grade for year t
1,2, … , .
Two further cost effects, technological progress and the scale of operation, are incorporated. The scale of
operation can affect both the purchasing price at which an input is bought as well as the required inputs per ton
processed. The former as larger scale can increase the buying power of a company on the global market and the
latter as the efficiency can improve because better equipment can be acquired. Therefore the equation is scaled to
the power of a scale factor between 0 and 1.

(4.9)

,

,

Finally, technological change needs to be incorporated in the formula. Technological improvements in extraction
occur at different timescales. The difference arises from whether the improvement is due to the invention of a
new process or the improvement of an existing process. For example the invention of the flotation process at the
start of the 20th century meant a significant process improvement, while the invention of a slightly more efficient
flash smelting furnace is an efficiency step. Both process changes result in a lowering of costs but have different
effects. Process changes as well as technological possibilities can result in such cost declines because suddenly
significantly more deposits are available for extraction. It is difficult, if not impossible, to correctly predict process
improvements. One of the recent process inventions occurred in the 1980s with the invention of the SX/EW
process for copper extraction.
Due to their infrequent occurrence discontinuous changes are difficult to predict. In an approximation of how both
discontinuous and continuous technological change input efficiency increases an annual cost decrease factor is
incorporated, represented by A for each input. The technology variable can be represented by taking for example a
logistics function with a maximum level of processing efficiency Am, which represents the physical maximum of
processing. In each time period mankind progresses technologically closer towards the optimal level via a growth
factor r for each individual input i:

(4.10)

Ai,t

,

1‐

,

,

To accommodate a reduction in costs over time as technology advances the technology variable is adjusted by a
factor m, so that required inputs in (4.9) decrease through technology:

(4.11)

,

,

,

The function for the refining share of costs would be a simplified version of (4.11) as ore grade change do not
affect refining. The amount of inputs is, hence, not determined by a physical relation but an initial starting input
per ton affected over time by technological change and scale effects.

(4.12)

,

,

,

,
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To validate the cost function gained under (4.11) a production function can be used as the individual inputs
together should yield the production of the resource. An easily estimated function form is the standard Cobb‐
Douglas function often employed in economics because of its simplicity:

(4.13)

Tt

m

With T as the total tonnage produced, A as the technology factor under (4.12), L, K, E, R are respectively the labor,
capital, energy and non‐energy resource inputs. And α, β, γ, δ are scale parameters which depending on their size
lead to decreasing, continuous or increasing returns to scale.

4.4 Connection between extraction costs and distribution of resources
As a final step a scenario needs to be created to estimate cost developments over time as this is dependent on
both the cost function, the distribution and depth, and the speed at which consumption takes place. A simple
estimate for a consumption scenario would be to take mineral consumption as a factor of economic growth in the
form of GDP and prices of the mineral. The price is related to GDP because of the basic commodity use of minerals
throughout the economy, due to which their use is susceptible to changes in economic growth. Represented by:

(4.14)

D

P

With D as demand, GDP as the Gross Domestic Product, P as the mineral price, and
GDP, price and demand growth for a specific resource. The parameter

as the relation between

can be established by using past demand,

price and GDP statistics. The income and substitution effect of price changes is hereby both included. Several
scenarios can be constructed for GDP to look at effects of different demand growth developments on mineral costs
in the long run.
To obtain a cost scenario the cumulative demand at each period t is set equal to the tonnage of formula (4.3) or
(4.4) depending on the chosen distribution. This yields the grade level in period t. The grade value can
subsequently be fed into the price function together with assumed input price levels. This exercise yields the
forward looking cost curve of the mineral scarcity model. Assuming that the highest yielding ore grades are mined
first.
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5. COPPER
The majority of copper is present in seven minerals of which chalcopyrite (CuFeS2) is the most important. Deposits
of copper are divided in six deposit types depending on whether they contain a sulfide, oxide, or carbonate group
in their mineral composition. Also the presence of other elements in the copper mineral structure is of importance.
The majority of ore deposits today contain a grade lower than 1% copper, only few deposits are still mined at
grade level of up to 5%. The main use of copper is in copper wiring thanks to copper being the second best
conductor of electricity, having low corrodibility, and possessing large ductility. Other uses include a component of
various alloys, in electromagnets, integrated circuits, industrial machinery, and roofing and plumbing. Production
of copper was 15.4 million tons in 2008 and reserve levels were equal to 550 million tons (USGS 2009).

5.1 A brief overview of technological change in copper extraction and smelting
The mining of copper from ore bodies was conducted in the early industrial era using mainly manual labor to crush
and grind ore. Such as in one of the first U.S. copper mines, the Schuyler copper mine discovered in 1719 in New
Jersey. The first machine utilized in mining was the steam engine in the United States. Despite this advance only
mines with a large copper ore concentration could be exploited at the time, with large losses using standard
gravity concentration. Extraction in this manner took place up to the point that standard mining in the United
States during the late 1800s was becoming uneconomical due to ore grade declines (Johns et al. 1988). The first
low ore grade mines could be opened by applying economies of scale. Daniel Jackling opened the Utah Copper
company 5000 ton per day mine in Bigham Canyon in the United States in 1907.
The real breakthrough came with the invention of commercial flotation processes between 1901 and 1903, found
independently by Charles Potter and Guillaume Delprat in Australia. The technique had been pioneered by Everson
and the Bessler brothers in 1885 but was then not yet commercialized. Their technique of film flotation would only
be first employed in the United States in 1906 for copper ores in Nevada at a mine with 2.5% ore. The more
advanced process of froth flotation was first implemented in the United States in Arizona by Inspiration company.
Based on their test results on a deposit which could not be commercially recovered using gravity concentration the
company decided to implement a froth flotation technique in 1914. The mill was able to process 600 ton of ore per
day. The year thereafter a 15,000 ton per day mill with 80% copper recovery from a deposit with a grade of 2%
copper was built. The success of this change was so large that by 1918 a total of 24 million metric tons of copper
were mined in the US using froth flotation processes (Fuerstenau et al. 2007). The subsequent decades were
mainly a period of incremental advances through exploiting economies of scale through large open‐pit operations
as well as efficiency improvements in crushing and flotation.
Two large breakthroughs have occurred since. The first being the process of flash smelting 4 in 1949 in Finland. This
significantly reduced processing costs including labor and energy inputs for the smelting of copper. Total smelting
costs decreased by up to 50%, depending on the technique used earlier (Pitt & Wadsworth 1980).
The second being the advancement of solvent extraction/electrowinning (SX/EW) 5 which has made
hydrometallurgical treatment of low grade copper oxide ores possible as shown in figure 5.1. Through this route

4

In flash smelting the energy released from oxidizing metal concentrates is used in the smelting process. The sulphur containing
ores are ground and milled to a powdered mixture, dried and subsequently combusted in an oven under oxygen injection. The
resulting melted ore drops to the bottom of the chamber and settles.
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even the extraction of copper from waste tailings has become economically possible. Both routes and their
individual process stop are shown in figure 5.2 from mining to end production of copper cathodes with 99.5%
copper content.

Figure 5.1 – Shares of world copper production for different types of deposits. Other includes magmatic Ni‐Cu,
lode gold, and native copper. Figure after Gerst (2008).

5

The SX/EW process takes place in four steps, first the low‐grade copper is leached from the ore with a weak acid solution,
after which an organic solvent is added to extract it from the leach solution. Subsequently sulfuric acid (H2SO4) is added to the
organic mixture by turning it into an electrolytic solution in order to strip the copper. Finally inert anodes and copper starting
cathodes are inserted in the solution where due to an electric current the copper attaches itself to the cathode, which can be
stripped and sent as nearly pure copper to the fabrication process. The remaining acid can be recycled for the leaching
operation.
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Figure 5.2 – Copper cathode production chain overview. Reproduced after European Copper Institute (2005)

5.2 The distribution of copper tonnage and ore grade
The total resource of copper has been studied in detail by Gerst (2008) from who also the general tonnage‐grade
model, reproduced in chapter 4, is used in this study. Large datasets were analyzed containing known deposits of
Cordilleran oxide porphyry, Cordilleran sulfide porphyry, global porphyry, sediment hosted, and volcanogenic
massive sulfide (VMS) copper deposits. These datasets cover respectively 61, 135, 380, 141, and 757 deposits with
information on grade and tonnage. Sufficiently large for a statistical parameter fit procedure on the lognormal
probability distribution of grade‐tonnage assumed in the Gerst model. The estimation by Gerst (2008) gave a
significant statistical fit for a lognormal distribution of the Global porphyry, Cordilleran oxide porphyry, and VMS
estimated functions using Jarque‐Bera and Lilliefors’ test statistics (background information of test statistics is
included in appendix B). Based on this result the author estimated the total tonnage of known copper ore
resources to yield 1778 million metric tons. The result was validated by looking at the comparison of historical
change in ore grades which could be forecasted with a close fit. A sensitivity analysis of the tonnage did not yield
significant differences.
In addition to the known deposits the results of the study by Kesler and Wilkinson (2008) on porphyry copper
deposits was used to include undiscovered copper resources. In their study the known age‐frequency distribution
was applied to estimate a probable distribution of how deposits in the earth’s crust developed over time. The
average depth of formation of copper deposits taken was 1.9 kilometers. Based on proxy‐observations of deposits
originating at depths between 1 and 6 kilometers. The average vertical thickness of copper deposits taken was 2
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kilometers and the modal age 9 million years. Model results quantified that during the Phanerozoic 6 timespan of
the Earth approximately 125.895 copper deposits were formed of which 574 deposits are estimated to be at or
near the surface. Of total deposits it was estimated that 38% has remained in the earth’s crust while the other 62%
have been removed by uplift and erosion. Resulting in a total resource estimate for porphyry copper deposits of
170 billion metric tons of copper up to 20 kilometers in depth. Extrapolating these results to other types of copper
deposits, based on porphyry copper accounting for approximately 57% of the worlds copper, yields a total
endowment of 300 billion metric tons of copper. The model was validated with other datasets in two ways. First by
comparing the 574 porphyry deposits with the known population of porphyry deposits near the surface. These
total 507 and are similar in their age‐frequency distribution as the estimated deposits near the surface. Second by
comparing the estimate of copper up to one kilometer of depth in the United States with the same study area in a
large geological mapping assessment of the same study area by the United States Geological Survey. The study by
Kesler and Wilkinson (2008) yielded an endowment of 700 million tons of copper while the USGS study resulted in
640 million tons of copper. To obtain a reasonable boundary of copper mining in this thesis the total potential
undiscovered portion of copper resources from Kesler and Wilkinson (2008) estimated up to a depth of
approximately 4 kilometers was taken. The depth level was chosen because the present deepest mine is 3.5
kilometers deep. The total copper resource up to 4 kilometers deep is estimated at 127 billion metric tons.
A function for the quantities also present in common rock was estimated by Gerst (2008) based on Rudnick and
Gao (2005). In deviation from Gerst (2008) only copper content in common rock in the upper continental crust up
to 4 kilometers deep is taken instead of the entire approximately 30 kilometers deep continental crust. This yields
a copper tonnage combining data from Mackenzie (2004) and Rudnick and Gao (2005) of 1490 billion metric tons
of copper in common rocks in the first 4 kilometers of the crust at extremely low grade levels. The resulting bi‐
modal tonnage grade distribution is reproduced in the right exhibit of figure 5.3.

Figure 5.3 – Tonnage‐grade distribution for known copper ore deposits on the left. The Bi‐modal distribution for
undiscovered (127 billion metric tons) and discovered copper ore (3 * 10^11 tons) and copper in common rock
(1490 billion metric tons) in the first four kilometers of the continental crust on the right, adjusted after Gerst
(2008). Data in figure from Gerst (2008) and Kesler and Wilkson (2008).
6

The Phanerozoic eon covers 542 million years starting at the time when the first hard‐shelled animals appeared until the
present time. The age span was chosen because proxy‐observations indicate that most porphyry copper deposits, the most
abundant copper deposits, were formed during this age span.
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5.3 The costs of copper extraction, concentration, and separation
Total production cost 7 and gross operating cost data 8 was collected for the production of 99.5% pure cathode
copper from mining to product. Sources included recent annual reports and corporate social responsibility reports
from copper miners, scientific literature, and geological survey data. Total production cost data in company reports
was found for three companies, Codelco, Rio Tinto and Freeport‐McMoran in four countries Chile, South Africa,
US, and Indonesia. Totaling 24 cost observations spanning from 1998 to 2009. Gross operating cost data was found
for four companies, Codelco, Antofagasta, Freeport‐McMoran, and Xstrata in Chile, US, Indonesia, and Australia.
Totaling 41 cost observations spanning from 1997 to 2009. Literature values were added for copper extraction,
milling, and refining for 10 individual countries from Ansell et al. (1988) for 1986 shown in table 5.1 below. The
total dataset with 90 observations for production cost and 53 for gross operating cost data is shown in figure 5.4
and included in Appendix C in table C.1 and C.2. The range of total production costs lay between 1.03 and 5.88 US$
per kg and gross operating costs between 1.06 and 4.01 US$ per kg.

Table 5.1 – Copper extraction and processing cost to obtain copper cathode at 99.5% copper in 1986 converted to
2008 US dollars (Ansell et al. 1988).
Country

Ore grade
(average)

Mining cost

Milling cost

Refining cost

Total cost

By‐product
Credits*

Net Costs

US $ / Kilogram cathode copper
Chile
1.00%
0.80
0.40
0.33
1.52
US
0.50%
0.93
1.02
0.76
2.71
Canada
0.50%
1.21
1.21
1.29
3.71
Zaire
4.10%
1.59
0.76
0.93
3.27
Zambia
2.00%
1.31
0.55
0.23
2.09
Peru
0.80%
0.57
0.40
0.81
1.78
Mexico
0.79%
0.74
0.62
1.14
2.50
Australia
3.30%
0.76
0.33
1.17
2.25
Philippines
0.47%
1.45
1.37
0.96
3.78
S. Africa
0.64%
1.25
0.82
1.25
3.33
*By‐product credits are revenues obtained from the sale of secondary minerals in a mining operation

0.23
0.35
1.29
1.60
0.34
0.20
0.56
0.14
0.77
1.21

1.29
2.35
2.41
1.67
1.75
1.58
1.94
2.11
3.01
2.12

7

Total production cost data includes direct and indirect operational cost, treatment and refining cost, transportation cost, by‐
product credits, capital depreciation, interest costs, and other costs.

8

Gross operating cost includes direct and indirect operation cost, treatment and refining cost, transportation cost and excludes
by‐product credits, capital depreciation, interest costs, and other costs.
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Figure 5.4 – Total production costs (left) and gross operating costs (right) for cathode copper production in US
2008 dollars per kilogram. Data obtained from scientific literature and corporate publications.
As can be observed in figure 5.4 total production and gross operating costs lie relatively close together. Most of
the costs of extracting copper are a result of the input costs of the operation. Furthermore costs have increased
sharply since 2003. The probable reason is rising energy and commodity prices which significantly increased input
costs. Average gross operating costs in 2008 were 3.64 US$ per kg versus 1.68 US$ per kg of cathode copper in
2003. The difference is striking in comparison to global average oil prices rising from 28 US dollars per barrel in
2003 to 95 dollars per barrel in 2008. In contrast to energy and commodity costs changes the amount of additional
inputs due to difference in ore grades does not appear to be significant. The effect of ore grade changes on input
costs are likely negligible for this data set as nearly all observations were of deposits with ore grades above 0.8%.
As shown in section 4.2 ore grade levels begin to be influential on the amount of rock processed below this level.
The data is shown in figure 5.5 of the subset of 41 observations for which data on ore grades is available. The data
was split in four year groups to be able to compare different energy price levels. Unfortunately there are too little
observations for a cross sectional year, so that price changes in commodities do not play a role, to statistically
confirm the expected low effect of ore grades above 0.8% on operating costs.

Figure 5.5 – Gross operating costs per US$ of kilogram cathode produced from 1997 to 2009 set out versus ore
grade. Data in 2008 US dollars. Data obtained from corporate publications.
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5.4 Labor costs of copper extraction, concentration, and separation
Labor costs and ore grade levels were gathered from five different copper mining companies, Codelco, Freeport‐
McMoran, Escondida, Rio Tinto, and Lundin Mines. Sources included annual reports, financial statements and
social responsibility reports. The data for labor is published in total full‐time number of employees and contractors.
These have been translated into labor hours by assuming 251 work days of 9 hours each, assuming no work done
in weekends and 10 additional free days per year. The data set is divided in two parts. Company mines producing
copper to concentrate product stage, and mines to cathode copper stage. The concentrate copper set totals 11
observations ranging from 2005 to 2009 from Rio Tinto and Lundin Mines. The cathode copper stage includes 51
observations spanning from 1991 to 2009 from Freeport‐McMoran, Escondida, and Rio Tinto. The data is shown in
figure 5.6 below and the whole data set is included in Appendix C in table C.3. The range of labor costs for cathode
copper producers lies between 19 to 119 hours per ton produced and ore grade ranging from 0.53% to 1.77%. The
range of labor costs for concentrate copper producers lies between 14 to 132 hours per ton produced and ore
grade ranging from 0.4% to 4.8%.

Figure 5.6 – Labor costs in hours per ton of copper produce set out versus ore grade. Left the costs from mining to
cathode copper production. On the right the costs from mining to concentrate copper. Data obtained from
corporate publications.
The data of labor costs versus ore grade does not give a clear inverse pattern as hypothesized in chapter 4. There is
a rough visual indication of such a pattern looking at the concentrate copper producers, but insufficient data points
to validate the hypothesis. Statistical testing on the cathode copper producers yields negative results. The null‐
hypothesis that there is no inverse distribution of labor hours as dependent and ore grade as independent variable
is not rejected. The test yields an F‐test statistic of 0.223 under 1 and 48 degrees of freedom, and a significance of
0.639 which is far higher than a P‐value of 0.05. Test statistics from SPSS are included in Appendix E, including a
Kolmogorov‐Smirnov Test for normality, which did not yield significant results at α = 0.05, indicating no deviation
from normality and hence suitability for regression.
A possible explanation for the lack of relation between ore grade and labor hours effects are differences in
productivity per country. Changes of labor cost productivity over time for copper production has been studied for
Chile by Garcia et al. (2001). They found that for Chile tons of copper mined per employee increased at 5.8%
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between 1970 and 1990, and at 22.3% between 1990 and 1997. The latter period coincided with the introduction
of increased foreign investment resulting in the opening of new mines in the country and new technological
innovations. Labour productivity for U.S. copper mines has been studied by Bartos (2007) who found an increase of
3.5% from 1975 to 1980, 19.9% from 1980 to 1986, and 1.3% since 1986. The rapid change in the 1980s is
attributed mainly to the implementation of SX‐EW copper mining and other technological innovation. It is unclear
whether only employees or also contractors have been included in these figures, making absolute comparisons
with data from this thesis incompatible. It is therefore difficult to answer whether productivity effects outweigh
ore grade effects on labor costs within the data range found above 0.5% ore grade.
5.5 Capital costs of copper extraction, concentration, and separation
Capital stock in dollars per ton and ore grade levels were gathered from five different copper mining companies,
Freeport‐McMoran, Escondida, Rio Tinto, and Lundin Mines. Sources included annual reports and financial
statements. The data set is again divided in two parts. Companies mining copper ad processing it to concentrate
level, and companies mining copper and processing it to cathode copper level. The concentrate copper set totals 9
observations ranging from 2005 to 2009 from Rio Tinto and Lundin Mines. The cathode copper stage totals 17
observations for cathode copper producers spanning from 2005 to 2009 from Freeport‐McMoran, and Rio Tinto.
The data is shown in figure 5.7 below and the whole data set is included in Appendix C in table C.4. The range of
capital stock per ton for cathode copper producers lies between 4504 and 8479 dollars per ton produced and ore
grade ranging from 0.53% to 1.13%. The range of capital stock per ton for concentrate copper producers lies
between 1188 and 18100 dollars per ton produced and ore grades ranging from 0.4% to 4.3%.

Figure 5.7 – Capital stock in dollars per ton of copper produced set out versus ore grade. Left the costs from mining
to cathode copper production and right the costs from mining to concentrate copper. Data obtained from
corporate publications.
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The data of capital stock versus ore grade does not give an inverse pattern as hypothesized in chapter 4. There is
no visual indication of such a pattern looking at either the cathode or the concentrate copper. There are
insufficient data points to conduct a proper statistical test. The lack of a relation is probably due to other factors of
importance related to capital costs of mining such as the location of the mining operation, depth, and the type of
ore.
5.6 Energy costs of copper extraction, concentration, and separation
The most comprehensive study found on direct and indirect energy costs of each process step was conducted by
Pitt & Wadsworth (1980). Mining and milling data from four mines in the State of Arizona were analyzed. Refining
and smelting data was based on comparing 12 different hydrometallurgical treatment methods and 8
pyrometallurgical treatment methods with data values from the 1970s. The data has been added in Appendix C in
table C.7. The authors used a separate model for mining and concentrating attached in Appendix D as well as a
model for the refining of copper. Assumption used included a mine with an average ore grade of 0.55% at a size of
100.000 tons of cathode production per year, a recovery factor of ore to concentrate of 87.45%, a stripping ratio9
of 1.25, and a mine pit depth of 230 meters. Total estimated mining energy costs were 18.96 10 MJ/kg of copper
ore. Increasing mine depth by 75 meters would increase energy costs by 3.34 MJ/kg. Increasing the stripping ratio
by 0.25 was estimated to result in a 2.34 MJ/kg energy cost increase.
The energy costs for processing ore into copper concentrate were estimated at 42.7 MJ/kg copper concentrate
resulting in total mining and milling costs of 61.7 MJ/kg. A sensitivity analysis was conducted to estimate the
effects of changing ore grades at 0.05% increments. This had an unexplained increasing effect on the energy costs
for mining but a declining effect on the energy costs of concentration. Estimated mining costs for an ore grade of
0.45% to 0.7% ranged from 17.4 to 28.1 MJ per kilogram of cathode copper produced. Concentration costs for the
same ore grades ranged from 53.7 to 32.4 MJ per kilogram of cathode copper. Resulting in a total difference
between 71.1 to 60.5 MJ per kilogram from 0.45% to 0.7% ore grade levels. The energy costs for refining ore were
assumed at 35.2 MJ/kg taking the average from a wide range of processes surveyed. Resulting in total energy
costs of 96.9 MJ/kg of copper cathode produced.
The most recent study on the energy costs of copper extraction found was conducted by Marsden (2008) using
data from Freeport‐McMoran Copper & Gold mining operations. Including the Bagdad, Morenci, Sierrita, and
Miami mines in Arizona, the Chino and Tyrone mines in New Mexico, the Candelaria and El Abra mines in Chile,
and the Cerro Verde mine in Peru. General assumptions included a stripping ratio of 3 with the exception of
hydrometallurgical leaching directly from the mine at which a ratio of 1.5 was assumed, a transport distance of 100
miles from mine to port, a transport distance of 6000 miles from port to smelter for concentrates, and a transport
distance of 200 miles for copper cathodes to the market from point of production. In total seven types of copper
operations were investigated including five and two pyrometallurgical operations. Sensitivity analyses were made
for different ore grade levels at 0.125% from 0.125% to 0.5% ore grade as well as 0.25% increments from 0.5% to
1% ore grade. Data from this study is included in Appendix C in table C.5.
In addition to values from literature data was collected from annual and corporate social responsibility reports
from copper miners. The data selection was restricted to six mining companies, Escondida, Codelco, Rio Tinto,
9

The stripping ratio refers to the ratio between total tons of overburden on top of the ore body stripped divided by the tons of
ore mined from the ore body.

10

Corrected from the value in Pitt & Wadsworth (1980) for a conversion mistake for loading as outlined in Appendix D
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Antofagasta Xstrata, and SCC due to their reporting standards. In total 46 data points were gathered for total
energy costs of the extraction and processing chain up to 99.5% cathode copper, 30 data point for energy costs up
to concentrate copper, and 15 data points for only refining and smelting. The data originated from six countries,
Chile, South Africa, Australia, US, Mexico, and Peru and has been included in Appendix C in table C.6. The found
values for mining and concentrating average 11.12 MJ/kg for ore grades above 1%, 21.53 MJ/kg for ore grades
between 0.5% and 1%, 44.47 MJ/kg for ore grades between 0.3% and 0.5%, and 86.0 MJ/kg for ore grades below
0.3%. A visual comparison of the models values to produce concentrate copper generated by the models of
Marsden (2008) and Pitt & Wadsworth (1980) with corporate report values as shown in figure 5.8. The energy cost
distribution per ore grade from Marsden (2008) has similarity to the corporate values while Pitt & Wadsworth
(1980) report values far higher.

Figure 5.8 – Data from the sources detailed in the text above on energy costs to produce a kilogram of copper
concentrate in MegaJoules.
To confirm the relation a statistical analysis was carried out. First, a Kolmogorov‐Smirnov Test for normality was
conducted, which did not yield significant results at α = 0.05, indicating no deviation from normality and hence
suitability for regression. Subsequently an inverse function of the corporate report values as per equation (4.8) in
section 4.3 was tested yielding a significant result. The null‐hypothesis of no inverse distribution of energy costs as
dependent and ore grade as independent variable is rejected with an R2 of 0.96 and an F‐test statistic of 625.082
under 29 degrees of freedom. The test yields a parameter value of 17.045. Statistical tables are reported in
Appendix E. The found parameter fit is nearly equal to that of Page & Creasey (1972) who used two observations
to produce their model. The resulting model curves are both shown in figure 5.9 together with the report values.
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Figure 5.9 – Inverse functions produced by Page & Creasey (1972) and Koppelaar (2010) for a model with energy as
dependent with the inverse of ore grade as independent variable.
The average refining & smelting costs of the 17 values between 2003 and 2008 found were 13.28 MJ / kg. All
values can be found in table C.8 in Appendix C and in figure 5.10. These values are slightly lower than Marsden’s
(2008) figures and considerably lower up to 50% then the lowest value found in Pitt & Wadsworth (1980), the
value of Outokumpu Flash Smelting at 18.98 MJ/kg, indicating that costs of refining copper have dropped
significantly since the 1970s and 1980s. A comparison between mining and milling energy costs, and the entire
energy cost including refining is shown in figure 5.10. A comparison of these values makes it clear that mining and
milling dominate the energy input requirements to produce a kilogram of copper cathode at ore grades lower than
0.5%.

Figure 5.10 – Refining and smelting costs in MegaJoules per kilogram from corporate reports on the left. Mining
and milling energy costs and refining costs versus ore grade on the right.
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5.7 Future expectations for copper extraction costs
The only significant relation found among inputs of copper production is between energy costs from mining to
concentrating copper and ore grades. To show the effects of this relation these are combined with data on ore
grade distribution. Using a function of consumption over time is used to generate the data on which deposits are
developed in which time period, under the assumption that the least costly developments are produced first. To
estimate consumption the equation (4.14) is regressed with as dependent variable copper consumption and
independent variable Global GDP including a constant. To estimate the function data between 1970 and 2009 for
Global GDP from the World Bank and Copper consumption from the United States Geological Survey is taken,
shown in figure 5.11. First a Kolmogorov‐Smirnov Test for normality was conducted on the data, which did not
yield significant results at α = 0.05, indicating no deviation from normality and hence suitability for regression.
Then the null‐hypothesis of no linear relation between copper consumption and Global GDP was tested. The test
yields a p‐value of 0.00 < α = 0.05 and a t‐statistic of 14.33, therefore the null‐hypothesis is rejected. Showing a
significant relationship with a beta coefficient of 271.425. Copper consumption hence grows at the same pace as
GDP does, as shown visually in figure 5.11. Test statistics from SPSS are included in appendix E.
As a scenario for future consumption a growth of 2% per annum until 2100 is taken. The average increase of GDP
between 1970 and 2008 was 3% per year. The scenario assuming the relation found in the regression above yields
a copper consumption of 33 million tons per annum in the 2050 and near 90 million tons by 2100, shown in figure
5.11 below.

Figure 5.11 – Global copper consumption and GDP from 1970 to 2008 on the left. Extrapolation of Global GDP
developments by 2% per year and related copper consumption. Historical figures for GDP from the World Bank and
copper consumption from the United States Geological Survey.
The copper consumption figures were subsequently used to plot the development of ore grade development via
the grade‐tonnage equation (4.3), using the cumulative ore consumption at each year t and the related grade
levels from known deposits. Ignoring effects of other factors such as depth. The consumption figures are
compensated for mining losses into tailings which are no longer used estimated at 85% based on Gerst (2008). An
estimates was made for known copper deposits and expected copper in common rock shown in figure 5.12. The
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scenario is compared with hypothetical undiscovered estimates published in Kesler and Wilkinson (2008). In case
of known copper deposits these are insufficient in volume to sustain 2% growth in copper consumption beyond
2050. Visual inspection shows that in retrospect historic ore grade developments can only be partially explained in
this manner from roughly 1995 to 2008 as historic data and back casted values diverge between 1985 and 1995.
The difference is possibly caused by the assumption of an average grade for a deposit, while in reality the ore
grade of a deposit changes around its mean. In addition production of known deposits is unlikely to go exactly
from best to worst ore grades as other criteria are also of importance. The future forecast for ore grades is
compared with a forecast taken from Brook Hunt (2008), a commercial copper data company, included in figure
5.12 for visual comparison. The forecast from Brook Hunt (2008) is in line with the forecast from this thesis.
The future scenario for known deposits based on 2% growth in consumption show that all deposits will have been
depleted by 2050. Humanity would have to resort to mining common rock with low grade levels to obtain new
copper supplies. The type of consumption path is implausible as in that case production would probably level off
much earlier due to effects of substitution. Nevertheless, the scenario is maintained as here interest lies in
estimating costs of pulling the copper out of the ground under demand scenarios, not in estimating production
patterns.

Figure 5.12 – Global copper consumption to 2060 on the left axis under the 2% scenario and the related ore grade
development on the right. Included are historical ore grade figures and the Brook Hunt (2008) ore grade forecast.
The discovery of deeper lying deposits as anticipated by Kesler and Wilkinson (2008) could stall the decline in ore
grades significantly. The undiscovered amount expected in the first 4 kilometers below the earth’s continental
surface based on their model is a factor 100 larger than known copper deposits. Depending on the extent to which
the estimate is correct, and how much could be mined, ore grade effects would not lead to considerable energy
cost increases. The energy costs double for ore grade declines from 2% to 1% to 0.5% to 0.25% and so on. Slightly
more than half of the anticipated undiscovered copper has an ore grade above 0.5% because of which costs would
not be very different from today in case that these resources would still be discovered.
To show the effects of declining ore grades on copper energy consumption, the expected grade figures are
translated into energy costs. First into their physical equivalents shown in figure 5.13, and subsequently into a
monetary value shown in figure 5.14. The assumed price level is historically based on the Grasberg mine which
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ranged from 0.67 to 4.62 dollar cent per megajoule. The future price is pegged to 3.05 dollar cents per megaJoule
for purposes of only showing energy input changes to costs, not input price changes. Resulting in a doubling of
energy costs in monetary value by 2040, a tripling by 2050, and after crossing the mineralogical barrier by 2050 a
hundred fold increase in costs.

Figure 5.13 – Global energy costs in megajoules to produce a kilogram of cathode copper until 2050 based on
known deposits on the left. Global energy costs based on known deposits and common rock on the right.

Figure 5.14 – Global energy costs in dollars to produce a ton of cathode copper until 2050 based on known
deposits on the left. Global energy costs based on known deposits and common rock on the right.
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5.8 Summary
The labor, capital, and energy costs were analyzed from the perspectives of ore grades for copper mining, milling,
and refining. Between labor or capital and ore grades no significant relation was found, while energy yielded a
significant result. The effects of ore grades of known deposits results in a doubling of energy costs from today’s
level by 2040 as ore grades reach 0.4%, a tripling by 2050, and after crossing the mineralogical barrier by 2050 a
hundred fold increase in costs. These effects can potentially be stalled for a long period of time by the discovery of
deeper copper layers which contain relatively high ore grades. Deeper mining would also incur additional cost,
however, which not been well quantified in the literature. Caution is therefore required in interpretation the
potential of copper resources deep in the earth’s crust.
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6. IRON ORE
Iron is an essential building block of life probably because it is one of the most abundant elements on earth. The
common minerals in which iron occurs in nature are magnetite (Fe3O4), hematite (Fe2O3), goethite (FeO(OH)), and
siderite (FeCO3). The earth’s crust consists of approximately 4.1% Iron. Nearly all mined iron ore at 95% ends up in
blast furnaces heated using coke and processed with limestone to produce Pig iron. The pig iron is further
processed into steel, the primary product of iron in modern times. By alloying iron with relatively small amounts of
other elements, for instance carbon, manganese, or chromium, various types of steel can be produced. These are
made to obtain the desired microstructure to achieve hardness, durability, limited corrodibility, or other
properties. Final steel products are often a combination of steel with other metals depending on desired
properties, used in a variety of applications from vehicle components and building parts to utensils. Production of
iron ore in 2009 was 2.3 billion tons, and pig iron 860 million tons. Resulting in the production of 1.1 billion tons of
raw steel. Iron ore reserves in 2009 equaled 77 billion tons and total identified resources 230 billion tons (USGS
2009).

6.1 Iron extraction process and costs
The mining of iron occurs via surface and underground mines. In surface mines the iron ore deposit is laid bare and
blasted with explosives. The freed up ore is then loaded on large trucks. Underground mining takes place in areas
with highly concentrated ore either in a manual or mechanized fashion. The excavated ore leaves the underground
mine in rail carts and is often transferred directly to ships for transport. The concentration of iron in commercially
mined ore varies between 30% to 66%. Depending on the concentration, as well as the mineral type, a significant
number of processing steps shown in figure 6.1 are needed to produce concentrated iron. The resulting pelletized
form can then be fed into a blast furnace for the production of pig iron, which is the main precursor to the variety
of pure steel and steel alloy products in use today.
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Figure 6.1 ‐ flowchart of Iron ore mining, processing, pelletizing, and steelmaking. Chart based on Bravard et al.
(1972).
Costs of iron ore mining are documented in the U.S. by the census bureau, revealing the largest share of costs to
be purchased machinery and used non‐energy resources, secondly labor expenditures, thirdly energy costs, and
finally capital expenditures on buildings, mineral exploration and development and land rights (Heller and Yang
2001). Production and transport cost effects on mining profitability were studied for Russia by Hellmer & Nilsson
(2000). Their results show that proximity to markets plays an important role in mine competitiveness.
Documentation on theoretical mining energy cost for taconite deposits can be found in BSC (2002) estimated at
0.1 gigajoule per ton including beneficiation to iron ore pellets. Bravard et al. (1972) documented mining and
beneficiation energy costs ranging from 0.1 to 7 gigajoule per ton depending on the type of iron ore mineral
processed. Published data is available from actual mining deposits of high grade hematite ore at 61% iron ore
grade at the Kumba mine in South Africa. The mine operated by Anglo American indicated energy costs of 0.12
gigajoule per ton (Anglo American 2009). In contrast Rio Tinto has published a figure that appears to be
erroneously high at 171.6 gigajoule per ton of iron ore, railed from its Pilbara deposit which has an ore grade of
60% (Rio Tinto 2008). Possibly the difference can be explained in that the Rio Tinto figure includes the entire cycle
from mining to final steel production including transport. Factors influencing energy costs of open‐pit mines was
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studied by Natural Resources Canada (2005) who compared fuel and electricity consumption per ton for nine
Canadian mines of which three iron ore, four gold mines and two oil sand operations. A factor of significant
influence on energy costs found was the stripping ratio of waste rock versus ore tonnage extracted. There was no
evidence for economies of scale found between the seven iron and gold mine operations. These studies on mining
and beneficiation up to pelletized iron show that in general capital and labor costs are most important in iron ore
mining, although variations can be found depending on the mineral deposit type.
Crompton & Lesourd (2008) analyzed economies of scale and labor costs of steel making for 69 integrated plants in
27 countries in the time period 2001 to 2003. The analysis was carried out via a linear Leontief cost function with
labor, capital, raw iron, coke, energy, and electricity. The Leontief form with fixed proportions of production
factors was chosen because it was assumed that little to no substitution between input factors is possible in basic
commodity industries. The production of the 69 steel plants varied between 1.3 to 16.4 Million tons per year with
an average of 4.5 Million tons. The estimation yielded positive coefficients, except for labour. All were statistically
significant which led the author to conclude that fixed costs are appropriate except for labor, which is quasi‐fixed,
confirming their hypothesis of economies of scale in steel production. The lack of standardization of factor data
makes it difficult to compare the size of coefficients and the difference in effects on costs of the various inputs.
Yellishetty et al. (2010) investigated costs of steel making from pelletized iron to steel products finding significant
energy cost reductions at 85% reduction in energy consumption per ton of crude steel since the 1950s. Costs
dropped from 31 to 21 gigajoule per ton between 1990 and 1998 and are expected to continue to decrease to 12
gigajoule per ton shown in figure 6.2.

Figure 6.2 ‐ Actual and projected specific energy consumption to produce steel from pig iron after Yellishetty et al.
(2010).

6.2 Summary
Iron is one of the common elements in the earth’s crust due to which it is found at high grade levels. Because of
this the cost share profile differs significantly from other minerals. There is a high variation in cost profiles
depending on the type of ore deposits mined to extract iron as these differ greatly in grade levels and rock types.
In general it can be stated that mining and milling up to pelletized ore costs are mainly borne by capital and labor
costs in the present due to high ore grades of iron. In case of further processing of pelletized iron into steel energy
costs play a significant role and labor becomes less important. Technological development studies show large cost
declines in steel making over time which continue today.
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7. TUNGSTEN
Tungsten is formed in only a few minerals of which the most common are scheelite (CaWO4) and wolframite
((Fe,MN)WO4). The content of tungsten in these ores in the form of wolframoxide (WO3) is less than 1.5% and
concentrations of a few tenth of a percent are not uncommon. The main property of Tungsten is the highest
melting point of any metal, next to high hardness and density because of which it has become a major constituent
of heavy metal alloys. The main use of tungsten is as cement carbide, a hard material withstanding high
temperatures to reduce wear of friction used in tools and machines in various industries. Other uses include
filaments in light bulbs, electric contacts, and arc‐welding electrodes. Production of tungsten was 58,000 tons in
2009 and reserve levels were equal to 2.8 million tons (USGS 2009).

7.1 Tungsten extraction process and costs
Tungsten ores are usually mined underground as they are present in narrow veins which widen with depth. Open
pit mines exist but their occurrence is rare. Mined tungsten ore is first concentrated to a level of 70% for
international trading. Depending on the type of deposit and contamination standard mining methods are
employed including crushing, sorting, milling, flotation, and magnetic separation. After concentration nearly all
tungsten concentrate is processed into Ammonium Paratungstate (APT) as this forms the most important
precursor for a majority of tungsten products. The creation of APT is conducted in two process paths.
The first is acid leaching where the ore is first decomposed using acids to form solid tungstic acid. The tungstic acid
settles and is separated. The tungsten in the resulting slurry is further separated using aqueous ammonia.
Depending on the consistency other chemicals form including magnesium oxide for phosphate and arsenate
separation, and activated carbon to separate iron and silica. In the final step the end mixture is filtered to obtain
APT crystals.
The second route is via autoclave soda where the ground ore is put in a mixture of sodium carbonate under
pressure at a temperature of 190 to 230 degrees Celcius. The soda binds to tungsten resulting in a sodium
tungstate solution separate from the gangue. Other chemicals are added to separate remaining particles from the
sodium tungstate solution including phosphorus, arsenica, silica, and molybdenum. Further purification takes place
via a liquid‐ion exchange process using an organic extractant consisting of alamine‐336, decanol and kerosene
(Lassner & Schubert 2009; Encyclopedia Britannica 2010).
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Figure 7.1 – flowchart of Tungsten mining, concentration and concentrate processing via the acid leaching and
autoclave soda processes. Chart based on Lassner & Schubert (2009).
Little data is available on cost aspects of tungsten. The expected reasons are a low number of mining operations
outside of China estimated at less than 25, the small scale of these operations, and the highly strategic value of the
element for military operations. China produced 80%+ of the world Tungsten supply with Russia and Canada as the
number two and three producers. An overview of a selected number of Non‐Chinese operating mines is given in
table 7.1 and non‐producing deposits awaiting commercial exploitation in table 7.2.
Table 7.1 – A selection of tungsten Mines in operation outside of China and Russia
Country
Canada
Portugal
Austria
Bolivia
Peru
Spain

Mine
Cantung
Panasqueira
Felbertal/Mittersill
Numerous
Pasto Bueno
Los Santos

Operator
North American Tungsten (NTC)
Beralt
Sandvik
Small scale cooperatives
Malaga
Heemskirk

Ore Grade
1.27%
0.26%
0.50%
?
0.75%
0.26%

Source: Company websites
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Table 7.2 – Tungsten deposits awaiting commercial development in Western countries
Country

Mine

Operator

Portugal
Brazil
Australia
Australia
Australia
US
Canada
US
Australia
Australia
Spain
Canada
S. Korea
Canada

Regua
Cafuca
Dolphin
Bold Head
Big Hill
Victorio
Mactung
CUMO
Mohyl
Watershed
Barruecopardo
Northern Dancer
Sangdong
Sisson Brook

Iberian Resources
Crusader
King Island Scheelite
King Island Scheelite
Hazelwood
Galway Resources
North American Tungsten
Mosquito Gold Mines
Thor Mining
Vital Metals
Ormonde Mining
Largo Resources
Oriental Minerals
Geodex Minerals

Proved + Probable reserves
Tons WO3

Ore Grade

91,970

1.08%

source: Company websites

Indicated and Inferred WO3
resources
Tons WO3
Ore Grade
12,654
0.37%
86,500
19,050
9,766
105,039
382,220
?
10,090
44,080*
49,050
374,110
?
?

Cut off grade

0.10%

0.65%
0.73%
0.17%
0.08%
0.85%
?
0.34%
0.29%
0.45%
0.10%
0.29%
0.09%

0.25%
0.25%
0.10%
?
0.50%
?
?
0.15%
0.25%
?
?
?

* Total Resources,

The only western operation for which actual cost data were published is the Canadian Cantung operation. This
mine has operated intermittently since its discovery in 1954. Operation began in 1962 but was closed due to low
tungsten prices in 1986. Operations were briefly resumed in 2002 but halted in 2003 due to bankruptcy of the
owner North American Tungsten Corporation. After re‐financing the mine was opened in September 2005 but
closed in October 2009. The reasons for halting operations cited by NTC were declining tungsten prices as well as
increasing product inventories. The company restarted production again in October 2010 under new loan facilities
from HSBC Bank Canada. Operating costs for the Cantung mining operation from 2006 to 2008 shown in table 7.3
were between 204 and 245 US dollars per metric ton unit of tungsten concentrate 11. This price was above the
average tungsten price on U.S. spot markets at 160 US dollars shown in figure 7.2. Costs above prices were possibly
feasible because of contractual agreements between NTC and Tungsten concentrate purchasers. The cost range of
Mactung and the high tungsten grade of this deposit at 1.06% indicate that Western companies still have
difficulties competing with Chinese tungsten producers under normal market conditions despite a fourfold
increase in Tungsten Prices since 2002. Recent price figures show further increases towards 300 US dollars per
metric ton unit of tungsten concentrate resulting in probable commercial feasibility of western mining at
conditions as per the Cantung deposit.
Table 7.3 – Mactung Production and Cost data from Thompson & Morrison (2008) converted to 2008 US dollars.
2006
Mill Throughput (‘000 metric tons)
Head Grade
Mill recovery
WO3 in concentrate (metric tons)
Operating costs / metric ton unit of tungsten concentrate*
Price obtained / metric ton unit of tungsten concentrate*
Site operating costs (million US Dollars)
Revenue (million US Dollars)

11

84.4
1.06%
70%
2520
$ 245
$ 272
$ 57.66
$ 62.35

2007

2008
92.1
1.16%
74%
3163
$ 204
$ 246
$ 57.61
$ 66.78

97.4
1.02%
72%
2866
$ 223
$ 235
$ 57.34
$ 60.28

A metric ton unit of tungsten trioxide (WO3) contains 7.93 kilograms of tungsten
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Figure 7.2 – Average tungsten concentrate spot price in US dollars per metric ton unit of tungsten concentrate
from 1960 to 2009 in 2009 US dollars. Data from United States Geological Survey.
7.2 Summary
Tungsten is a unique and important element for industrial society due to it having the highest melting point of any
metal. The lack of data limits study of the element for purposes of determining cost developments of mining.
Therefore studying the availability of tungsten is only possible on a reserve basis. Cost and price data that is
available points towards profitable western operation at prices at or above 300 dollars per metric ton unit of
tungsten concentrate.
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8. PHOSPHORUS
Phosphorus exists in nature in over 200 minerals omnipresent in crustal rocks at an average concentration of 0.2%.
Only a small group of these minerals, apatites, have a sufficiently high phosphorous content to make their
extraction economical. Ores containing these minerals are after extraction referred to as phosphate rock which
can contain up to 98% phosphate in the form of phosphorus pentoxide, P2O5, which is the main source of the
chemical today. Before phosphate rock mining took place it was only available as a stock via excrements including
as a main source accumulated bird droppings called Guano. The main use of phosphate is in agriculture where it is
applied as a fertilizer. It is also used in phosphorus based tube lighting, as a reagent in the production of steel and
copper, in flares, in organophosphorus compounds used in flame retardants and plasticizers, and in a number of
food products. Production of phosphate rock in 2008 was 161 million tons and reserves were estimated at 15
billion metric tons (USGS 2009).
The future availability of phosphate and its impact on agriculture has recently become a topic of discussion in
reserve based scarcity studies. Cordell (2008) used a current reserve figure to show a scenario in which phosphate
rock production would start declining around 2033. Van Vuuren et al. (2010) created a more detailed analysis using
average figures from a wide range of sources, including resources that are deemed to become economically
extractable when price rises, and additional resources which cannot yet be technologically recovered. Showing
that production could continue to increase until 2100 although this would deplete both current reserves and most
resources deemed to be extractable as prices rise. Only leaving resources that are currently not recoverable.

8.1 Phosphate rock extraction process and costs
Phosphate deposits are usually mined on the surface using open strip techniques. The ore is directly removed
using a dragline or scraper machine and fed into a slurry pit to pump it to the beneficiation plant. Blasting and
drilling is normally not necessary to make excavation possible except for a few deposits such as those in Morocco.
Other mining methods include open pit mines, which occur where hard igneous carbonatite phosphate rock has
been deposited, and underground mining in the exceptional case of a very rich phosphate ore layer as this type of
mining is otherwise uneconomic versus other techniques. After mining the raw ore is usually further processed to
a 35%+ P2O5 concentration in a number of steps. Starting by grinding to a smaller rock size, subsequent washing,
the flotation to separate the gangue from the mineral, and ending with calcination and/or magnetic separation.
Sometimes only grinding and milling is required due to the purity of the ore as is the case in most Moroccan
deposits. These steps are sufficient for the production of phosphate fertilizer as these do not require the purity
levels that other phosphate uses need (Driver et al. 1999). For non‐fertilizer phosphate use further processing
takes place to produce nearly pure Phosphoric Acid (H3PO4) which can be conducted via a thermal production and
a wet production route, outlined in detail in figure 8.1.
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Figure 8.1 – Phosphate rock mining and concentration steps and the production steps of phosphoric acid including
thermal and wet production. Based on Driver et al. (1999) and Fantel et al. (1988).
There are only few cost estimates for phosphate rock mining and concentrating available. The one most
referenced in scientific literature was made by Fantel et al. (1988). The study examined 206 phosphate mines and
deposits. The United States contained 124 of these deposits and 82 were situated in 31 other countries. Phosphate
production in China and the former Soviet Union countries was not covered due to difficulties in obtaining data.
Surface mines average costs for 1985 was estimated for mining at $18.9 and for milling at $24.0 per metric ton
(2008 dollars). Average total operating costs for surface operations including taxes were estimated at $50.7.
Underground operations mining, milling, and total costs came down to an average of respectively $31.07, $32.37,
and $72.07. Only summary figures for energy and labor components were given per metric ton of cumulative
capacity. These were $38.5 and $18.0 in 2008 dollars for energy and labor costs respectively. Details on operating
cost figures from Fantel et al. (1988) can be found in Appendix F in table F.1. A comparison between mill feed
grade of phosphate rock deposits and mining, milling and total costs from this study is given in figure 8.2. Visual
inspection of the data does not yield any obvious pattern between ore grade and mining, milling, ore total costs.
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The amount of observations is quite small due to the aggregate level of data publication, at 18 considered to be
too few for a proper statistical analysis.

Figure 8.2 – Phosphate concentrate operating costs in surface producers, underground producers and surface
nonproducers. Datasource: Fantel et al. (1988).
World bank price data for Morocco from 1985 gives a Phosphate price level of 67 dollars per metric ton shown in
figure 8.3. Total production costs including capital, taxes and a 15% Internal rate of Return were 68 dollars per
metric tons according to Fantel et al. (1988) matching closely with price data. Moroccan phosphate prices have
significantly declined to a range between 47 and 57 dollars per metric ton between 1992 and 2006 until the recent
price spike. Price data is also available for the U.S. between 1992 and 2006, showing a lower price between 30 and
40 dollars per metric ton. Both price trends indicate that production costs must have declined significantly in the
1980s and probably stabilized in the 1990s until the recent price spike.

Figure 8.3 – Phosphate prices for Morocco and the U.S. Datasource in 2009 dollars: USGS & World Bank
Commodity price Data.
The second cost estimate for world phosphate mining was analyzed by in Marvasti (1996) who took a proprietary
dataset of 159 world phosphate mines. The dataset includes information on cost, reserve tonnage, ore grade,
waste rock to ore, type of mining operation, impurity, chloride content, reactivity/efficiency, relative phosphoric
acid filterability, rate of output, Infrastructure costs, transport costs, water availability, and calciumoxide (CaO) to
superphosphate (P2O5) ratio. These were put as independent variables in a general linear model of a cost function
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with cost as the dependent variable. The overall model was found to be significant with an R2 of 0.8 in an analysis
of variance. Specifically the independent variables rate of output, size of overburden, water availability, price of
capital, and ore to product ratio were significant at a 95% confidence level. A reduced model including only rate of
output, reserve size, wage rate, average grade, price of capital, and an added variable mining technology showed
that all of these independent variables were significant expect for wage rate. Based on these analyses the author
concludes that resource characteristics are most important in determining extraction costs, not the reserve size of
the deposit.

8.3 Summary
The two studies available on phosphorus cost developments give an indication of relevant factors that determine
phosphate rock mining costs. In addition to capital and labor input costs also energy input costs are of large
importance in determining the costs of phosphate (Fantel et al. 1988). Physical factors of importance are
overburden removed, water availability, efficiency of production including mining technology and output rates,
and the ore grade (Marvasti 1996). Available datasets only cover single time periods making it impossible to verify
or falsify how costs change due to physical and economic factors. Increasing the availability of data on cost
developments and physical and economic changes of phosphate mines should be a first priority for further study.
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9. RESULTS
The main aspect studied in this thesis is the effect of ore grades on required resource inputs and costs over time. In
this respect a hypothesis was formulated in Ch. 4:
The concentration of most ore minerals will decline rapidly in the next three decades due to depletion,
causing rising energy costs of extraction. The resulting cost increases of extracted elements will lead to a
significant growth drag on the global economy as some element uses in general no longer will be
affordable and more specifically, elements critical to industrial society’s infrastructure such as copper and
phosphate increase in costs. As this effect occurs on a more widespread basis for many elements, the
compounding effects pose a serious limiting barrier to the technological development of suitable cheaper
alternative materials.
To test the hypothesis four resources were investigated, copper, iron ore, phosphate, and tungsten. For only one,
copper, sufficient data and research was found to be available in the public domain to analyze the effect of ore
grade on input requirements. The hypothesis could not be tested in general because of this lack in data availability.
In Ch. 5 copper, a trace element, was analyzed. I found a strong link for copper between ore grades and energy
inputs of mining and milling. Energy inputs were found to rise as ore grades decline, doubling each time when ore
grade drops by half. For example when ore grades decline from 2% to 1% energy costs double in size. Energy
inputs of refining copper did not yield a relation with ore grades as copper has a common starting concentration at
this stage of processing.
The energy costs to ore grade information was combined with the tonnage‐grade distribution of known copper
deposits, the tonnage‐grade distribution of copper in common rock, and a copper consumption scenario, enabling
forecasting of future ore grade developments and corresponding costs. The consumption scenario was made on
the basis of a relation I found between GDP and copper consumption. In extrapolating 2% GDP growth, copper
consumption to 2100 was projected. The results show that ore grades of known deposits will drop from currently
0.8% to 0.5% around 2030 and 0.2% by 2050. After 2050 the mineralogical barrier is crossed resulting in a steep
hundred fold increase in energy costs as mining is confined to common rock. The discovery of deposits deeper in
the earth’s crust with higher ore grades than the current average of 0.8% could potentially stall this development.
Also I examined the relation between labor and capital inputs and ore grades for copper which was not found to
be significant. An explanation could be variance in productivity in different regions that has a stronger effect at
present ore grade levels, or economy of scale effects that compensate increasing costs at lower ore grades.
Only partial analyses based on literature or incomplete datasets could be made for the other elements studied. In
Ch. 6. iron ore, a common element, it was shown that the grade level differs significantly between the type of
mined deposits ranging from 30% to 66% iron concentration. The most commonly extracted deposits today are still
of high grade because of which the costs of mining and milling up to pelletized iron ore is mainly borne by capital
and labor costs. In case of further processing to steel, energy costs start to play a significant role, while labor costs
become less important. However, the energy consumption of steel production has and is still declining each year
due to technological process. In case that future extraction requires exploitation of deposit types with lower iron
ore grade levels energy costs will play a more significant role.
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The analysis of tungsten, a trace element, in Ch. 7 showed that lack of data limits study of the element for
purposes of determining cost developments of mining, because of which study of the scarcity of tungsten is only
possible on a reserve basis.
In examining the obtained overall cost data for phosphorus in Ch. 8 I did not find an clear pattern between ore
grade and mining, milling or total costs. The obtained 18 data points were considered too few for a proper
statistical analysis because the distribution cannot be properly tested.
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10. CONCLUSIONS AND RECOMMENDATIONS
The study of mineral scarcity is important because our material wealth is based on the extraction of minerals and
processing them for the use of a wide variety of products. To understand mineral scarcity answers need to be
found to the general question posed in the introduction:
For how long, at what scale, and at what cost humanity can continue to extract minerals, process them
into intermediary industrial inputs, consume resulting products and dispose of them without recycling?
It is argued in this thesis, Ch. 2, that this question can only be answered by looking at the relation between physical
characteristics of the resource base and costs of extraction and processing. Especially important in terms of
physical characteristics are the ore grade of the mineral, the depth of mining, and the surface location at which
mining takes place because of costs of required infrastructure. Scarcity indicators looking at only reserves are
insufficient. This as the interpretation of reserves is subjective as data on individual deposits and undiscovered
potential is inadequate because of which the range of potential reserves is too large. Traditional economic
explorations of theoretical price developments are not useful for understanding long term cost and price
developments as they do not comprehensively incorporate physical characteristics. Also both the reserve and
economic approaches taken omit the aspect of energy costs of mining and processing minerals. The lower quality
of minerals that need to be processed as depletion continues requires increasingly more energy. Because of its
non substitutability this makes energy the ultimate limiting factor to mineral extraction.
To improve understanding of mineral scarcity a modelling approach which can be divided in five parts is described
in Ch. 4 of this thesis. First, studying the geochemical composition of the earth’s crust, and the distribution of
minerals in terms of ore grades, depth, and location. Second, an understanding of the processes of mining, milling,
and refining, and the required inputs for these processes. Third, how physical characteristics of resources,
technological change, and economies of scale affect required inputs over time. Fourth, how changes in required
inputs over time affect costs of extraction and processing a resource. Finally, the interaction between costs,
consumption, production, and the resulting prices and the implications for scarcity of a resource.
Regarding the modelling framework in Ch. 5 the aspect of distribution of ore grades and its effects on costs of
labor, capital, and energy was analysed for copper. The analysis found a significant increase in energy costs as ore
grades decline, which can potentially create a growth drag on infrastructure expansion unless suitable alternatives
are found and implemented. This development can potentially be stalled for a long time by the discovery of deeper
copper deposits. Geological modeling indicates that there are significant potential copper resources in the first few
kilometres of the earth’s continental crust, much larger than present known reserves. It is unknown at present
whether these resources would also be available economically when discovered as modern cost analyses based on
depth have not been conducted.
Based on these results a number of recommendations can be made. The goal of these would be to improve
insights from economics in mineral scarcity to better aid policies in business and governments towards managing
non‐renewable resources. The foremost hurdle is the lack of available data from mining companies in the public
domain on costs and inputs in resource extraction and processing. To enable the type of analysis proposed in Ch. 4
available data from studies conducted needs to be found and bundled into an accessible source. More data need
to be obtained via mining companies and put into the public domain for analysis. The second hurdle is a lack of
understanding of the relations of the modeling framework proposed or variants thereof which can be analyzed via
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theoretical assumptions tested via such data. The interactions between physical characteristics of resources and
costs need to be studied in more detail. Of special importance in these are energy costs next to labor and capital.
Finally from the modeling side it is recommended to create multiple scenarios of potential available resources,
because of inherent uncertainties in modelling, and attempt to narrow these uncertainties down over time.
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APPENDIX A – DERIVATION OF GRADE‐TONNAGE RELATION FROM GERST (2008)
The standard log normal function is used as a the functional form for the distribution:
(AA.1)

√

exp

With η as the mean, σ the variance of the distribution, and x the variable of interest. Rewritten by replacing the
unidentified variable x with the variable g of ore grade including the mean and variance of the logarithm as a
function of ore grade:
(AA.2)

√

exp

To create a function which has tonnage as a dependent variable and grades as independent the function needs to
be scaled by the total Mineral content

of all deposits.

(AA.3)

√

exp

The derivation of which is based on the integral from the lognormal probability distribution being equal to one.
The mean and variance of the ore grade expressed in (2) need to be weighed to take into account the log shaped
distribution which is done by a standard statistical operator

, and the fact that the

mean equals the first moment
and the variance equals the second moment
Resulting in the weighed mean and variance:

̂

log

(AA.4)
(AA.5)

log

log

log

log

log

log

log

around the mean.

̂
̂

Calculating the functions under the integral pertains to residuals in the complex plane. Converting back to real
numbers yields:
(AA.6)

(AA.7)

̂

∑
∑
∑

̂

∑

Including the derivations in weighed equivalent of function AA.3 results in the grade‐tonnage distribution function:
(AA.8)

√

exp
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APPENDIX B – JARQUE‐BERA AND LILLIEFORS TEST STATISTICS
The Jarque‐Bera test is a goodness‐of‐fit measure to test departure from normality. The test looks at the kurtosis
(measure of peakedness of a probability distribution) and skewness (asymmetry of the probability distribution) of
the sample of the total population. The test statistic is:
(AB.1)
With n as the sample size, s a measure of distribution skewness, and K a measure of distribution kurtosis. The test
statistic is measured as an asymptotic chi‐square distribution with two degrees of freedom. Tested via a null
hypothesis that the data has a normal distribution with zero skewness and the excess kurtosis from normal also
being zero. Hence the higher the test statistic the larger the deviation from normal. The critical value of the test is
5.9915 at a significance of 5 percent.
The lilliefors test is an adaptation of the more common Kolmogorov‐Smirnov test. The test procedure entails
estimating the population mean and variance from the data. Estimating the discrepancy between the distribution
function acquired from the data and the cumulative distribution function of the normal distribution. And testing
whether this discrepancy is statistically significant requiring a rejection of the null hypothesis. The test statistic of
the Lilliefors test is the same as the Kolmogorov‐Smirnov test:
(AB.2)

max |

|

With KS as the kolmogorov‐Smirnov test statistic, SCDF as the estimated cumulative distribution function, and CDF
as the normal cumulative distribution function. The difference between Lilliefors and Kolmogorov‐Smirnov is that
the distribution of the test statistic when the null‐hypothesis is true does not need to be completely specified. In
Kolmogorov‐Smirnov this is required.
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APPENDIX C – COPPER COST DATA
Table C.1 – Gross operating costs in 2008 US dollars per kilogram of cathode copper.
1986
1986
1986
1986
1986
1986
1986
1986
1986
1986
1986
1986
1997
1998
1999
2000
2001
2002
2003
2004
2005
2006
2007
2008
2009
2001
2002

Chile
Peru
Zambia
Australia
Mexico
US
PNG
Indonesia
S. Africa
Zaire
Canada
Philippines
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile
Chile

Gross Operating Costs US$/kg cathode copper
1.56 2003 Chile
1.77 2004 Chile
2.07 2005 Chile
2.29 2006 Chile
Mexicana del Cobre
2.46 2007 Chile
AVERAGE
2.76 2008 Chile
2.89 2009 Chile
Freeport McMoran
2.89 1998 Chile
Rio Tinto & Newmont
3.33 1999 Chile
Gecamines
3.33 2000 Chile
3.72 2001 Chile
Atlas
3.80 2002 Chile
Antofagasta
1.98 2003 Chile
Antofagasta
1.66 2004 Chile
Antofagasta
1.58 2005 Chile
Antofagasta
1.65 2006 Chile
Antofagasta
1.73 2007 Chile
Antofagasta
1.62 2008 Chile
Antofagasta
1.80 2009 Chile
Antofagasta
2.15 2007 US
Antofagasta
2.89 2008 US
Antofagasta
2.98 2009 US
Antofagasta
3.28 2007 Indonesia
Antofagasta
4.21 2008 Indonesia
Antofagasta
3.47 2009 Indonesia
Antofagasta
1.06 2009 Australia
Antofagasta
1.08
CODELCO
SCC
ZCCM

Antofagasta
Antofagasta
Antofagasta
Antofagasta
Antofagasta
Antofagasta
Antofagasta
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
CODELCO
Freeport‐McMoran
Freeport‐McMoran
Freeport‐McMoran
Freeport‐McMoran
Freeport‐McMoran
Freeport‐McMoran
Xstrata

1.09
1.32
1.61
1.85
2.51
3.19
2.72
2.08
1.82
1.90
1.75
1.83
1.99
2.14
2.47
2.81
3.34
4.01
3.48
3.09
3.79
2.73
2.68
3.02
1.79
1.74

Table C.2 – Total production costs in 2008 US dollars per kilogram of cathode copper.
Total production costs US$/kg cathode copper
1998

Chile

CODELCO

2.03

1984

Canada

2.56

1999

Chile

CODELCO

1.72

1984

Philippines

2.53

2000

Chile

CODELCO

1.80

1985

PNG

1.90

2001

Chile

CODELCO

1.65

1985

Indonesia

2.19

2002

Chile

CODELCO

1.73

1985

Chile

1.86

2003

Chile

CODELCO

1.90

1985

Peru

1.82

2004

Chile

CODELCO

2.04

1985

Zaire

1.75

2005

Chile

CODELCO

2.38

1985

Zambia

2.46

2006

Chile

CODELCO

2.72

1985

Mexico

3.50

2007

Chile

CODELCO

3.26

1985

Australia

2.29

2008

Chile

CODELCO

3.92

1985

South Africa

1.26

2009

Chile

CODELCO

3.48

1985

United States

2.88

1975

PNG

2.10

1985

Canada

1.86

1975

Indonesia

3.13

1985

Philippines

3.79

1975

Chile

4.16

1986

PNG

2.46
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1975

Peru

4.50

1986

Indonesia

1.75

1975

Zaire

4.86

1986

Chile

1.93

1975

Zambia

5.43

1986

Peru

2.69

1975

Mexico

2.41

1986

Zaire

1.98

1975

Australia

3.38

1986

Zambia

2.10

1975

South Africa

3.64

1986

Mexico

3.71

1975

United States

5.43

1986

Australia

1.81

1975

Canada

2.50

1986

South Africa

1.70

1975

Philippines

3.36

1986

United States

2.61

1980

PNG

1.03

1986

Canada

2.46

1980

Indonesia

1.92

1986

Philippines

3.37

1980

Chile

3.26

1981

Chile

3.66

1980

Peru

2.37

1981

Peru

3.55

1980

Zaire

2.94

1981

Zaire

3.24

1980

Zambia

4.85

1981

Zambia

4.39

1980

Mexico

2.42

1981

Australia

4.13

1980

Australia

1.59

1981

United States

4.49

1980

South Africa

2.46

1981

Canada

3.55

1980

United States

4.22

2003

South Africa

Rio Tinto

2.36

1980

Philippines

3.30

2004

South Africa

Rio Tinto

3.46

1984

PNG

1.48

2005

South Africa

Rio Tinto

3.04

1984

Indonesia

2.10

2006

South Africa

Rio Tinto

3.26

1984

Chile

2.23

2007

South Africa

Rio Tinto

2.99

1984

Peru

2.59

2008

South Africa

Rio Tinto

2.93

1984

Zaire

2.06

2007

US

Freeport‐McMoran

4.77

1984

Zambia

3.01

2008

US

Freeport‐McMoran

5.88

1984

Mexico

1.73

2009

US

Freeport‐McMoran

3.44

1984

Australia

2.91

2007

Indonesia

Freeport‐McMoran

3.03

1984

South Africa

2.08

2008

Indonesia

Freeport‐McMoran

3.37

1984

United States

3.56

2009

Indonesia

Freeport‐McMoran

2.07

Table C.3 – comparison of Labor hours and ore grades for concentrate and cathode copper production.
Concentrate
produced
(tons)

Cat.
Copper
produced
(tons)

Ore
grade

employees
+
contractors

Labor
hours

Labor
hours/ton
Cathode
copper

Year

Mine/Company

1991

Grasberg

211700

1.77%

3746

8461126

40

1992

Grasberg

280820

1.59%

4453

10059144

36

1993

Grasberg

298650

1.57%

4422

9990152

33

1994

Grasberg

322190

1.51%

4888

11040926

34

1995

Grasberg

443620

1.32%

5527

12484542

28

1996

Grasberg

526000

1.35%

5586

12618438

24

1997

Grasberg

548300

1.37%

5376

12145032

22

1998

Grasberg

809100

1.30%

6257

14134615

17

1999

Grasberg

766500

1.12%

6864

15505726

20

2000

Grasberg

769300

1.07%

6770

15292379

20

2001

Grasberg

749400

1.00%

6783

15322189

20

2002

Grasberg

864400

1.14%

7506

16955205

20

Labor
hours/ton
concentrate
copper
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2003

Grasberg

715800

1.09%

7349

16601254

23

2004

Grasberg

516400

0.87%

7080

15994621

31

2005

Grasberg

793900

1.13%

7491

16922211

21

2006

Grasberg

610800

0.85%

7631

17238095

28

2007

Grasberg

569400

0.82%

7832

17692385

31

2008

Grasberg

521300

0.83%

7968

17999330

35

1995

Codelco

1049763

1.13%

33386

75418974

72

1996

Codelco

1120040

1.16%

35298

79738182

71

1997

Codelco

1230750

1.15%

39532

89302788

73

1998

Codelco

1374326

1.06%

34160

77167440

56

1999

Codelco

1453770

1.05%

30159

68129181

47

2000

Codelco

1402440

1.02%

33545

75778155

54

2001

Codelco

1478130

0.97%

36339

82089801

56

2002

Codelco

1418100

0.91%

43497

98259723

69

2003

Codelco

1456380

0.92%

43529

98332011

68

2004

Codelco

1600800

0.94%

45390

102536010

64

2005

Codelco

1557073

0.90%

50721

114578739

74

2006

Codelco

1533413

0.95%

47642

107623278

70

2007

Codelco

1465200

0.88%

61500

138928500

95

2008

Codelco

1408680

0.79%

58098

131243382

93

2009

Codelco

1603800

0.83%

66517

150261903

94

2005

Escondida

143900

1.60%

4682

10576638

73

2007

Escondida

238400

1.72%

6109

13800231

58

2008

Escondida

257500

1.35%

7497

16935723

66

2003

Kennecott (100% Rio Tinto)

230600

0.67%

2006

4531554

20

2004

Kennecott (100% Rio Tinto)

246700

0.63%

2049

4628691

19

2005

Kennecott (100% Rio Tinto)

232000

0.53%

2171

4904289

21

2006

Kennecott (100% Rio Tinto)

217900

0.63%

2544

5746896

26

2007

Kennecott (100% Rio Tinto)

265600

0.53%

3054

6898986

26

2008

Kennecott (100% Rio Tinto)

200600

0.58%

3215

7262685

36

2009

Kennecott (100% Rio Tinto)

274200

0.53%

3278

7405002

27

2003

Palabora (55.7% Rio Tinto)

73400

0.59%

3668

8285704

113

2004

Palabora (55.7% Rio Tinto)

67545

0.74%

3113

7032506

104

2005

Palabora (55.7% Rio Tinto)

80319

0.72%

3224

7283957

91

2006

Palabora (55.7% Rio Tinto)

81163

0.71%

3251

7344792

90

2007

Palabora (55.7% Rio Tinto)

91700

0.70%

2072

4680648

51

2008

Palabora (55.7% Rio Tinto)

75895

0.69%

3799

8581767

113

2009

Palabora (55.7% Rio Tinto)

69400

0.65%

3645

8232980

119

2005

Northparkes (80% Rio Tinto)

54000

1.12%

500

1129500

21

2006

Northparkes (80% Rio Tinto)

83300

1.53%

500

1129500

14

2007

Northparkes (80% Rio Tinto)

43100

0.91%

880

1987920

46

2008

Northparkes (80% Rio Tinto)

24800

0.90%

880

1986791

80

2009

Northparkes (80% Rio Tinto)

34300

0.85%

530

1196141

35

2007

Neves Corvo (Lundin Mines)

90182

4.80%

903

2039877

23

2008

Neves Corvo (Lundin Mines)

89026

4.30%

943

2130237

24

2009

Neves Corvo (Lundin Mines)

86462

3.90%

910

2055690

24

2007

AquaBlanca (Lundin Mines)

6281

0.40%

368

831312

132

2008

AquaBlanca (Lundin Mines)

7071

0.40%

363

820017

116

2009

AquaBlanca (Lundin Mines)

6989

0.40%

362

817758

117

80

Table C.4 – comparison of capital stock and ore grades for concentrate and cathode copper production.
Cat.
Copper
produced
(tons)

Capital
stock
million
dollars

Capital
stock/ton
Cathode
copper

1.13%

793900

4618

5817

0.85%

610800

4112

6732

Grasberg

0.82%

569400

3737

6563

2008

Grasberg

0.83%

521300

4420

8479

2003

Kennecott (100% Rio Tinto)

0.67%

230600

1277

5538

2004

Kennecott (100% Rio Tinto)

0.63%

246700

1256

5091

2005

Kennecott (100% Rio Tinto)

0.53%

232000

1284

5534

2006

Kennecott (100% Rio Tinto)

0.63%

217900

1428

6553

2007

Kennecott (100% Rio Tinto)

0.53%

265600

1459

5493

2008

Kennecott (100% Rio Tinto)

0.58%

200600

1529

7622

2003

Palabora (57.7% Rio Tinto)

0.59%

73400

475

6471

2004

Palabora (57.7% Rio Tinto)

0.74%

67545

464

6869

2005

Palabora (57.7% Rio Tinto)

0.72%

80319

449

5590

2006

Palabora (57.7% Rio Tinto)

0.71%

81163

427

5261

2007

Palabora (57.7% Rio Tinto)

0.70%

91700

413

4504

2008

Palabora (57.7% Rio Tinto)

0.69%

75895

396

5218

2009

Palabora (57.7% Rio Tinto)

0.65%

69400

345

4971

2005

Northparkes (80% Rio Tinto)

1.12%

54000

131

2426

2006

Northparkes (80% Rio Tinto)

1.53%

83300

99

1188

2007

Northparkes (80% Rio Tinto)

0.91%

43100

132

3063

2008

Northparkes (80% Rio Tinto)

0.90%

24800

222

8952

2009

Northparkes (80% Rio Tinto)

0.85%

34300

224

6531

2008

Neves Corvo (Lundin Mines)

4.30%

89026

1111

12477

2009

Neves Corvo (Lundin Mines)

3.90%

86462

1044

12075

2008

AquaBlanca (Lundin Mines)

0.40%

7071

128

18100

2009

AquaBlanca (Lundin Mines)

0.40%

6989

68

9775

Year

Mine/Company

Ore
grade

2005

Grasberg

2006

Grasberg

2007

Concentrate
produced
(tons)

Capital
stock/ton
Concentrate
copper

Table C.5 – comparison of Mining and Milling energy costs for different ore grades from academic literature.
Author

Date

Mining & Milling Technology

Bravard et al.
Marsden
Marsden
Marsden
Marsden
Pitt & Wadsworth
Marsden
Marsden
Marsden
Marsden
Bravard et al.
Marsden
Marsden
Marsden
Marsden

1972
2008
2008
2008
2008
1980
2008
2008
2008
2008
1972
2008
2008
2008
2008

Crushing, Grinding, Flotation
SAG & Ball Milling, Flotation
HPGR, Ball Milling, Flotation
SAG & Ball Milling, Flotation
HPGR, Ball Milling, Flotation
SAG & Ball Milling, Flotation
HPGR, Ball Milling, Flotation
SAG & Ball Milling, Flotation
HPGR, Ball Milling, Flotation
Crushing, Grinding, Flotation
SAG & Ball Milling, Flotation
HPGR, Ball Milling, Flotation
SAG & Ball Milling, Flotation
HPGR, Ball Milling, Flotation

Ore grade
1.00%
1.00%
1.00%
0.75%
0.75%
0.55%
0.50%
0.50%
0.38%
0.38%
0.30%
0.25%
0.25%
0.13%
0.13%

Mining

Milling
MJ / kg
6.27
6.18
8.37
8.24
18.96
12.55
12.36
16.73
16.48

13.51
13.31
18.02
17.75
42.7
27.04
26.62
36.05
35.49

25.1
24.72
50.2
49.44

54.07
53.25
108.14
106.49

Total
17.34
19.79
19.49
26.39
25.99
61.66
39.59
38.98
52.78
51.97
57.55
79.17
77.96
158.34
155.92
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Table C.6 – comparison of mining and milling energy costs per ore grade from corporate publications.
Company
Lundin Mining
Lundin Mining
Lundin Mining
Escondida
Escondida
Escondida
Escondida
Rio Tinto
Xstrata
Escondida
Escondida
Rio Tinto
Rio Tinto
Rio Tinto
Antofagasta
Antofagasta
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC
SCC

Date
2007
2008
2009
2007
2006
2004
2005
2006
2009
2003
2008
2007
2008
2009
2008
2007
2004
2004
2005
2005
2006
2007
2008
2006
2007
2008
2004
2005
2007
2008

Country
Portugal
Portugal
Portugal
Chile
Chile
Chile
Chile
Australia
Australia
Chile
Chile
Australia
Australia
Australia
Chile
Chile
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Peru
Mexico
Mexico
Mexico
Mexico

Mine

Technology

Prominent Hill

Los Pelambres
Los Pelambres
Toquepala
Cuajone
Toquepala
Cuajone
Cuajone
Cuajone
Cuajone
Toquepala
Toquepala
Toquepala
Le Caridad
Le Caridad
Le Caridad
Le Caridad

Ore grade
4.80%
4.30%
3.90%
1.72%
1.62%
1.60%
1.60%
1.53%
1.52%
1.48%
1.35%
0.91%
0.90%
0.85%
0.76%
0.71%
0.65%
0.60%
0.58%
0.56%
0.52%
0.52%
0.52%
0.49%
0.44%
0.44%
0.32%
0.32%
0.23%
0.22%

Mining & Milling (MJ/kg)
9.18
9.71
9.74
9.75
10.06
9.68
9.41
4.15
21.3
10.3
12.1
7.03
14.19
10.74
15.78
17.99
26.69
20.31
29.67
25.52
26.93
26.5
22.61
27.19
30.48
38.47
68.65
57.54
89.33
80.65

Table C.7 – comparison of refining/smelting and SX/EW energy costs from academic literature
Author
Bravard et al.
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Pitt & Wadsworth
Marsden

Date
1972
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
1980
2008

Refining Technology
Conventional Smelting
Conventional Smelting (Green)
Conventional Smelting (Calcine)
Electric Furnace Smelting
Noranda Continuous Smelting
Outokumpu Flash Smelting
INCO Flash Smelting
Noranda Continuous Smelting
Mitsubishi Continuous Smelting and Converting
Oxy‐Fuel Reverberatory Smelting
Top Blown Rotary Converter Smelting
Queneau‐Schuhmann Continuous Smelting
Oxygen Sprinkle Smelting
Amax Dead Roast Blast Furnace Smelting
Segregation Process
Thermo‐Electron Chlorination Process
Roast leach Electrowin
Cyrnet Ferric Chloride Leach
Roast/Sulfite Reduction
Electroslurry ‐ Envirotech
U of U/MM Ferric Sulfate Acid Leach
Sherrit Cominco
Arbiter Ammonia Leach
Nitric Sulfuric Acid Leach
Smelting

Smelting & Refining (MJ/kg)
31.37
35.26
31.01
43.10
24.07
18.98
21.31
24.07
19.82
82.86
23.63
22.70
22.50
21.14
21.09
20.26

SX/EW (MJ/kg)

30.54
31.01
23.71
39.73
49.59
48.27
62.23
74.67
17.29
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Marsden
Marsden

2008
2008

HT Concentrate Leaching, SX, EW
MT Concentrate Leaching, DEW, SX

13.98
11.41

Table C.8 – comparison of refining/smelting and SX/EW energy costs calculated from corporate publications.
Company

Date

Country

Escondida
Escondida
Escondida
Escondida
Escondida
Escondida
SCC
SCC
SCC
SCC
SCC
Sterlite
Sterlite
SCC
SCC
SCC
SCC

2003
2004
2005
2006
2007
2008
2004
2005
2006
2007
2008
2007
2008
2004
2005
2007
2008

Chile
Chile
Chile
Chile
Chile
Chile
Peru
Peru
Peru
Peru
Peru
India
India
Mexico
Mexico
Mexico
Mexico

Refining Technology

Smelting & Refining
(MJ/kg)
14.88
12.92
12.53
12.28
12.40
15.96
11.77
9.61
10.49
17.90
15.24
9.51
9.60
9.56
11.78
15.31
17.91

SX/EW
(MJ/kg)
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APPENDIX D – MINING MODEL FROM PITT & WADSWORTH (1980)
The energy costs of mining were split up in five different process stages in the model
1) Drilling – The published data as per table 14 for four large copper mines was used to calculate a figure of 904
British thermal unit (Btu) or 1.051 megajoules (MJ) per short ton of broken rock produced. Data was derived from
the Engineering and Mining Journal in the June 1977 edition.
Table D.1 – tons mined per day and energy equivalent in MJ per day for four Arizonan copper mines from Pitt &
Wadsworth (1980).
Mine
Short tons Mined Per Day
Energy Equivalent BTU/day
A
190.000
197,149,800
B
135.000
96,915,620
C
256.000
246,434,750
D
107.400
81,639,720

The figure converted into model terms resulted in an assumed average energy consumption of 0.676 MJ per
kilogram of cathode copper produced.
2) Blasting – The explosive agent ANFO which was typically used in open pit mines at the time was used. This has a
mixture of 94.5% ammonium nitrate and 5.5% fuel oil. It was estimated that the energy value of ammonium
nitrate is 30 million Btu per short ton and that with 0.27 pounds of ANFO a ton of rock can be blasted. The blasting
energy costs was calculated as:
(AD.1)
With Be as blasting energy, Bf a factor denoting the amount of explosive agent required to blast a ton of rock, Ee the
energy contained in a pound of blasting agent, and TT the total amount of rocks blasted. The calculations led to a
value of 3.895 million Btu per short ton or 3.91 MJ per kg of cathode copper produced.
3) Loading – To calculate loading a power utilization factor of 0.6 kWh per bank cubic yard 12 of copper loaded was
assumed at a density of 4500 pounds per bank cubic yard. The function utilized was:
(AD.2)
With Eb as blasting energy, TT the total amount of rocks blasted, a factor denoting copper density per bank cubic
yard, and
the amount of cathode copper produced. The calculation yielded a value of 1.849 * 10^6 million Btu
per short ton of cathode copper or 1.85 MJ per kg of copper cathode. By taking three times the conversion factor
for kWh to Btu, however, a threefold overestimate of the loading value in the study was made. The corrected
loading value of the study hence is 0.62 MJ per kg of copper cathode.
4) Hauling – The hauling costs were calculated for hauling rock via dump trucks ranging in capacity from 30 to 250
tons as well as continuous conveyor belt systems. The calculation involves estimating the number of effective feet
12

Bank material refers to soil or rock in place before excavation. A bank cubic yard is equal to 27 cubic feet of earth
in situ.
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at which the total mining tonnage has to be moved (TELF) and multiplying this with a factor of energy cost per
TELF. The calculation of the TELF was conducted for four parts of the mining operation, stripping transport in mine,
ore transport in mine, surface transport to dumps, and surface transport to primary crushers. These figures were
summed up to obtain total TELF. The general formula used was:
(AD.3)
With Dm as distance moved in TELF, T as tons moved, Sd the length of distance moved either on the surface or in
the mine, G the incline or grade level assumed, Tcc the total tons of cathode copper produced and Eu the energy
utilization in terms of energy per TELF. The factor (2 + G) came from assuming 40 pounds per ton rolling resistance
and for gravity resistance in pounds per ton as 20 times the incline or grade level which was 6 percent in the mine
example taken. Dividing the formula (40 + 20 * G) leads to (2 + G). The original value from the study calculated was
4.42 * 10^ 12 TELF which when using 0.2963 Btu/TELF led to 13 million Btu of energy consumed in hauling per
short ton of Cathode copper. Equivalent to 13.18 MJ per kg of cathode copper produced
5) Ancillary – The ancillary operations included were additional mobile equipment, dewater, reclamation, and
restoring vegetation costs. These were estimated to total 0.64 million Btu per ton Cu or 0.64 MJ per kilogram of
copper.
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APPENDIX E – STATISTICAL OUTPUT
1) Inverse model of labor costs to produce cathode copper versus ore grade

Model Summary and Parameter Estimates
Dependent Variable: Hours_per_ton
Equation
Inverse

R Square
.005

Model Summary
F
df1
.223
1

df2
48

Sig.
.639

Parameter Estimates
Constant
b1
45.410
5.891

The independent variable is ore_grade.

One-Sample Kolmogorov-Smirnov Test

N
Normal Parameters a,b
Most Extreme
Differences

Mean
Std. Deviation
Absolute
Positive
Negative

Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)

ore_grade
54
1.0128
.31820
.105
.105
-.071
.774
.588

Hours_per_
ton
54
73.8148
54.14030
.169
.153
-.169
1.244
.091

a. Test distribution is Normal.
b. Calculated from data.
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2) Inverse model of energy costs to concentrate copper versus ore grade

Model Summary and Parameter Estimates
Dependent Variable: Energy_cost

Equation
Inverse

R Square
.956

Model Summary
F
df1
625.082
1

df2
29

Sig.
.000

Parameter
Estimates
b1
17.045

The independent variable is Ore_grade.

One-Sample Kolmogorov-Smirnov Test
N
Normal Parameters a,b
Most Extreme
Differences

Mean
Std. Deviation
Absolute
Positive
Negative

Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)

Energy_cost
30
25.0550
21.76114
.235
.235
-.170
1.287
.073

Ore_grade
30
1.1984
1.16905
.231
.231
-.202
1.264
.082

a. Test distribution is Normal.
b. Calculated from data.
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3) Linear regression model of copper consumption as independent and world GDP as dependent
variable

Model Summaryb
Model
1

R
R Square
.920a
.847

Adjusted
R Square
.843

Std. Error of
the Estimate
1192413.43

a. Predictors: (Constant), GDP
b. Dependent Variable: Copper

Coefficientsa

Model
1

(Constant)
GDP

Unstandardized
Coefficients
B
Std. Error
309358.1
689904.0
271.425
18.942

Standardized
Coefficients
Beta
.920

t
.448
14.330

Sig.
.656
.000

a. Dependent Variable: Copper
One-Sample Kolmogorov-Smirnov Test
GDP
N
Normal Parameters a,b
Most Extreme
Differences

Mean
Std. Deviation
Absolute
Positive
Negative

Kolmogorov-Smirnov Z
Asymp. Sig. (2-tailed)

39
35000.02
10212.19
.096
.096
-.068
.601
.863

Copper
39
9809231
3011236
.182
.182
-.101
1.136
.151

a. Test distribution is Normal.
b. Calculated from data.
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APPENDIX F – PHOSPHATE OPERATING COSTS IN DOLLARS FROM FANTEL ET AL. (1988)
Table F.1 ‐ operating costs for a number of regions. Costs for Oceania were re‐allocated to Surface producers different from the summary table in Fantel et al.
(1988) as these were wrongly tabulated as underground producers. Costs were translated from 1985 dollars to 2008 dollars using the US CPI.
Operating costs (2008 dollars)
Continent

Country

Region

Status

Type of
operation

North America
North America
South America
North Africa
North Africa
West Africa
Middle East
Middle East
Oceania
North Africa
North Africa
Middle East
North America
North America
South America
North Africa
North Africa
Middle East

United States
United States
Brazil
Algeria and Tunisia
Morocco and Western Sahara
Senegal and Togo
Egypt, Israel and Jordan
Iraq and Syria
Christmas Island and Nauru
Morocco and Western Sahara
Tunisia
Egypt
United States
United States
Brazil, Peru, and Venezuela
Algeria and Tunisia
Morocco and Western Sahara
Egypt, Israel and Jordan

Florida, North Carolina
Idaho

Producers
Producers
Producers
Producers
Producers
Producers
Producers
Producers
Producers
Producers
Producers
Producers
Nonproducers
Nonproducers
Nonproducers
Nonproducers
Nonproducers
Nonproducers

Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Surface
Underground
Underground
Underground
Surface
Surface
Surface
Surface
Surface
Surface

Oceania

Australia

North America

United States

Florida, North Carolina
Idaho, Utah, Wyoming

Montana, Utah, Wyoming

Average feed
grade

Mine

Mill

Transport

Total

W
W
9.03%
24.92%
26.20%
27.46%
28.47%
23.49%
36.24%
28.37%
24.33%
14.19%
5.04%
22.23%
9.50%
20.91%
25.58%
25.79%

9.80
28.60
12.00
19.00
17.20
14.40
17.60
38.60
12.80
37.00
19.20
37.00
20.00
40.40
22.20
9.40
15.80
21.00

14.80
21.80
31.20
24.80
20.60
25.20
25.60
37.20
14.60
34.60
16.60
47.00
30.80
29.40
33.60
25.80
21.80
31.40

6.00
0.00
13.40
15.40
7.20
4.40
11.60
12.40
0.00
8.60
13.80
2.40
12.20
24.20
7.20
7.20
4.60
9.00

30.60
50.40
56.60
59.20
45.00
44.00
54.80
88.20
27.40
80.20
49.60
86.40
63.00
94.00
63.00
42.40
42.20
61.40

Nonproducers

Surface

17.19%

17.20

29.80

28.20

75.20

Nonproducers

Underground

20.50%

98.20

72.00

28.00

198.20
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