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Abstract. The definition of reserves for mineral deposits 
is based on codified metrics indicating that mineralization 
can be economically mined and that the commodity of 
interest can be recovered. In reality, this is only one step 
towards economic viability. Many other technical issues 
must be evaluated to define production costs, 
environmental management, and social performance. 
The resulting path to development is a multi-year 
exercise with numerous economic implications. 
Technical, social and business innovation will become 
increasingly important to success. Similarly, a strong 
foundation in earth science at both deposit and regional 
scales is vital to maximizing economic performance and 
minimizing impact. 
 
1 Technical Challenges 
 
Following the initial discovery of a mineral deposit, 
attention focuses on establishing the potential size of the 
discovery and the concentration (grade) of the key 
commodity or commodities. As exploration moves 
towards evaluation and potential development, technical 
work shifts to delineation drilling, definition of ore controls, 
conversion of resources to reserves, and preliminary 
work on mining and processing methods. These are all 
strongly influenced by geology – the geometry and depth 
of ore zones, lithologies and mineralogy, dilution and 
stripping ratios, and the resultant definition of economic 
cut-offs. Increasing drilling and evaluation adds 
confidence to resource and reserve estimation and 
provides sufficient data for preliminary economic 
assessment. 

Decisions on appropriate mine and plant design are 
supported by a variety of traditional metallurgical test 
programs. While sophisticated, the cost of these 
programs tends to limit the number of tests, and hence 
extrapolation across large ore bodies involves major 
assumptions on continuity. Poor understanding of 
geological variability in ore bodies and associated waste, 
may result in poorly designed mines, start-up problems, 
and increases in capital and operating costs. Economic 
consequences include delays or even failure in extreme 
cases. Over the last ten to twenty years, efforts have 
been made to capture geological variability using 
exploration data augmented by quantitative mineralogy 
and physical rock property measurements. The resulting 
geometallurgy programs provide proxies for mining and 
metallurgical properties that can then be populated 
across the ore body to define variability. In the ideal case, 
energy consumption and recovery data can be estimated 
for each ore and waste block. These data can be 
converted into cost, net present value, and cut-off 
allowing for the creation of a fully optimized life of mine 
plan. 

Full economic characterization of the ore body 
includes critical environmental parameters related to 
tailings and waste rock, as well as impacts related to the 
provision of energy, water, infrastructure, and access 
corridors. Energy requirements must be assessed in 
terms of source, cost, environmental impact, and 
greenhouse gas (GHG) emissions. The character of 
tailings and waste rock has implications for the design 
and cost of facilities, management of effluent (e.g., acid 
rock drainage), and closure costs. In some jurisdictions, 
a bond may have to be posted to cover closure costs, and 
is effectively included in the capital expenditure for the 
project. As with mining and processing, geological 
parameters are critical for defining waste characteristics, 
costs and associated risks. 

This brief summary of technical challenges illustrates 
the complexity involved in assessing the economic 
viability of a new mineral discovery. Each stage of 
assessment involves significant costs and time 
commitments, which ultimately have economic 
implications if drawn out over many years. Clearly, larger, 
higher grade ore bodies will always have better base line 
economics and are more likely to weather technical 
challenges and delays, as well as the economic cycles 
that affect commodity prices. Thus, the focus for the 
future has to be both on discovering high quality ore 
bodies, as well as the proper technical assessment to 
optimize performance and economics. 

 
2 Social Performance 
 
Formal permitting processes are well established in many 
if not all mining jurisdictions. It has been recognized for 
many years, however, that potential mining projects must 
also achieve a social license to operate. This is acquired 
through a process of community engagement and 
consultation, formal or informal definition of benefits, and 
transparent definition of impacts. Community 
engagement requires the expertise of social scientists 
and other specialists who are familiar with local 
indigenous and non-indigenous groups.   

The early days of exploration in an area can establish 
important first impressions with local people and, 
therefore, geoscientists need to be trained in the 
principles of community engagement. Early mistakes 
may be costly and some projects never recover from 
missteps at the exploration stage. 

Most importantly, timelines for community 
engagement cannot be defined ahead of the process, 
and in many cases the result can be a drawn out over 
several years. Resulting delays, or outright opposition 
have major economic implications, again emphasizing 
the importance of critical programs from day one. 

Regardless of the initial process, it is clear that a social 
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license is no longer sufficient for the long term 
relationship between mines and communities. Mining 
operations must strive for ongoing social performance, 
with associated investment and costs. It is difficult to build 
this into the conventional economic evaluation of a new 
discovery, but failure to do so ignores both the necessity 
and economic importance of social performance. The 
technical and financial assessment of a new discovery, 
for example in a due diligence process by a potential 
acquirer or third party provider of finance, is likely to 
spend a significant amount of time and effort evaluating 
community relations and related programs.  In effect, a 
reserve defined by technical data may not truly qualify as 
a reserve if local communities are likely to oppose and 
prohibit development. 

 
3 Innovation 

 
Discovery, evaluation, and mine development are 
complex processes. Financial decisions are hampered by 
uncertainties related to commodity prices, natural 
variability of ore and waste, energy and water 
requirements, and social and environmental 
performance. All must be factored into economic 
assessment. Increasing costs and complexity of mine 
development, as well as societal expectations, are driving 
innovation efforts across the mining industry. This is 
influencing business, community involvement, and 
technical performance. 

New ways to align major, mid-tier and junior 
exploration companies are being considered with the 
ultimate goal of increasing exploration efficiency and the 
probability of discovering high quality ore bodies. The 
focus on quality is critical for economic success.  
Companies are also considering novel business 
partnerships, for example creating joint operating 
facilities to exploit several different ore bodies, thus 
reducing the overall footprint. Mineral tenure in many 
jurisdictions encourages competition for what may 
ultimately be small pieces of the same resource. This 
rewards companies for their investments in exploration, 
but the result is numerous separate mining operations 
sometimes built within hundreds of meters of each other. 
Although consolidation has occurred in the past, broad 
public and local community pressure will increasingly 
demand the more efficient low impact facilities offered by 
consolidation. Progressive companies will seek 
partnerships that solve ownership and value challenges 
hence allowing the development of single efficient 
operations with long term benefits for all. 

Mining operations have traditionally offered 
employment to members of local communities in the 
course of normal business, and in some cases as part of 
negotiated agreements. As mines become more 
automated, however, employment opportunities will be 
reduced removing a major opportunity for communities. 
Alternative benefits will need to be considered including 
joint infrastructure, the creation of businesses that both 
service the mine and community, and potentially equity 
involvement of communities in mines. Creative plans and 
innovative solutions will be required to bring these to 

fruition, particularly if the goal is to create sustainable 
prosperity that goes beyond the life of the mine. 

On the technical front, innovation is being driven 
significantly by digital transformation with sensor based 
data being acquired in exploration and across mining 
operations. Major efforts are being made to quantify rock 
variability with real-time data being used for sorting and 
grade engineering. Sorting removes waste from ore, 
effectively increasing grade and decreasing the energy 
and GHG emissions per unit of product produced.   

Tragic tailings accidents have led to a new focus on 
decreasing the amount of tailings, and engineering safer 
storage facilities. Lack of progress on tailings will have a 
profound economic impact on mining, and the investment 
climate for new operations – a critical economic impact 
that is not easy to factor into the viability of individual 
projects. 

To address investor and community concerns, sensor-
based data across mining operations could be made 
available through open access platforms. The available 
data would facilitate third party certification that in turn 
would help companies demonstrate to their customers 
that their products contain responsibly sourced 
components and materials. 

Innovation will provide solutions to the mining industry. 
In some cases, these will enhance economics by 
improving performance, but in other cases innovation 
may help with social acceptance while inevitably 
increasing costs. Conventional economic metrics will 
have to be adjusted to meet this reality. 

 
4 The Role of Earth Science 
 
Mineral deposits are the result of complex processes that 
have operated variably throughout Earth history. 
Understanding these processes is a critical part of 
mineral exploration, and will become increasingly 
important as conceptual approaches are used more 
effectively for deep targets.   

Once discovered, characterizing rocks, ore and 
waste, and mapping variability will determine the 
economic viability of the mineralized zone, as well as 
technical, environmental, and to some extent, social 
performance. 

Finally, mapping the Earth at a regional (e.g., water 
shed) scale and including bedrock and surficial geology, 
water resources, climate, biodiversity, population and 
human activity will provide the basis to truly assess 
choices, impacts and benefits related to the extraction of 
mineral resources individually and collectively. 
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Abstract. The present study describes an innovative 
approach to the calculation of polymetallic ore resources, 
which is an improvement over regulations concerning 
such deposits in Poland. These national provisions use 
the so-called copper equivalent grade, presenting the 
copper and silver content of ore as one figure based on 
monetary value and recovery rate. This leads to the 
underestimation of the resources of ore which also 
contains other metals, including zinc and lead, being 
particularly disadvantageous for deep deposits which 
require focusing on their richest parts and on all useful 
components of ore. This old approach omits the 
fluctuations of metal prices over time, whose impact on 
the equivalent grade is considerable. The presented 
improved method allows calculations of polymetallic 
grade for any number of metals, while tracing changes in 
this grade using arbitrarily selected time intervals. It also 
presents the monetary value of mineralisation, resulting 
in a dynamic model undergoing constant fluctuations. 
Average annual prices of Cu, Ag, Zn and Pb from the last 
25 years were used for this study which focuses on deep 
Zechstein mineralisation of the Milicz area, Fore-Sudetic 
Monocline, SW Poland, as a representative example. 
 
1 Introduction 
 
The area described in this study constitutes a part of the 
Fore-Sudetic Monocline, a geological unit of south-
western Poland known for its numerous occurrences of 
Zechstein ore mineralisation. The ore is of the 
stratabound type and consists primarily of copper 
sulphides with other metals also present, including 
significant amounts of silver, lead and zinc. Certain parts 
of the monocline are already an object of mining activity; 
however, the surroundings of the town of Milicz are one 
of many prospective areas of possible future ore 
extraction listed by the Polish Geological Institute 
(Wołkowicz et al. 2011). 

According to Polish regulations, the resources of 
stratabound Cu deposits are to be calculated based on 
the so-called copper equivalent grade, a value taking into 
account both the copper and silver content of ore and 
presenting them as one percentage (Oszczepalski et al. 
2016). This value is calculated using a predetermined 
formula based on the market values of those two metals 
and their metallurgical recovery rates (Bartlett et al. 
2013). However, it does not account for constant changes 
in metal prices and it omits the presence of other valuable 
components of ore. It is an object of this study to modify 

this methodology in order to show dynamic changes in 
estimated resources depending on the fluctuations of 
metal prices, and to incorporate other valuable metals 
into the formula. 
 
2 Geological setting and source data 
 
The studied area covering 578 km2 is located in the Fore-
Sudetic Monocline, which is characterised by the dipping 
of its strata in a general north-eastern direction. Its 
polymetallic mineralisation is associated with the so-
called copper-bearing series, spanning up to several 
meters in the bottommost part of the Zechstein facies, 
above the lower barren Rotliegend facies. Going towards 
the top, the series consists of the Weissliegend 
sandstone, the locally occurring Basal Limestone, the 
Kupferschiefer shale and the Zechstein Limestone. On 
rare occasions, the orebody also reaches the bottom part 
of the overlying Lower Anhydrite. 

The Zechstein base depth within the boundaries of the 
Milicz area ranges between 1500 m below ground level 
in the south and 1800 m in the north. This makes it an 
area of deep mineralisation with prospects of future 
extraction, which requires the recovery of the highest 
possible number of valuable elements from ore. In the 
studied area there are 52 historical boreholes, whose 
cores were sampled as part of an exploration project 
financed by Miedzi Copper Corp. (Oszczepalski et al. 
2012b), as well as another task executed with the 
participation of a co-author of this paper (Oszczepalski et 
al. 2012a). Depending on the core, several to several 
dozen samples were collected in a continuous manner 
from the copper-bearing series. Some were analysed by 
Polish Geological Institute, others by Acme Analytical 
Laboratories Ltd., Vancouver, Canada. The results 
consisted of complete assays which listed the Cu, Ag, Zn 
and Pb contents of each sample, along with numerous 
other analysed elements. 

A map presenting the boundaries of the research area 
and the studied boreholes is shown in Figure 1. 
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Figure 1. Location of the research area. 
 
3 The old methodology 
 
According to Polish regulations, calculations of stratiform 
Cu-Ag resources should use the following formula for 
copper equivalent grade (Oszczepalski et al. 2016): 

 
Cue = Cu + 0.01 ∙ Ag 

 
The symbol Cue stands for the copper equivalent 

grade [%], while Cu is the copper content [%] and Ag is 
the silver content of ore [ppm]. This means that 100 ppm 
of silver has the same economic value as 1% of copper, 
which is only true under specific conditions, and yet is 
applied to all calculations of such resources in Poland. 
The formula is valid for copper and silver prices 
amounting to US $3.50/lb and US $25/troy oz 
respectively, with the respective metallurgical recoveries 
of Cu and Ag being 89% and 85.5%. This is because 100 
g of Ag in 1 tonne of ore would yield 85.5 g, or 2.75 oz, of 
recovered silver, which at a price of US $25/troy oz would 
result in a value of US $68.70. Also, 1% of copper would 
yield 19.6 lb Cu per 1 tonne of ore, which at this price is 
also equivalent to US $68.70 (Bartlett et al. 2013). 
Therefore, e.g. a sample with 2% Cu and 50 ppm Ag has 
a copper equivalent grade of 2.5% Cue. 

However, this formula does not take into account 
continuous changes in metal prices, also ignoring other 
valuable components of ore. This is particularly 
significant for great depths, like in the Milicz area, where 
future profitable extraction would require focusing on the 
richest parts of ore and the recovery of the highest 
possible number of useful elements. 

 
4 The suggested new approach 

 
This study uses the term polymetallic copper equivalent 
grade, as opposed to the aforementioned regular copper 
equivalent grade, to describe a percentage taking into 

account not just those two, but also several other useful 
components of ore. In this case, lead and zinc were used 
as additional elements due to their significant 
percentages in certain core samples from the area in 
question, and also due to the sufficient amount of 
available data on those two metals. However, any 
number of other elements could be used as well, by 
applying analogical methodology. 

The formula for the polymetallic copper equivalent 
grade developed by the authors in a previous paper 
(Zieliński and Wierchowiec 2018) is as follows: 

 
Cuepol = Cu + CAg-1 ∙ Ag + CZn--1 ∙ Zn + CPb -1 ∙ Pb 

 
The symbol Cuepol stands for the polymetallic copper 
equivalent grade, the symbols Cu and Ag have the same 
meaning as in the previous formula, while Zn and Pb are 
the zinc and lead content of ore [%], respectively. On the 
other hand, the symbols CAg, CZn and CPb are variables 
which the authors of this study have called equivalent 
gain coefficients, for silver, zinc and lead, respectively. 
They correspond to the grade of silver (in ppm), zinc 
(in %) and lead (in %) which would provide the same gain 
as 1% of copper. These coefficients are calculated using 
the following formulas: 
 

𝑪𝑪𝑨𝑨𝑨𝑨 =
𝑹𝑹𝑪𝑪𝑪𝑪 ∙ $𝑪𝑪𝑪𝑪

𝟎𝟎.𝟎𝟎𝟎𝟎𝟎𝟎𝟎𝟎 ∙  𝑹𝑹𝑨𝑨𝑨𝑨 ∙  $𝑨𝑨𝑨𝑨
 

 

𝑪𝑪𝒁𝒁𝒁𝒁 =
𝑹𝑹𝑪𝑪𝑪𝑪 ∙ $𝑪𝑪𝑪𝑪
𝑹𝑹𝒁𝒁𝒁𝒁 ∙  $𝒁𝒁𝒁𝒁

 

 

𝑪𝑪𝑷𝑷𝑷𝑷 =
𝑹𝑹𝑪𝑪𝑪𝑪 ∙ $𝑪𝑪𝑪𝑪
𝑹𝑹𝑷𝑷𝑷𝑷 ∙  $𝑷𝑷𝑷𝑷

 
 

The symbols RCu, RAg, RZn and RPb represent the 
metallurgical recoveries of copper, silver, zinc and lead, 
respectively. The symbols $Cu, $Ag, $Zn and $Pb stand for 
the respective prices of copper, silver, zinc and lead 
expressed in US dollars per tonne (same price units were 
used for all metals to facilitate calculations). The value 
0.0001 in the silver formula is necessitated by the 
difference between 1 ppm and 1%. 

Recovery rates are variables which can be determined 
based on the technical capabilities of a given plant. As 
mentioned above, according to Bartlett et al. (2013) they 
amount to 89% for copper and 85.5% for silver. Other 
publications referring to polymetallic ores suggest 
76.44% for zinc (Kursun and Ulusoy 2015); 90% for lead 
(Retman et al. 2014); 85.5%, 92.91% and 87.93% for 
copper, lead and silver, respectively (Chunlong et al. 
2017); 96.4% for lead (Lorenzo-Tallafigo et al. 2019). The 
present study uses the lowest values from the 
abovementioned list, i.e. 85.5% for copper, 85.5% for 
silver, 76.44% for zinc and 90% for lead. Average annual 
prices of the four metals from the past 25 years and the 
resulting equivalent gain coefficients are presented in 
Table 1. 
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Table 1. The average annual prices of copper, silver, zinc and lead 
(source: www.indexmundi.com) and the resulting equivalent gain 
coefficients calculated for the years 1994-2018. 

Price (US $/tonne): $Cu $Ag $Zn $Pb 
Equivalent gain coefficient: CAg CZn CPb 

1994 2310.15 169774.92 997.84 548.13 
 136.07 2.59 4.00 

1995 2935.95 167202.57 1031.21 631.36 
 175.59 3.18 4.42 

1996 2294.18 167202.57 1025.08 774.28 
 137.21 2.50 2.81 

1997 2275.92 157877.81 1316.85 623.99 
 144.16 1.93 3.46 

1998 1653.79 178135.05 1024.37 528.74 
 92.84 1.81 2.97 

1999 1573.99 167524.12 1076.68 502.55 
 93.96 1.64 2.98 

2000 1813.72 159163.99 1128.27 454.00 
 113.95 1.80 3.80 

2001 1577.26 140514.47 884.95 476.03 
 112.25 1.99 3.15 

2002 1559.29 147909.97 778.86 452.55 
 105.42 2.24 3.27 

2003 1779.92 156913.18 828.14 515.38 
 113.43 2.40 3.28 

2004 2865.95 214147.91 1047.72 886.59 
 133.83 3.06 3.07 

2005 3681.47 235048.23 1381.60 976.31 
 156.63 2.98 3.58 

2006 6732.80 372025.72 3281.25 1289.98 
 180.98 2.30 4.96 

2007 7126.29 430225.08 3242.86 2584.75 
 165.64 2.46 2.62 

2008 6951.25 481993.57 1872.87 2086.67 
 144.22 4.15 3.16 

2009 5160.18 471061.09 1658.50 1722.45 
 109.54 3.48 2.85 

2010 7539.65 648874.60 2161.02 2148.83 
 116.20 3.90 3.33 

2011 8822.03 1133118.97 2192.13 2399.55 
 77.86 4.50 3.49 

2012 7960.65 1000643.09 1949.88 2064.26 
 79.56 4.57 3.66 

2013 7328.48 765594.86 1909.10 2138.64 
 95.72 4.29 3.26 

2014 6862.07 613183.28 2161.85 2095.47 
 111.91 3.55 3.11 

2015 5509.07 505466.24 1930.66 1787.79 
 108.99 3.19 2.93 

2016 4868.78 551768.49 2091.01 1866.91 
 88.24 2.60 2.48 

2017 6171.47 548553.05 2891.32 2314.88 
 112.50 2.39 2.53 

2018 6526.03 505144.69 2918.41 2238.22 
 129.19 2.50 2.77 

 
For instance, for a theoretical sample with 1.5% Cu, 30 

ppm Ag, 0.3% Zn and 0.3% Pb, the polymetallic copper 
equivalent grade for average prices from the year 2018 
would amount to 1.96%. However, using average prices 
from a decade earlier (2008) would result in a drop down 
to 1.88%. Going back another decade (1998), the 
produced result would be as high as 2.09%. 

Once the polymetallic copper equivalent grade is 
known, it is possible to calculate the so-called productivity 
of each borehole, which is also a value used in Polish 
regulations to calculate metal resources. Its unit is kg/m2, 

and therefore it provides information about how many 
kilograms of polymetallic copper equivalent can be 
extracted from 1 m2 of area demarcated around a 
borehole. The suggested threshold value indicating a 
mineral deposit is 35 kg/m2 (Oszczepalski et al. 2016). 
This calculation uses the following formula: 

 

 
 

The symbol QCuepol stands for the polymetallic 
productivity, in this case taking into account Cu, Ag, Zn 
and Pb. The symbols ϱr and ϱCu are the density of rock 
and copper, respectively [kg/m3], and th is the thickness 
of the mineralised interval. The value of ϱr depends on 
the rock in which the ore is found (sandstone, shale, 
limestone, anhydrite). The final step is the calculation of 
the net value of mineralisation $Cuepol, expressed in 
American dollars per square metre: 

 
$Cuepol = QCuepol ∙ $Cu ∙ 0.001 

 
This figure represents simply the net value of polymetallic 
ore (in this case, Cu, Ag, Zn and Pb) in situ, not taking 
into account the costs of prospecting, mining, smelting, 
etc. 

Once the polymetallic productivity and net value have 
been calculated for each borehole, the results can be 
presented on maps drawn separately for every 
investigated time period. Those maps present prognostic 
areas whose sizes are also variable over time. The 
resources of those areas can be calculated and their 
dynamic changes can be traced, along with fluctuations 
in the net value of ore present within their boundaries. 
 
5 Results and discussion 
 
Maps presenting the contour lines of polymetallic 
productivity and net value of mineralisation were 
prepared separately for each of the years 1994-2018 
using the ordinary kriging method. Prognostic areas were 
delimited by lines corresponding to productivity value of 
35 kg/m2, in accordance with Polish guidelines 
(Oszczepalski et al. 2016). Inside those areas, resources 
of the polymetallic copper equivalent were calculated 
along with their net monetary value. A comparison 
between the minimum and maximum range of prognostic 
areas is presented in Figure 2, along with the contour 
lines of value in US $/m2 presented for the years 2002 
(lowest copper price) and 2011 (highest copper price). A 
list of the total extents of prognostic areas and their 
polymetallic copper equivalent resources with their net 
values expressed in billions of dollars is presented in 
Table 2. 

The smallest total size of all combined prognostic 
areas in the vicinity of Milicz corresponds to the year 
1995, amounting to 21.589 km2. This is also the year of 
their lowest total resources, amounting to 0.981 Mt. The 
largest total area and the highest resources correspond 
to the year 2011, amounting to 31.670 km2 and 1.495 Mt, 
respectively. This means an increase in both the area and 
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resources by about a half compared to 1995. 
 

 
Figure 2. The minimum and maximum range of prognostic areas 
and the highest and lowest net value of mineralisation for average 
annual metal prices in the years 1994-2018. 
 
Table 2. Changes in the total size, resources and net mineralisation 
value of prognostic areas based on average annual metal prices in 
the years 1994-2018. 

Year 
Prognostic areas 

Total size 
(km2) 

Total 
resources (Mt) 

Total net ore 
value (US $ bln) 

1994 24.090 1.104 2.494 
1995 21.589 0.981 2.610 
1996 24.584 1.124 2.536 
1997 24.087 1.100 2.472 
1998 30.337 1.414 3.034 
1999 30.317 1.412 3.032 
2000 27.044 1.248 2.704 
2001 26.735 1.236 2.673 
2002 27.374 1.270 2.737 
2003 26.381 1.219 2.638 
2004 24.191 1.109 2.902 
2005 22.578 1.029 3.565 
2006 21.890 0.992 6.498 
2007 22.944 1.042 7.540 
2008 23.186 1.061 7.358 
2009 26.756 1.238 6.256 
2010 25.591 1.182 8.863 
2011 31.670 1.495 12.772 
2012 31.264 1.474 11.496 
2013 28.132 1.313 9.671 
2014 26.119 1.208 8.215 
2015 26.860 1.243 6.597 
2016 30.441 1.424 6.933 
2017 26.920 1.243 7.308 
2018 25.215 1.156 7.269 
On the other hand, the lowest net value of 

mineralisation has been calculated for the year 1997 and 
it amounts to US $2.472 billion. The maximum value 
corresponds to the year 2011 and equals US $12.772 

billion, which is more than five times as high as the 
minimum value. 

The presented methodology proves that a polymetallic 
mineral deposit which is not a subject of mining 
extraction, or even one with only inferred resources, still 
undergoes continuous dynamic changes. Not only do the 
fluctuations of metal prices affect the estimated net value 
of mineralisation; they also influence the range of an 
orebody, and therefore its resources. The applied 
formulas also enable the incorporation of numerous 
valuable components of ore into the calculations of 
resources. This is particularly important for deep deposits 
whose profitable extraction requires focusing on their 
richest parts. 
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Abstract. Copper (Cu) is vital to modern life and has an 
often irreplaceable role in everyday infrastructure and 
technology. However, although clearly the world’s 
endowment of extractable Cu is finite, global Cu 
production has increased over the past century, an 
increase that has been (more than) matched by 
significant growth in estimated Cu mineral reserves and 
mineral resources. Globally, some 2,301 deposits have 
reported Cu resources, split into 1,271 code-based and 
1,030 non-code-based resources. A further 393 deposits 
have both resources and code-based reserves and a 
further 14 deposits have non-code-based reserves. 
These deposits contain 3,034.7 Mt of Cu, up from the 
1,861.3 Mt reported in our 2010 study, including 640.9 Mt 
of contained Cu in reserves. The vast majority of mineral 
deposit types have recorded an average increase in Cu 
resources between 2010 (Mudd et al., 2013) and 2015, 
although grades are often similar, slightly lower (by ~5%), 
or are significantly lower depending on the mineral 
deposit type being considered. Porphyry deposits still 
dominate global Cu resources and reserves, containing 
~75% of the contained Cu in our database. Equally 
unsurprisingly, Chile dominates global Cu resources and 
reserves, followed by the USA and Peru.  
 
1 Introduction and overview 
 
Copper (Cu) remains one of society’s most widely used 
metals and plays a vital role in electronics, vehicles, 
telecommunications, electrical power generation and 
distribution systems, domestic and industrial piping, 
chemicals, currency and general infrastructure (e.g. 
(Gordon et al., 2006; Schlesinger et al., 2011; von Gleich 
et al., 2006). The malleability, conductivity, and other 
unique characteristics of Cu means that these uses of this 
metal will continue for many decades to come. Recent 
concerns have also been raised about a variety of metals 
and minerals that are considered at potential supply risk 
but remain critical for numerous technologies and uses – 
the so-called “critical metals” (e.g., BGS, 2015; EC, 2017; 
Graedel et al., 2015; NRC, 2008). Although the metals 
considered critical varies on the viewpoint of the 
organization, country, or group of countries in question, 
these lists typically include the rare earth elements 
(REE), Ga, In, W, the platinum group elements (PGE), 
Co, Nb, Mo, Re, Sn, Li, V, Ni, Ta, Te, Cr, and Mn. 
Although this list does not include Cu, copper has a vital 
role in the supply of these critical metals as a number of 
these metals are predominantly sourced as a byproduct 

of copper production (e.g. Se, Te, Mo, Re, Co; Jowitt et 
al., 2018). This means that understanding global copper 
resources is vital for not only determining where and how 
demand for this metal can and will be met in the future, 
and what may prevent this demand being met, but also 
what impact this Cu production may have on the supply 
of associated critical metals. Overall, to meet reasonable 
societal needs for Cu and possible critical metals derived 
from its mining, it is therefore fundamental to understand 
the dynamics of primary supply from the mining of mineral 
deposits containing Cu. 

Mineral deposits are often viewed as ‘finite’ and ‘non-
renewable’ resources as they are of a given size, have an 
average metal concentration, and once extracted cannot 
be replaced by the normal geological processes of 
mineral deposit formation, which often occur deep in the 
Earth’s crust and can take millions of years. From a 
mining perspective, this means it is important to keep 
exploring for new deposits as known deposits are mined 
and then depleted. The amount of Cu known in mineral 
deposits is therefore a dynamic quantity, changing over 
time in response to exploration and mine production. 
There are two conceptual approaches to this situation – 
namely fixed stock or economic models, as reviewed 
briefly by IIED and WBCSD (2002), in detail by Tilton 
(1996) and more recently by Northey et al. (2018). The 
fixed stock approach assumes that there is a ‘finite’ 
quantity of mineable Cu (also referred to as ‘geological 
stocks’) and that we are possibly beginning to approach 
this value (e.g., Gordon et al., 2006). The economic 
approach assumes that as lower cost (or higher grade) 
deposits are depleted, ongoing demand will lead to higher 
prices which in turn make marginal or higher cost (and 
often lower grade) resources economic. There is also 
good evidence that although we are far from approaching 
geological stocks for potentially mineable Cu resources, 
the economic approach fails to account for the full 
complexity of issues affecting (and potentially controlling 
aspects of) Cu mining, especially social and 
environmental issues. 

There is still misplaced concern, however, that the 
fixed stock approach is accurate and that we are 
therefore heading towards the point of ‘running out’. This 
perspective fails to appreciate the practices of the mining 
industry in assessing and reporting potentially mineable 
deposits, especially the wide variety of factors that are 
taken into account in such estimates. In particular, the 
terms reserves and resources have strict definitions in the 
mining industry and mean different things. For example, 



Economics of Ore Deposits  1448 

reserves are considered economically mineable and 
relate to a specific mine plan (say for a 5-10 year horizon), 
while resources are geologically known but are less 
certain economically, may not have all necessary 
approvals for mining yet, and may relate to a 10-30 year 
planning horizon, or have no time expectation at all. This 
means that any assessment of reserves alone will 
necessarily appear to be modest in comparison to 
resources, as reserves relate to short-term mine plans. 
There are also numerous deposits that are known to be 
similar to existing deposits (or mines) but have not yet 
had reserves and/or resources formally estimated and/or 
publicly reported for them (e.g. Sakatti nickel (Ni)-Cu-
PGE deposit, Finland) or are government or privately 
owned and are not bound by common stock exchange 
reporting requirements (e.g. Muruntau Au mine, 
Uzbekistan; Eloise Cu-Au mine, Australia). Combining 
these factors with ongoing exploration and active mining 
reinforces the fact that reserve and/or resource estimates 
are very dynamic over time and are invariably an under-
estimate of what could be mined in the near future (e.g. 
over the remaining decades of this century). 

There are exceedingly few studies that examine the 
evolution of mineral reserves and resources over time 
and their conversion to mined production, including the 
various factors that can be crucial in hindering or 
facilitating such conversion. We recently published two 
studies of global Cu resources for the year 2010 (Mudd 
et al., 2013) and the year 2015 (Mudd and Jowitt, 2018; 
forming the basis of this abstract), showing that 
considerable Cu resources are available that could meet 
future demand a significant way into the future. In reality, 
the lack of detailed studies on reserves and resources 
trends over time combined with detailed assessments of 
key aspects that affect the conversion of resources to 
reserves and mined production remains a significant gap 
in the literature. This paper provides a new assessment 
of global Cu resources and reserves, discriminating 
between mineral resources and mineral reserves and 
examining the evolution of mineral resources over time 
coincident with production.  
 
2 Global Cu resources and reserves 
 
The 2,301 deposits compiled during this study contain Cu 
resources split between 1,284 code based and 1,017 
noncode based resources. A further 393 deposits have 
both resources and code-based reserves and a further 14 
deposits have non-code-based reserves. The most 
important values are arguably the significantly increased 
contained Cu in mineral resources (compared to the 2010 
data of Mudd et al., 2013) at a total of 3,034.7 Mt Cu (Fig. 
1), of which 2,489.4 Mt Cu is from code-based deposits 
and also includes the subset of mineral reserves 
containing 640.9 Mt Cu (637.6 Mt Cu of which is code 
based). The 2010 study recorded some 1,861.3 Mt Cu 
contained in mineral resources, meaning the 2015 
estimate is a major advance in global Cu endowment, 
even if noncode data are excluded (i.e., 2,489.4 vs. 
1,861.3 Mt Cu). All deposit types have greater 2015 
resources than 2010 resources, often substantially so for 

the major deposit types. The ore grades are generally 
similar, with some ~5% lower (e.g., porphyry, sediment-
hosted stratiform/stratabound Cu, skarn, magmatic 
sulfides), others significantly lower (e.g., sediment-
hosted Pb-Zn, VMS, manto Cu), and others with an 
increase in average grade (e.g., epithermal, intrusion-
related Au; Fig. 1). These variations are typically related 
to the extent of deposits included, which is often greater 
in this study compared to the 2010 data presented in 
Mudd et al. (2013), but also to the changing mine plans 
for important deposits in each class. For example, the 
Telfer intrusion-related Au project has seen a marked 
reduction in reported resources and reserves in recent 
years (from a peak of 1,144.6 Mt at 0.09% Cu in 2011 to 
360.4 Mt at 0.16% Cu in 2015; Newcrest Mining Ltd. 
data), indicating an effective conversion to a higher-grade 
mine plan to optimize costs and economic returns for the 
project. 

 

 
Figure 1. Relationship between Cu grades and contained Cu for 
2015 mineral resources (Mudd and Jowitt, 2018). 

 
2.1 Mineral deposit types 
 
Porphyry deposits dominate global Cu resources (as 
expected), with ~75% of the total contained Cu in our 
database in both mineral resources and mineral reserves 
hosted by porphyry deposits. The next in size, almost an 
order of magnitude lower, is sediment-hosted 
stratiform/stratabound Cu deposits, whereas all other 
deposit types contain modest to insignificant Cu 
resources compared to porphyry deposits. Other unusual 
Cu-bearing deposit types include sea floor polymetallic 
nodules, unconformity U, and Ni laterites as well as a 
magmatic Fe-Ti-V oxide-related deposit. Our database 
also includes 26 and seven code- and noncode-based 
tailings resources, respectively, including five with code-
based reserves, yielding some ~4.02 Mt Cu in tailings 
resources and reserves. 

Some 21.1% of the total resources data is present in 
the form of reserves. This percentage of reserves within 
resources is similar across the majority of deposit types, 
although some have much higher (e.g., skarn) or lower 
(e.g., epithermal, sediment-hosted Pb-Zn, tailings) 
values. Several mineral deposit types have no Cu 
reserves at all (e.g., shale-hosted, unconformity U, native 
Cu, Ni laterite), perhaps reflecting their unconventional 
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nature and higher development risk (e.g. the Talvivaara 
mine in Finland; Mudd et al., 2017). For grades, the 
average ratio of reserves to resources is 1.09, with most 
falling between ~0.8 and ~1.4, although some deposits 
have much higher (e.g., sediment-hosted Pb-Zn) or lower 
(e.g., tailings) reserve grades. It also must be noted that 
there are several countries that clearly contain reserves 
present at operating mines, but where data is not 
reported publicly (e.g., Iran, Armenia, Uzbekistan, 
Serbia), indicating our data should be regarded as a 
minimum estimate. 

 
2.2 Resources and reserves by country 
 
In terms of country endowment, Chile has just over 
double the Cu endowment of its nearest competitor, the 
USA, which in turn hosts just under double the Cu 
endowment of Peru, with all countries closely spaced 
after this. It is important to note that only Bolivia and 
Botswana have fewer Cu resources remaining in 2015 
than cumulative production by this time (both are minor 
Cu producers). All other countries have more Cu 
resources remaining in 2015 than cumulative production, 
many exceptionally so (e.g., United States, Australia, 
Argentina, Pakistan, Panama, Chile, etc.). This is again 
clear evidence of growing Cu endowments over time. 

 
2.3 Largest and highest grade copper resources 

and reserves 
 
The largest or highest grade deposits or projects in our 
database are Andina, which has the largest resource 
(133.9 Mt Cu), Escondida, which has the largest reserve 
(50.6 Mt Cu), Phu Tuxan (Phuda), which has the highest 
resource grade (15% Cu), and Sudbury (KGHM), which 
has the highest reserve grade (7.92% Cu).  

 
3 Individual resource growth over time 
 
We also undertook a comparison of Cu resources 
between 2010 and 2015 after deducting cumulative 
production between 2011 and 2015 (Fig. 2), allowing a 
quantitative assessment of the changes in global Cu 
resources during this time. Although there is some scatter 
in this graph, the overall pattern can be modelled using a 
best fit linear regression yielding an equation of 2015 = 
1.1308*(2010 – cumulative production) and a correlation 
coefficient of correlation of 0.947. This demonstrates that 
global Cu resources grew by an average of 13% between 
2010 and 2015 on an individual project basis after 
allowing for cumulative production. This 13% growth is for 
projects that reported resources in 2010 and 2015, and 
does not consider new discoveries made during this time. 
This growth in Cu resources therefore demonstrates that 
global copper resources can increase not just by 
discovery, but as a result of the expansion of known 
resources. Growth of this type demonstrates the way the 
mining industry operates in terms of delineation of 
resources and, subsequently, the reserves needed for 
economical mine planning. That is, rather than the 
expensive drilling out of an entire mineralized system at 

the spacing needed for resource estimation, only 
sufficient studies are completed to justify investment, a 
reality that is frequently overlooked or poorly understood 
(e.g., Sverdrup et al., 2014; Ragnarsdóttir and Sverdrup, 
2015).  

Mineral exploration is different from hydrocarbon 
exploration in that, unlike the three-dimensional seismic 
and other approaches used by the latter, mineral 
exploration advances in stages, with resources and 
reserves being delineated up to a point where X years of 
production can be defined rather than mining companies 
spending exorbitant amounts of money delineating the 
entirety of what may still be an incompletely understood 
system. This enables mining companies to generate 
revenue from initial production, with some of this revenue, 
and ideally profit, used to identify and delineate further 
resources. This is exemplified by the continued growth of 
the resources and reserves at Grasberg coincident with 
the production of millions of tonnes of Cu and millions of 
ounces of Au (e.g., Jowitt et al., 2013). One example of 
this is shown by the Marcapunta deposit in Peru (M in Fig. 
2), where resources increased from 0.172 Mt Cu in 2010 
to 1.95 Mt Cu in 2015, coincident with the production of 
0.024 Mt Cu. This increase in resources was the result of 
a significant amount of near-mine exploration expenditure 
by the operator, Buenaventura. This also indicates that if 
the 2010 figure was taken as total resources rather than 
considering potential expansion, then the available Cu at 
this mine (and many other mines) would be significantly 
underestimated. The same applies to the Los Azules 
porphyry Cu project in Argentina (L in Fig. 2; increase in 
resources from 1.01 to 16.3 Mt Cu) and the Escondida-
Main deposit in Chile (E in Fig. 2; increase in resources 
from 59.6 to 104.3 Mt Cu coincident with production of 
5.39 Mt Cu). 

There are some examples within our database that 
further highlight differences between 2010 and 2015 
resource and reserve estimates. For example, Andina 
has grown from 113.6 to 133.9 Mt contained Cu, the main 
Escondida deposit has grown from 52.1 to 104.3 Mt Cu 
and is now joined by nearby resources that total 36.1 Mt 
Cu (Chimborazo, Pampa Escondida, and Pinta Verde), 
and Tenke Fungurume has grown from 16.7 to 29.2 Mt 
Cu. In terms of reserves, Andina has declined from 19.8 
to 7.40 Mt Cu (in contrast to resource growth) and the 
main Escondida deposit has grown from 31.4 to 50.6 Mt 
Cu despite cumulative production during this time of 5.39 
Mt Cu (i.e., 26.0 to 50.6 Mt Cu). Finally, the reserves at 
Tenke Fungurume have declined from 4.04 to 3.71 Mt Cu 
despite cumulative production during this time of 0.90 Mt 
Cu (i.e., 3.14 to 3.71 Mt Cu). These several examples 
show that mining projects can certainly expand (and 
should be expected to if successful) beyond initial or even 
fairly mature resources and coincident with significant 
production. This also begs the question of at what point a 
given mining project would become mature and start to 
decline in terms of resources and reserves and how this 
might differ between different deposit types.  
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Figure 2. Comparison between 2015 (Mudd and Jowitt 2018) and 
2010 (Mudd et al., 2013) mineral resources minus cumulative 
production (2011-2015). Notes: M – Marcapunta; W – Wellgreen; L 
– Los Azules; S – Spence; E – Escondida (Main); T-S – Trident-
Sentinel; R – Robinson (Ely-Ruth); TB – Twin Buttes. 
 
4 Conclusions 
 
Global Cu resources as of 2015 included 2,301 deposits 
split into 1,284 code-based resources and 1,017 
noncode-based resources. Some 403 of these projects 
have code-based reserves with a further four having 
noncode-based reserves. Global copper reserves are 
some 640.9 Mt of contained Cu, with global copper 
resources (including these reserves) being some 3,034.7 
Mt of contained Cu (up from 1,861.3 Mt identified using 
2010 data). These figures should be considered a 
minimum given the lack of reporting of Cu resources from 
some countries and projects. Porphyry deposits dominate 
global Cu resources and reserves, containing some 
~75% of the contained Cu in our database, with Cu 
resources predominantly located in Chile, followed by the 
United States and Peru. The increase in global Cu 
resources is down to three main factors, namely deposit 
discovery, the incorporation of more resources within the 
database (i.e., better data coverage), and the growth of 
individual Cu resources (often coincident with production) 
by an average of ~13% between 2010 and 2015. This 
indicates the need for researchers to consider the 
methods used during the delineation of resources and 
reserves when examining global metal resources, as 
using snapshots of resource data without consideration 
of their continued growth may lead to erroneous 
conclusions. This study indicates that Cu resources 
continue to grow over time coincident with production, 
indicating that although discovery—and, more 
importantly, brownfields expansion—is clearly important 
in terms of meeting increasing demands for Cu, we need 
to move beyond merely considering tonnes and grades. 
The fact that we have significant known Cu resources and 
reserves clashes with the increasing importance of 
environmental, political, logistical, and economical 
factors (among many others), meaning that these factors 
will become increasingly influential controls on the 
conversion of resources to reserves and the future supply 

of Cu. In other words, just because it is a reported 
resource or reserve does not guarantee it will become 
production, and understanding the reasons why this does 
or does not occur is a topic that requires future 
investigation. 
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