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Abstract
The concept of declining availability due to declining primary resource quality has been investigated for various resource
categories to try to determine the effort needed in future to either extract the resource or to treat it for intended use. The concept
of ‘future efforts’ due to declining primary resource quality is explored by Vieira et al. (2016, 2017). They suggest that a specific
burden associated with the production of each primarymaterial should be taken into account and that this can be done by studying
the costs of production or ore requirements of the material and by projecting forward likely costs into the future. For the purpose
of the analysis, they employ mine cost data for 2000–2013 and reserve data published by the US Geological Survey. We will
argue below that this approach is not correct and, with this comment, we wish tomake it clear that—contrary to what is suggested
in much of the Life Cycle Assessment literature—the future efforts concept is not an established rule of natural resource
extraction. For mineral resources, it is quite impossible to proceed with extraction in the ordered way that this approach suggests
because nobody has a comprehensive view of the entire natural resource. Secondly, there is no evidence available to support the
idea that extracting a mineral resource today causes a decrease in availability of that mineral tomorrow. On the contrary, the
weight of evidence suggests that where declines in ore grades have been observed, they are overwhelmingly due to technology
development in response to high demand and have been accompanied by increased mining efficiency and increased availability
of the resource to successive generations. Grade is a rather arbitrary measure since the grade of mined ore ultimately has to do
with the relationship of costs and revenues. It is not only the technology employed which matters but also how smartly this
technology is applied. Thirdly, the future efforts approach entirely overlooks the potential availability of mineral materials from
secondary (scrap) sources, sources which are expected to become increasingly important to mineral supply in the future. Our
conclusion from the discussion is that we as humans have been able to economically access ever-increasing amounts of material
from often lower and lower-grade sources. What is impossible to conclude from this is that the environment no longer contains
any of the higher-grade sources. In fact, all the available evidence suggests that higher-grade deposits are still out there. We
remain critical optimists.
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Introduction

The concept of declining availability due to declining primary
resource quality has been investigated for various resource
categories (Dewulf et al. 2015) to try to determine the effort
needed in future to either extract the resource (in the case of
minerals/metals and fossil fuels) or to treat it for intended use
(in the case, for example, of water and soil). This concept has
been picked up by the field of Life Cycle Assessment, which
seeks to quantify and aggregate environmental impacts poten-
tially arising from the complete set of processes occurring
over the whole life-cycle of a product or service.
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Sonderegger et al. (2017) describe ‘Type 3’or ‘future efforts’
methods of life-cycle impact assessment as a means of incor-
porating impacts on scarcity of mineral resources into life
cycle assessments (LCA). The relevant paragraphs are not
easy to follow but, stripped to its essentials, the argument
appears to be this: Mining imposes a burden on the earth, a
burden the authors define as future efforts. This burden is
increasing with time, and even if it is not, it might be reason-
able to assume that it is for the purpose of comparing potential
impacts of resource use ‘on a common scale’ in LCA.

For example, the concept of future efforts due to
declining primary resource quality is explored by
Vieira et al. (2016) and Vieira et al. (2017) in their
work. Vieira et al. (2016) relate current resource con-
sumption to potential consequences for future extraction
of resources—quantified in terms of a ‘surplus cost po-
tential’. Vieira et al. (2017) quantify the same potential
consequences in terms of a ‘surplus ore potential’. They
suggest that a specific burden associated with the pro-
duction of each primary material should be taken into
account and that this can be done by studying the costs
or ore requirements of production of the material and by
projecting forward likely costs or ore requirements into
the future. As the authors put it, their goal is ‘to assess
the increase in scarcity of resources extracted’ for use in
the product system under study. For the purpose of the
analysis, they employ mine cost data for 2000–2013 and
reserves data published by the US Geological Survey.

In so doing, they make a number of critical assumptions:

– That mines with lower operating costs are exploited first,
– That in the long run, the effort to extract resources will

increase due to declining quality of deposits,

– That ore grades tend to decrease with the increase of
metal extraction and that ore grades mined in the future
will therefore be lower, and/or

– That increased primary metal extraction results in an in-
crease in mining and milling costs and energy consump-
tion for subsequent (future) extraction.

We will argue that this approach is incorrect, and with this
Comment, we wish to make it clear that—contrary to what is
suggested in much of the Life Cycle Assessment literature
(Vieira et al. 2012; Goedkoop et al. 2013; Swart and Dewulf
2013; Sonderegger et al. 2017)—the future efforts concept is
not an established rule of natural resource extraction. For min-
eral resources, it is quite impossible to proceed with extraction
in the ordered way that this approach suggests because there is
no comprehensive view of the entire natural resource.
Secondly, there is no evidence available to support the idea
that extracting a mineral resource today causes a decrease in
availability of that mineral tomorrow. On the contrary, the
weight of evidence suggests that where declines in ore grades
have been observed they are overwhelmingly due to technol-
ogy development in response to high demand and have been
accompanied by increased mining efficiency and increased
availability of the resource to successive generations. Grade
is a rather arbitrary measure since the grade of mined ore
ultimately has to do with the relationship of costs and reve-
nues. It is not only the technology employed, which matters,
but also how smartly this technology is applied. The Swedish
copper mine Aitik, where mine life has been continuously
extended over a long period through the discovery of new
reserves, provides an interesting and persuasive clarifying
case study. See Fig. 1. Thirdly, the future efforts approach
entirely overlooks the potential availability of mineral

Fig. 1 Unit on the Y-axis kt
(thousand tonne). Source:
Boliden (Boliden, personal
communication with Gunnar
Agmalm, 2010)

112 Ericsson M. et al.



materials from secondary (scrap) sources, sources which are
expected to become increasingly important to mineral supply
in the future.

Our paper starts by looking at the theory of Harold
Hotelling, the concept of ‘ore’, the development of ore
grades, and the relat ion between ore grades and
environmental impact. Our critical assessment of the concept
of future efforts goes into details such as examples of ore
grade declines and increases, exploration performance,
supply responses and production costs, with particular
reference to Vieira et al. (2016) and Vieira et al. (2017) as
cases in point. Our data only deal with metallic ores, but there
is nothing to suggest that the conclusions are not valid also for
non-metallic ores.

The roots of the problem

Hotelling

Modern resource theory can be traced back to a seminal paper
published in 1931 by the US economist Harold Hotelling
(Hotelling 1931). In this paper, Hotelling investigated the eco-
nomic and geological factors that should guide decision-
making in relation to the optimal rate for mineral extraction.
Although Hotelling’s analysis focused on individual mines
and the depletion of those mines, it is clear from the paper that
the thinkingwas intended to havewider implications and there
is an explicit assumption that the best resources are exploited
first. There is also a strong inference that as costs will rise at a
mine as ores deplete so across the industry as a whole costs
can be expected to rise over time, and with them prices. While
undoubtedly a major contribution to resource analysis,
Hotelling’s assumption that the best deposits will be worked
first is flawed in as far as the best deposits are not necessarily
known, so the most that can be claimed is that the best
discovered resources are exploited first.1

Viera et al. (2016, 2017) and others (see Annex) appear to
follow Hotelling in their conviction that, broadly speaking,
society will use its best resources first and that the cost of
production must rise as the quality of the remaining resources
deteriorates and the economic cost of recovery (burden on the
earth) rises. They provide a ‘visualisation’ of this process
whereby the unit cost of producing copper rises as the tonnage
of copper metal extracted increases. Unfortunately, in advanc-
ing their proposition, these authors ignore a large amount of
historical evidence and economic research which has accumu-
lated over the years since Hotelling wrote his paper.

Wellmer and Scholz (2017) provide a short history of sim-
ilar misunderstandings, as well as fallacies surrounding the
Hubbert curve (Hubbert 1956), the inverted U-shaped produc-
tion curve of a commodity, which is often used as the basis for
claims that every peak in production is caused by geological
constraints.

Successive researchers have failed to find clear evidence
that the cost of extracting mineral resources increases over
time and indeed many have concluded quite the opposite,
namely that cost of production of many minerals has actually
declined.2

The reason for this is that the discoveries of new ore bodies
through exploration and improvements in recovery and pro-
cessing technologies have enabled the mining industry to off-
set the effects of mineral depletion by increases in productiv-
ity. It may also be the case that, for reason of ignorance about
what is actually available, best resources do not actually al-
ways get used first. Admittedly, one cannot presume that this
pattern will persist indefinitely, but, by the same token, one
cannot reasonably presume that it will not persist for as long as
human beings require mineral raw materials.

Life cycle assessment and environmental
mechanisms of impact

Ore grade as a proxy for environmental impacts

One of the foundations of the Type 3 (future efforts) LCIA
methods described by Sonderegger et al. (2017) is that there is
assumed to be a linear relationship between quantities of re-
sources extracted and irreversible environmental impact (e.g.
Bringezu 2015). This assumption is premised on the belief
that extracted quantities have to increase both because of in-
creasing demand for the end products and because of decreas-
ing ore grades and hence increasing volumes of ore will be
mined and waste rock produced. The International
Organisation for Standardisation (ISO) standard 14044 (ISO
14044 2006, p. 19) explains that LCA is intended to calculate
environmentally relevant impacts by associating them with
distinct identifiable environmental mechanisms. But, is there
a distinctly identifiable environmental mechanism which can

1 Provided the prevailing political situation permits mining investments.
https://www.unenvironment.org/resources/report/environmental-risks-and-
challenges-anthropogenic-metals-flows-and-cycles

2 For example, Barnett and Morse (1963), Scarcity and Growth: The
Economics of Natural Resource Availability, Baltimore: Johns Hopkins
University Press for Resources for the Future; Barnett (1979), ‘Scarcity and
Growth revisited’, In Scarcity and Growth Reconsidered, edited by V.K.
Smith. Baltimore: Johns Hopkins University Press for Resources for the
Future, pp.: 163–217; Crowson (2003), ‘Mine Size and the Structure of
Costs’, Resources Policy, Vol. 29 (1–2), pp.: 15–36; Howie (2002), ‘A
Study of Mineral: Analysing Long Term Behaviour and Testing for Non-
Competitive Markets’, Unpublished PhD dissertation, Colorado School of
Mines, Golden, CO.; Manthy (1978), Natural Resource Commodities: A
Century of Statistics, Resources for the Future, U.S.A.; Nordhaus (1974),
‘Resources as a Constraint on Growth’, American Economic Review, Vol.
64, No. 1, pp.: 22–26.
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be applied in this context? Understanding when ore grade
decline does occur and over what time span is difficult, many
other geological and management factors—ranging from the
amount of overburden requiring to be removed, the nature of
the mineralisation and the level of impurities acceptable to
customers—determine waste volumes and associated envi-
ronmental impacts. It is likely impossible to find some kind
of immutable law or relationship between present-day extrac-
tion and future condition of the resource—as is found in phys-
ics, biology, or chemistry (Northey et al. 2018).

Production costs as a measure of impacts

The paper ‘Surplus cost potential as a life cycle impact indi-
cator for metal extraction’ (Vieira et al. 2016) (see also Vieira
et al. 2017) is one recent attempt to develop a future efforts
method to find a measure of a metal’s relative scarcity. The
idea is to use projected increases in the average cost of recov-
ery of the metal studied. The authors also claim that the meth-
od might be used as a basis for policy formulation.

For a number of reasons discussed below, we are con-
vinced that this approach is not a passable route to understand
the problems outlined nor a credible basis for policy formula-
tion. There are several reasons in the real world why there is
no simple relationship between what is discovered, what is
mined and what is ultimately available (or depleted). To make
such an assessment would require an all-encompassing
knowledge of mineral deposits in the world, a level of knowl-
edge that is, both from a practical and philosophical point of
view, not possible to attain.

As Vieira et al. (2016) themselves indicate, the method has
serious limitations, but the paper’s conclusions suggest that
the authors believe that these limitations can either be over-
come or ignored. We want to point to a number of weaknesses
in the method proposed and the data used in the study. These
shortcomings are in our view so serious that it is not possible
to use the results of the study to obtain useful and/or accurate
data on scarcity of metals for use in an LCIA.3

There is no scientific way of predicting how metal mining
costs are going to develop in the future. Vieira et al. (2016)
simply assume that costs are going to increase based on evi-
dence from the period between 2000 and 2013. If a more long-
term approach is taken, the cost of production rather seems
more likely to have been trending downwards than upwards
(Barnett and Morse 1963; Tilton 2003; Tilton et al. 2018).
This is reflected in the long-term decline of metals prices over
the twentieth century. Why should this fact not be used as a
basis for estimating future production costs?

The connection between depletion and costs is not at all
certain and definitely not for the period 2000–2013. This

period covered the greatest commodities boom of recent times
and one which, unquestionably, saw high levels of cost infla-
tion associated with cyclical increases in labour, energy and
supplies. It is a well-known fact (Crowson 2011b) that at
higher prices, mining companies focus on production volumes
rather than costs as any new unit of production will yield
additional profits. Further, during such periods, mining com-
panies tend to use parts of their mines with lower grades in
order to extend the life of mine with material that would be
impossible to mine at lower prices. Since 2013, operating
costs of most mining operations around the world have fallen
steeply (SNL 2017). For these reasons, the cost increases from
2000 to 2013 are most probably not a depletion phenomenon.

The methods chosen by Vieira et al. (2016) and Vieira et al.
(2017) are based on industry costs of production and ore re-
quirements, respectively, which are hard to measure and col-
lect, and difficult to compare or project. In projecting costs or
ore requirements, what one is effectively doing is projecting
forward assumptions about how all the individual components
of mining costs will develop in the future, which is to say,
labour, energy and supplies as well as the residual impacts
of depletion and technology. No one is that smart. It is for this
reason that analysts of long-term cost trends have often
resorted to the use of long-term prices on the not unreasonable
basis that in competitive markets (which minerals markets
generally are), prices will reflect the marginal costs of produc-
tion. The data used by Vieira et al. (2016) are taken from
World Mine Cost Data Exchange.4 These data, like all cost
data, suffer from some serious flaws:

& They are modelled, not actual, data and, as such, are esti-
mates which are not possible to check or evaluate. Hence,
for example, site-specific solutions, methods, or prices of
inputs are not captured.

& They cover only a part of the world production, i.e. what is
produced in what used to be called the ‘Western world’.5

What is known of the production costs in the rest of the
world, which for all metals in the study, except copper and
silver, account for more than 40% of total world produc-
tion? For all metals, except iron ore, the share of produc-
tion originating in the non-‘Western world’ is furthermore
increasing. The relevance of mines in the ‘Western world’
is hence getting smaller and smaller. See Table 1.

& The cost data might be comparable during 1 year, when
they were established, but their absolute levels are not
exact, and in particular not constant over time.

& Cost curves for by-product metals such as silver are not
meaningful as the output is determined by supply and
demand for other metals.

3 This does not mean that attempts to draw up long run supply curves could
not be useful for other purposes.

4 These specific data are no longer available, but the discussion below is
applicable to all cost data.
5 See footnote to Table 1 for explanation to countries included.
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What is known?

Many of the assumptions of Vieira et al. (2016, 2017) and
other proponents of so-called future efforts methods are diffi-
cult to verify and are counterfactual when looking at historical
developments.

Observed ore-grade declines

Several authors (usually by mis-citing Tilton, 2003) have in
recent years proposed—as Vieira et al. (2016, 2017) have
done—that it is reasonable to assume that mine sites with
lower costs are the first to be exploited.

While it may be possible to surmise something similar
about a single cohort of operating mines at any given moment,
new mines are, of course, built and operated in the meantime.
As a general rule, the mines which are first found to be prof-
itable are the first to be exploited and it is by no means clear
that among the mines known at a specific time, the ones with
lowest operating costs will be exploited first. There are many
examples of the opposite when transport cost, political risks,
legislation, etc. stop investments in known high-grade de-
posits. One recent example is the Simandou iron ore deposit
in Guinea, which is one of the highest-grade iron ore deposits
in the world but which remains undeveloped. The example of
the Copper Rand mine in Canada put forward by Vieira et al.
(2016) as evidence for their theory is perhaps rather an exam-
ple of where closure costs (i.e. costs of rehabilitation, etc.) are
so high that it is more attractive for the owners to keep the
mine going (or at least to put it on ‘care and maintenance’ and
restart when possible) rather than enact a definitive closure of
the mine.

Where a decline in global average ore grade has been ob-
served (e.g. for copper, gold, nickel, platinum group metals

and zinc), these have invariably been observed in selected
countries over particular periods of time. Annex 5 of the
UNEP Internat ional Resource Panel ’s repor t on
‘Environmental Risks and Challenges of Anthropogenic
Metals Flows and Cycles’ (2013)6 shows that the ore grade
declines discussed have mostly been the result of economic
factors such as demand for high volumes and improved tech-
nologies (in exploration, mining, processing, etc.). ‘This has
allowed the gradual lowering of cut-off grades, the grade at
which it is economic to process ore, and a substantial expan-
sion of annual global production’ (UNEP 2013). This is even
the case within existing mines where obviously the natural
concentration of the metal in the rock has not changed, but
the amount of that rock that can be economically mined and
processed (instead of sending to rock dumps or tailings dams)
has changed. The type of mineralisation is another important
factor. Porphyry copper deposits are today by far the most
important type of copper mineralisation. These deposits are
typically of relatively low grade, and in the past, the high
mining costs associated with mining them could exceed the
revenues. When technology enabled mining costs to be re-
duced, copper porphyries could be profitably mined even as
ore grades declined.

It can also be seen in Annex 5 of the UNEP (2013) report
that even for these metals, ore grade decline has not been
constant, being interspersed with periods of ore grade increase
associated with a different set of economic circumstances. The
graphs depict the situation in single jurisdictions based on
already discovered and reported grades at that time. Recent
statistical work by Priester et al. (2018) shows that there are
considerable volumes of high-grade ores available, which are
not exploited.

The longer-term decline observed in all regions can be
partly explained by technological development allowing for
a greater contribution to production from lower-grade porphy-
ry copper ore types (SX-EW processing—see Fig. A5.1
(UNEP 2013)); a greater contribution to production from re-
fractory gold ore types (cyanide leach processing); and a
greater contribution to production from lateritic nickel ores
(HPAL processing). The trends in uranium are due to explo-
ration uncovering previously unknown higher-grade deposits.

UNEP’s Figs. A5.6, A5.7 and A5.8 reflect the gradual de-
pletion of individual mines over time—those data cannot be
used to draw conclusions about the entire global resource.
These will be affected by the circumstances and decisions
described by Crowson (2011a), Mudd et al. (2013), Northey
et al. (2018) and others.

The experience over the last couple of centuries has been
that new discoveries or increases in economic reserves have
caused long-term average ore grades to decline. As

6 Can be accessed on https://www.unenvironment.org/resources/report/
environmental-risks-and-challenges-anthropogenic-metals-flows-and-cycles.

Table 1 ‘Non-Western’ world share of global mine production 1995–
2015 (%)

1995 2000 2005 2010 2015

Copper 37.6 28.2 24.0 20.9 21.1

Gold 34.9 33.2 27.7 25.2 22.7

Iron ore 30.8 31.6 26.6 29.7 46.5

Lead 50.8 53.2 42.9 30.0 26.3

Manganese ore 10.2 8.8 13.5 15.6 12.8

Molybdenum 55.3 38.0 36.9 29.9 22.5

Nickel 30.9 32.7 31.6 25.9 26.2

Silver 36.4 39.3 32.3 23.5 18.2

Uranium 57.5 60.3 56.2 33.3 n.a.

Zinc 51.5 47.5 36.2 29.3 26.2

From Raw Materials Data. Western world includes Europe (excluding
former CIS countries), Japan, Australia, New Zealand, Canada and the
USA
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technologies have changed, new economic reserves have been
discovered and others extended to lower-grade zones resulting
in declines in the average grade of ore that has beenmined and
processed (Rötzer and Schmidt 2018). The grade to volume
relationship for individual porphyry copper deposits is expo-
nential, which is also part of the reason why head grades are
inversely related to the tonnage of ore mined (Crowson 2011a,
Northey et al. 2018) and ore grade declines have been accom-
panied by large increases in identified reserves.

Mudd et al. (2013) give a reasonably good explanation of
what drives changes in ore grade (and what does not). Yet, in
our view, even Mudd et al. (2013) erroneously believed that
by referring to reported Mineral Resources, rather than
Mineral Reserves, they were successfully capturing the most
likely amount of copper available to society ‘for decades to
come’. This is reflected in a few speculative statements like
‘Based on current Australian Cu resources, it is highly unlike-
ly that average ore grades will ever increase’ Mudd et al.
(2013). Reported measured, indicated and inferred resources
are a tiny subset of what is extractable and ongoing explora-
tion continues to reveal high-grade deposits with every period
of high metal prices. Gavin Mudd (Mudd et al. 2015) has
subsequently found that formal code-based (JORC or other)
estimates massively underestimate the mineral resources of
by-product metals.

Generally, a lot of the recent work on ore grades suffers
from the fact that its scope is invariably limited to the known
deposits at hand. So, while the data can be useful to compare
different known deposits today, they do not provide any added
information about long-term availability, because they do not
incorporate any information about the as-yet undiscovered
deposits that further investment in exploration will surely find
(Drielsma et al. 2016). There is a fundamental problem with
using a biased, limited sample (grades of deposits discovered
by exploration geologists, drilled-out, described and reported)
to conclude anything about the quality or quantity of the to-
tality that remains in an extremely heterogeneous sampling
space (the earth’s crust). Consultants, government or industry
would never accept such reasoning if they were investigating
or cleaning up a contaminated site—the sampling challenge is
basically the same.

Observed ore-grade increases

UNEP’s Figs. A5.2, A5.3, A.5.4 and A5.5 demonstrate the
point that there are also examples of ore grade increases.
There are differences across regions and processed copper
ore grades in Australia, processed nickel ore grades in
Canada, and processed uranium grades in Canada all in-
creased over the second half of last century. The grades of iron
ore at mines in Australia and Brazil today are generally higher
than those exploited in the 1960s when the US, Europe and the
Soviet Union dominated global output.

When technology improves or demand growth exceeds
supply growth, then a decline in mined ore grades is to be
expected (West 2011; Northey et al. 2018). When supply ca-
pacity exceeds demand, mined ore grades can be expected to
increase despite continued extraction. There is evidence that
this happened in nickel mines during the period 2000–2013, in
gold mines from 2014 to 20177 and probably in copper mines
over a similar time period. Tungsten miners provide two re-
cent examples of increases in average ore grade by application
of new X-ray technology to more efficiently sort ore from
waste rock (Premier African Minerals Press 2015; Mosser
and Robben 2014).

To conclude on ore grade trends, there will be periods of
average ore grade decline for specific commodities in specific
regions, but these arise for different reasons and are inter-
spersed with periods of average ore grade increase depending
on prevailing economic circumstances.

Observed exploration performance

From time to time, it becomes harder to find economically
viable high-grade deposits. This is invariably for geopolitical
or socio-political reasons—not enviro-geological reasons. For
example, there was in the past some industry-wide concern
that new high-grade copper deposits were not being found. In
hindsight, this may have been due to large parts of the globe
being relatively inaccessible because under the influence of
the USSR (Humphreys 2015). It could have also been partly
due to the competitive advantage of a handful of super-large
incumbent mines (see Mudd et al. (2013) analysis of the cur-
rent fleet of mines). However, once the USSR fell apart and
demand from China picked up, the influence of the large in-
cumbent mines diminished and some very significant copper
deposits were discovered—including the Oyu Tolgoi deposit
in Mongolia. Some decrease in exploration success has been
attributed to a focus on brownfield exploration as well as the
shift of major mining houses away from in-house exploration
and more involvement of less experienced juniors in the field
(Schodde 2015).

So far, there are no indications either that a future increase
in production from underground mines is likely or necessary.
Over the past 20 years, the share of open pit mining of total ore
production has been relatively constant at around 85%
(Ericsson and Löf 2013). In the previous period, there was a
sharp decline in underground mining, as a series of new giant
porphyry copper deposits were brought into operation. The
belief that the depletion of deposits close to the surface would
result in more underground operations is certainly widespread

7 BTo conclude, 2014–2017 saw a shift to smaller throughput, higher grade
[gold mine] operations which were easier to fund and bring to market. Lower
gold prices have made lower grade, high tonnage deposits less attractive than
less capital intensive, lower throughput, high grade projects.^ (Foy 2017)
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but not substantiated. The fact is that open pit mines get deeper,
but the operating costs in open pit mines are still much lower
than in undergroundmines.Modern andmore effective mineral
beneficiation processes lower production costs to such an ex-
tent that it is easier and more effective to locate an out-cropping
copper deposit of 0.4% copper content than to find a deposit of
a grade of 5% at a depth of 1 km. It should further be noted that
several of the most recent major copper discoveries were out-
cropping (Oyu Tolgoi, Pebble Creek, Sakatti) indicating that
there is still a lot of surface exploration to do.

Observed supply responses to high demand

Several proposed LCIAmethods, like the Type 3 future efforts
methods (either as a precautionary measure or due to a lack of
data), assume that technological development is held steady
throughout the period of study, sometimes over 100 years.

During the twentieth century, it was technological devel-
opments that made increasing volumes of metal production
possible, when prices were decreasing (see Schodde 2010).
The assumption of an end of technological progress is also on
a more philosophical level extremely pessimistic in that it
assumes a complete stop to human ingenuity and drive to
solve problems. Wellmer and Scholz (2017) usefully remind
us that ‘The normal innovation cycle in industry is about 15
years (Kernig 1998). It took 20 years to develop the technol-
ogy for the exploitation of shale gas (Andruleit et al. 2011).
For the petroleum industry in general, these lead times are
estimated to be as long as 30 years (Roodhardt 2008). […].
With the present reserve-to-consumption ratio of more than
300, this means a duration of 10 innovation cycles. Who can
overlook 10 innovation cycles?’ Figure 2 gives an example of
how drilling productivity has increased 100-fold during the
past century.

Observed production costs

What does the cumulative supply function look like? Tilton
(2003) has suggested that, as ore grades decline, a lot more
material becomes geologically available. Moreover, because
of productivity improvements in mining, production volumes
can increase at these lower grades without production costs
increasing significantly. In short, ore depletion does not nec-
essarily imply cost increases at an industry level. By exten-
sion, prices, which in competitive markets must reflect trends
in costs, are not therefore inevitably destined to rise.

Cost data going back deep into the past unfortunately do
not exist. Price data, however, do. On the assumption that
price trends will reflect underlying industry costs, the anal-
ysis of long-term prices can shed light what costs must have
done. The trajectory of metals prices over time is an empir-
ical matter and has been extensively researched. There is
much scope in this research for debate over exactly what
prices should be used, whether they are truly comparable
over time, and what deflators should be applied to put them
on a ‘real’, constant dollar basis.8 The results of such work
naturally vary according to commodity, research methodol-
ogy, and the time period employed.9 While there is no clear
consensus around the view that real metal prices have de-
clined over the longer-term, there is certainly no evidence
which suggests that they have risen and no evidence what-
soever of prolonged price-induced scarcity. From this, it

8 e.g. Svedberg and Tilton (2003) The Real Real Price of Nonrenewable
Resources: Copper 1870–2000, Institute for International Affairs, Stockholm
University, Seminar Paper No: 723, 2003.
9 Tilton (2003) pp53–55 and Appendix; Bilge Erten and José Antonio
Ocampo (2012) Super-cycles of commodity prices since mid-nineteenth cen-
tury, DESAWorking Paper No 110; Jacks (2013) From boom to bust: a typol-
ogy of real commodity prices in the long run, NBERWorking Paper 18874.

Fig. 2 Technological
development during twentieth
century
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seems reasonable to infer that metal production costs have
not risen over the long-term.

What cannot be known

So, there is no immutable law or relationship between extrac-
tion of metallic minerals and future ore grades. Ore grades
decline or increase due to a complex set of economic condi-
tions prevailing at any particular time, and there are no means
of anticipating how long each of those time-frames will be. All
data recently gathered by various authors can only tell us
about what has happened so far—not what will happen in
the future.

Grades of new discoveries

Several authors (usually by mis-citing Graedel et al. 2011)
have in recent years proposed—as Vieira et al. (2016) have
done—that it is reasonable to assume that 0.01% of the total
metal content of the Earth’s crust to a 3-km depth will be
ultimately available for human use.

There are no studies that solidly underpin this statement.
Again, technological developments in the future might very
well make deeper mining possible or a larger share than 0.01%

of the total amount mineable. The availability of mineral de-
posits under the oceans is further not systematically studied at
all. Seabed mining projects are far in their plans to mine the
sea floor in the Pacific Ocean off the coast of PNG where
sulphide crusts are to be exploited. These are interesting ex-
amples of geological processes, which are on-going today and
not only in a geological distant past. They provide a link
between the deeper layers of the earth and the crust not at all
included in previous models of average grades, resources, etc.

Text Box: The concept of ‘ore’
The elusive concept of ‘ore’ is often confusing. It must not

be forgotten that ‘ore’ is an economic term and not an expres-
sion of metal content in the ground. It is simply not possible to
make a statement on depletion based either on price fluctua-
tion or on cost assessment, as prices, price expectations and
cost (of both primarymaterial and input factors such asmining
equipment) interact and influence each other.

Waste rock results from mining, and tailings result
from mineral processing.10 Overburden is often a differ-
ent rock that is removed to access the ore-bearing rock
before mining starts.

Both waste rock and tailings will be affected by the decided
cut-off grade set by the mine manager. See figure below.

Figure. Some examples of different references to
‘grade’

Depending on forecast commodity prices and input costs,
the mine will be designed to send a minimum grade of ore for
processing (or directly as product) and the rest will be sent to
waste rock dumps (even though it too contains lower grades of
the value-mineral). Depending on the constraints of the pro-
cessing plant and the requirements of the customer/market, the
plant manager will have some limited capacity to set the
process controls to produce a certain quality concentrate and
therefore indirectly affect the quantity and characteristics of
the tailings. Crowson (2011a, 2012) shows some evidence of
mines processing higher grades when prices are low, and low-
er grades when prices are high.

There is no known correlation between new discoveries
and ore grades. What is ore is not determined by grade alone
but depends on selling price and production cost and is
therefore assumed prior to mining and only really known for
sure after mining. Phillip Crowson (2011a, 2012) shows that
initial head grades (the percentage copper content of ore

milled) of porphyry copper ore-bodies have stayed constant
for the last 150 years.

What can be seen is a long-term trend of decreasing run-of-
mine ore grades (i.e. the grades of material mined and proc-
essed) over time. Periods of decreasing ore grades in an-
nounced new mining projects over time have also occurred,
but this data by definition excludes discoveries that were not
developed into mining projects. A common rule-of-thumb
within the industry is that 1 in every 1000 exploration projects
results in a feasible mining project and 1 in every 10 such
projects results in a mine.

A careful read of Graedel et al. (2011) reveals that those
authors concluded that the Ultimate Recoverable Resource
could not be reliably calculated for any metal.

Ore grade Cut-off grade Run-of-mine grade or head grade
Definition % in the rock in situ % required for profitable extraction % in the ore sent for processing

Type of Indicator Observable environmental fact Site-specific management standard Observable performance metric

Drivers of change in the indicator Natural spatial variation Temporal variation due to changing
costs and prices

Temporal variation due to Δore grade
+ Δcut-off grade + Δperformance

From Drielsma 2014

10 The word ‘waste rock’ gives associations to house hold waste, but it is
important to understand that some waste rock and most often the ‘overburden’
is not environmentally harmful but inert or barren material.
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Future investment conditions

Some new discoveries have high and other low grades.
Mining investment is inextricably linked to assumed future
demand, infrastructure, logistics, etc. Maximising ore grade
may result in production of insufficient volumes to satisfy
customer demand or insufficient mine-life to satisfy the local
community. So, at times, one might seek tomaximise through-
put (which will lower the average ore grade), or if trying to
extend the designedmine-life, one may base feasibility studies
on a lower assumed average ore grade. It is therefore quite
possible that high-grade deposits are discovered, but not de-
veloped, before a lower-grade deposit elsewhere, which can
provide higher volumes or incur lower transport costs. It is, for
example, quite common for large established mines to mine
ore that would be discarded as waste rock at other mines
located in a more remote location.

The recent discovery of pure gold nuggets at surface across
a large area in the West Australian Pilbara region by Canadian
junior Novo Resources is but one example of new discoveries
of high-grade deposits (Novo Resources 2017, 2018).

Future processing decisions

To be able to forecast mining costs, it would effectively be
necessary to forecast all the contributing elements of mining
costs: labour, power, depletion, technology, productivity, plus
of course broader economic variables like inflation and ex-
change rates as well as political developments.

No doubt, more mining waste will have to be handled in the
foreseeable future if the long-term economic prospects bring
about the development of lower-grade deposits, or if the effi-
ciency of existing mining and processing increases allowing
cut-off grades to be lowered and more valuable metal(s) to be
recovered from single deposits. Increased demand for typical
by-products of base-metal mining might also cause some pro-
cess flow sheets to be changed to produce more metals and
more/different tailing streams. On the other hand, low commod-
ity prices mean that investment in new capacity slows down
and cut-off grades may to some extent increase, which theoret-
ically means that marginally less tailings will be produced than
in high-price periods. The same arguments hold for waste rock
unless there is a higher contribution to global production com-
ing from undergroundmines, whichwould tend to reducewaste
rock volumes. Such a switch to underground mining is not
happening, at least not yet as discussed above. Future econom-
ics and the changes brought by technology and policy develop-
ment are in general impossible to predict.

Future technologies

Several studies characterise individual mineral deposits using
a single average grade and a single tonnage derived from that

single average grade. This masks quite a bit of real fluctuation
or variation over time in the real world, as Mudd et al. (2013)
allude to. This is because the ‘discovered grade’ (what really
physically exists in the rock) is not the same as the ‘cut-off
grade’ (what can and should be mined at a profit at any given
time) or indeed the ‘processed grade’ (what is actually
mined—either at a profit or a loss—at any given time).
Depending on where you place the ‘cut-off’ grade, the total
tonnage of a deposit will fluctuate over time (see also Schodde
2010). As technologies improve and cut-off grades decline,
for many types of deposits, the total tonnage will increase
(sometimes exponentially). If production costs stay constant,
‘cut-off’ and ‘processed’ grades are driven by commodity
price. But, of course production costs rarely do stay constant.
Mining technologies vary within commodities and within ore
types, depending on economic feasibility at each particular
location, but also mining processes change over time (also
within individual mines) as technologies develop and get de-
ployed through expansions and upgrades. It is necessary to be
sceptical about how far it is possible to extrapolate any aver-
age figure for the range of technologies that are deployed now,
let alone in the future.

Conclusion

Our conclusion from the discussion above is that mankind has
been able to economically access ever-increasing amounts of
material from often lower and lower-grade sources. What is
impossible to conclude from this is that the environment no
longer contains any of the higher-grade sources. In fact, all the
available evidence suggests that higher-grade deposits are still
out there (Johnson et al. 2014).

If prices rise, lower ore grades become economically min-
able, and if prices decrease, lower ore grades may no longer be
mineable. The whole system is driven by demand so that high
demand will also spur investment in exploration and develop-
ment and the application of new technologies to allow supply
of greater volumes at lower production costs. It is the differ-
ence between the production costs and long-term forecast
prices that allows ore grades to decline and availability to
increase. Eventually, as supply catches up, prices will again
ease, but the technology will remain. So, finally there is a
possibility that ore grades will decline while metal prices re-
main low. This is actually what happened in the 1990s and
what some industry experts expect will now happen in the
mid-2010s to 2020s.

Vieira et al. (2016) conclude with a series of characterisa-
tion factors which, as measures of per unit surplus costs, are
proposed as indicators of the future scarcity of the metals
concerned. High on the list of those deemed scarce are the
platinum group metals, platinum, palladium and rhodium,
and low on the list are iron ore, lead and copper. What does
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this actually mean? In what way exactly is this a measure of
scarcity? Is the suggestion here that the use of platinum group
metals should be avoided, despite the fact that existing re-
serves are quite simply enormous (USGS PGM Commodity
Summary 2017)? Scarcity surely has to be assessed in relation
to demand for a metal. The characterisation factor for rhodium
may be vastly higher than that for iron ore. But then, the
demand for rhodium is only a very small fraction of that for
iron ore. So, this cannot be a measure of relative scarcity, only
absolute scarcity.

We are worried that whilst having all the appearance of
sophistication, the Type 3 future efforts methodologies and
results form a poor basis for policy development. The Vieira
et al. (2016, 2017) papers are at best a theoretical exercise
without credible long-term meaning. The fact is that the sys-
tems dealt with are complex and dynamic and they do not
submit readily to modelling. For all the apparent sophistica-
tion of this approach, the outcome of this research—‘the char-
acterisation factors’ which are intended to be used as indica-
tors of future scarcity and a factor in determining material
choice—is spurious and no basis for sensible policy. Prices
do not lie and contain far more information than what can ever
be squeezed into an analytical model. We strongly oppose the
use of any Type 3 future effort methods for use in Life Cycle
Impact Assessment until the problems mentioned above and
others outlined in the paper ‘Mineral resources in life cycle
impact assessment – defining a path forward’ (Drielsma et al.
2016) are addressed. We remain critical optimists (Le 2017).

Open Access This article is distributed under the terms of the Creative
Commons At t r ibut ion 4 .0 In te rna t ional License (h t tp : / /
creativecommons.org/licenses/by/4.0/), which permits unrestricted use,
distribution, and reproduction in any medium, provided you give appro-
priate credit to the original author(s) and the source, provide a link to the
Creative Commons license, and indicate if changes were made.
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