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Abstract

:

Metals are an essential part of modern living. Ensuring the future supply of metals is a key issue in politics, science, and economics because the available amount of mineral resources is limited. To measure the depletion of mineral resources, several indicators are used. Some of them are based on the ore grade, which has been decreasing over time and is thus taken as a sign of resource exhaustion. However, does this assumption hold true? This paper shows that the development of ore grades is mainly the result of the increasing demand and the outstanding technological improvements that made mining of low grade ores profitable. The usage of ore grades as an indicator may, therefore, lead to erroneous conclusions about the safeguard objects. These are not the metals themselves, but the environment that is impacted by their extraction.
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1. Introduction


Mineral resources, especially metals, are essential for the development of our society. As the available amount of these resources on Earth is limited, their depletion is a key issue in politics, economics, and science [1,2,3]. To measure resource depletion, several indicators have been developed [4]. Some of these indicators, such as those used by the common impact assessment methods ReCiPe [5], IMPACT 2002, and the EI99 [6,7], are based on the metal content of the ores (ore grade). It is assumed that an ongoing extraction leads to a decline in the quality of the deposits still available, such as a decrease in their ore grade. It has been shown in numerous studies that the ore grades of mined deposits have been falling over time [8,9,10,11]. What has to be questioned, however, is why the ore grades have been decreasing. Is this a geological phenomenon and hence a sign for resource depletion? Or is it rather a complex interplay of geological, economic, technological, and social factors? This question plays a central role, as already discussed by Northey, Mudd, and Werner [12]. It is the starting point for further considerations on the appropriate indicators to evaluate resource scarcity and the actual safeguard objects, and thus leading to corresponding strategies for action. Therefore, this paper examines the influencing factors on the development of ore grades, using the example of copper. Copper has been one of the first metals to be mined and still plays an essential role for our modern society. Its valuable properties—for example, its high conductivity—make it a useful material for a wide range of applications. Nevertheless, other metals are also faced with declining ore grades and, depending on several factors such as demand and extraction, the arguments might hold true for them, although further research is needed to make valid statements.




2. The Development of Ore Grades


There are some basic theoretical concepts describing the quality of the available amount of minerals in our earth. The first investigations on tonnage and grade of metal deposits go back to Lasky [13]. Lasky’s Law states that while the cumulative quantity of ore is increasing logarithmically, the metal content of the total available quantity decreases linearly. This model can be applied to individual deposits as well as to a number of deposits. The density function of the total resource base was examined by Ahrens [14,15] and Skinner [16]. Ahrens assumes a log-Gaussian distribution. Skinner, in contrast, states that the density function follows a bimodal distribution. Even if the bimodal distribution seems plausible, it has not yet been proven, because we do not know the actual density function of the entire resource base on Earth.



Investigations on the development of the actual copper contents of mined ores are also available. A well-known study is provided by Mudd [8]. In his report, “The Sustainability of Mining in Australia”, the author highlights the development of Australian raw material extraction and its implications for the environment. He considers not only copper but also other important mineral raw materials, such as coal, titanium, gold, nickel, and diamonds. The main data sources for his work are reports from mining companies and publications from authorities such as Geoscience Australia. As many reporting systems—for example, the Australasian Code for Reporting of Exploration Results, Mineral Resources, and Ore Reserves (JORC Code)—were not introduced until the 20th century, older data are taken from individual publications on mines or regions and are not complete for all years and raw materials. Nevertheless, the resulting error is negligible for a general trend statement over the long term. With regard to the ore grade, there is a general downward trend for all commodities [8]. Data on copper ore grades are also available for the United States. The United States Geological Survey (USGS) publishes annual reports, such as the Minerals Yearbook (USGS var.), which include production statistics for more than 90 materials. The compiled data are based on industry surveys conducted and statistically evaluated by the USGS. Figure 1 shows the development of the metal content of copper ores for Australia and the United States.



What is interesting about Figure 1 is the sudden drop in the metal content of Australian ores around 1885 from a level of approximately 15% to 5%, despite almost constant production. Taking a look at the data basis, it becomes apparent that the data availability is poor in this period of time. Around the years 1882 to 1889, only about 30% of copper production in Australia is covered, and in some cases, much less. In general, data availability between 1850 and 1890 is less than 50% of production with few exceptions, while in the other periods, it is usually in the upper quarter [8]. In addition, production volumes in Australia are relatively small and spread over a few mines, so individual mines have a relatively large influence. One of the mines, Mt Morgan, was partially destroyed by fire in 1927 and was not fully productive again until the 1930s. Mt Morgan had a low ore grade (0.5–1%) compared with the other mines, but a relatively high production share (approximately 20%), which led to a short-term increase in the average ore grade for these years [8]. Another increase in the ore grade was caused by Olympic Dam, which was discovered at the end of the 1970s, and the associated IOCG (iron oxide copper gold) deposit type was introduced [19]. Such events are more or less random, but have a great influence on the ore contents shown. Also, the base of measurement of ore grades might be different for earlier data. As exploration and sorting was done by eye or hand, respectively, a process of pre-concentration by these activities took place.



Compared with Australian copper ore grades, the metal contents in the United States are lower and their development is smoother. Crowson [11] also confirms this in comparison with the global average for the last decades. One reason is the deposit type available in each region. There are mainly porphyry deposits in the United States, which (as will be discussed later) have a low ore grade on average [11,20]. In Australia, deposits of the IOCG type currently have the largest share of resources (approximately 60% in 2010 and 2013). This type of deposit has an on average higher ore content than porphyry deposits [20,21,22]. Another reason is that the data represent different values. The USGS reports the yield, while for Australia, the mill head grade is given. The yield is the obtained amount of metal per amount of ore extracted. Data from the 19th century to the first half of the 20th century often state this value. Compared with the mill head grade, which indicates the metal content of the ore processed in the mill, the yield also includes the technical efficiency of the processes and is thus slightly lower than the corresponding mill head grade. Yield and mill head grade have become more and more similar with the increase in efficiency over the years [23,24]. This leads to a flattened curve in the case of the United States. The term ore grade is often used for the head grade and the yield, which makes it difficult to clearly separate the different figures. Usually, the ore grade refers to the metal content of the available reserves and/or resources. The reserves are the part of the raw materials that is known and can be mined economically under current conditions. Resources, on the other hand, describe the amount of ore (within a deposit) that cannot be economically extracted under current conditions or is associated with a higher degree of uncertainty, for example, with regard to its shape, quantity, and quality. In addition, there is the geopotential, which contains the existing, but not yet known potential of further raw material deposits. The limits of reserves and resources are thus dynamic and change, for example, with the current price [25]. However, it is important to be aware of which values are stated in order to make valid statements, because the discussed difficulties may lead to interpretations that are not compatible with the original data basis. There are several influencing factors that determine the grade of the ore mined, such as technology. Over time, an increasing efficiency, for example, made the mining of low grade ores economically feasible. This is reflected in the data shown in Figure 1, which refers to ores that actually were or are mined, not to the still available known or even unknown deposits. The influence of these factors often leads to a decrease in ore grades of mined deposits, but does not reflect depletion.




3. Influencing Factors on the Ore Grade


The influencing factors on the ore grades of mined deposits will be discussed in the following section.



3.1. Deposit Types and Demand


We extract our raw materials from the Earth’s crust, which accounts for about half a percent of the Earth’s total mass and consists mainly of oxygen and silicon [26,27,28]. Metals are contained in very small quantities in the Earth’s crust. For example, the average proportion (Clarke value) of copper is about 28 ppm, while that of gold is only 1.5 ng/g [29]. The extraction of this average concentration is (at the moment) economically impossible. However, local enrichments of these elements took place as a result of different geological processes, and thus offer a suitable starting point for their extraction. The average enrichment factor required for extraction depends on the type of raw material and the currently available technology. To extract aluminum profitably, for example, the enrichment factor has to be approximately four, which leads to an average ore content of 30%. In contrast, chromium, which is also mined with an ore grade of 20% to 30%, must be enriched approximately 3000 times because of the low average crustal concentration. For copper and nickel, the necessary enrichment factor is about 75, while for gold, it is 250 [30,31]. There is also a difference between the deposit types of one metal. Copper offers an illustrative example. Most (about 60%) of the currently known global resources are contained in so-called porphyry deposits, followed by sediment-hosted deposits (about 15%) and IOCG deposits (about 10%), among others [20]. Each of these deposit types is characterized, among other things, by its mass of ore contained and its medium ore grade. Currently mined or under development IOCG deposits have an average of 6 million tons of valuable metal at an average ore grade of approximately 0.9% Cu, sediment-hosted deposits contain 4.5 million tons at about 1.9%, and porphyry deposits contain about 3 million tons at about 0.5%. Massive sulfides (MS), which make up less than 2% of the global resources, have only about 0.3 million tons of copper at an ore grade of about 1.4% Cu (but they have remarkable amounts of other metals like zinc) [20]. Figure 2 shows the currently known resources (deposits) by type, ore content, and ore grade. What can be clearly seen is that most copper is contained in large deposits, which, however, are characterized by a low metal content of the ore. The low ore grade of large deposits reflects not only geology, but also economics. In order to state their resources, companies have to define a so-called cut-off grade, which gives the lower limit of ore grades that distinguishes waste from ore resources. This lower limit is influenced by production costs, which might be lower for bigger operations as a result of economies of scale resulting in a lower stated ore grade [12]. Another point that is important to note here is that in the future, new deposits or part of deposits as well as totally new ore types might still be discovered.



Assuming a rising copper demand in the long term, low-grade deposits offer a valuable source to cover this high demand and, therefore, their extraction is unavoidable [23]. If the ore contents are compared with the production over the past decades, this is made clear once again (see Figure 1). The growing population, its development, and the associated increasing use of technologies lead to a steady increase in the annual demand for raw materials. Initially mined regionally and for the company’s own needs, today, enormous quantities are extracted globally and increasingly large deposits with lower ore contents are used. However, this does not mean that there are no deposits with high ore grades left. An example is the Timok Project [32]. Some of the resources have a copper content of 17% to 19% at a level of about 2.8 million tons of copper [33]. This corresponds to approximately the annual consumption of the United States around the turn of the millennium, while currently, consumption is even lower.



Moreover, ores with a high metal content are often part of a larger deposit. High-grade ores are produced by secondary enrichment, that is, they represent the oxidic zone of a deposit. Whereas in the past, only this part was mined, today, the entire deposit is used, which reduces the average ore grade of the deposit and thus of the mined ore [34]. However, as more of the available resource is extracted, this might be seen as a more efficient use of the deposit in general, which, for example, makes an important contribution to the economy of the communities hosting the mining operations.



At the beginning of copper mining in Australia, the ore content of the secondary enrichment zones was still so high that the ores were shipped to Wales for metallurgical processing, where the necessary know-how was available. Only in the course of the years, when the metal contents of the ore sank, were metal smelters established locally [35]. Thus, if only a few tons of copper were needed today or if only the high grade parts were mined, it would certainly be possible to obtain mineral resources from sources with a higher metal content than the average ore used, and there might be periods of lower demand in the future. It has to be kept in mind that the decision for developing a deposit into a mine is not entirely based on size or ore grade; there are several other factors like economics, accessibility, and political stability that come into play. Porphyry deposits, for example, are not only huge, but also near to the surface, and thus easy to access and mine by mass mining methods.




3.2. Exploration


The fact that low grade deposits are mined today is also the result of growing knowledge of their formation, occurrence, and the corresponding technologies. Whereas exploration used to be done with the naked eye at the beginning of mineral extraction, more sophisticated methods were gradually added. In addition, the economic pressure on mine operators increased, which made more precise exploration necessary, as this was the only way to make a reliable statement about the yield of a deposit and to attract investors. The first institutions dealing with mining from a scientific point of view were founded in the middle of the 18th century. About 100 years later, the USGS was established, and from this time onwards, geological explorations were carried out in all industrial countries. At the end of the 19th century, technical innovations such as diamond drills enabled deeper, more accurate, and cheaper explorations. In the 20th century, further technical developments were added, such as aerial survey and satellite imagery. From the 1980s onwards, geographic information systems (GIS) and computer models were used, for example (see Figure 3). Besides technical innovations, an increasing understanding of the structure of the earth, such as the discovery of plate tectonics in the 1960s, led to a more targeted search. This resulted in more precise models of individual deposits, and thus also to discoveries of new parts of already mined deposits. Altogether, these developments have enabled the resource base to be constantly expanded [35,36,37]. If we look at the reserve figures for copper over the last 50 years, we can also perceive an increase. This shows that the reduction in reserves can be compensated by exploration work and the development of extraction technologies (which will be discussed below). In times of high demand and associated high metal prices resulting from a supply deficit, exploration also increases [38,39,40], and there is no end in sight. In a report from the German Academy of Sciences, it is pointed out that there is no institution in the world with the capability of evaluating all the mineral deposits on Earth [41] (p.26). Therefore, there are still some white spots on the world map, contrary to the assumption that everything has already been explored [42] (p. 123).




3.3. Mine Size and Structural Changes


The choice of large deposits is not only the result of the high demand; economic reasons play also a central role. Despite the progress mentioned above, exploration and development of a deposit involves high financial costs. One way companies seek to achieve economies of scale is by spreading their fixed costs over a larger production volume [43]. This can be illustrated by the development of the capacities of mines, which is shown in Figure 4.



While the decision to develop a mine before the 1980s was based on the expected copper price, in recent decades, there has been a trend towards developing only the world’s largest known deposits [44]. Most of these large deposits are porphyry. In the United States, the trend towards these deposits dates back to the beginning of the 20th century. While in 1907, the proportion of porphyry deposits in the United States was still about 10% of the mined ore, in 1914, it was already about 50% and in the mid-1930s, about 70% [23]. Worldwide, porphyry deposits accounted for 34% of global mine production in 1975 and 62% in 1998, followed by a slight decline to 55% in 2009 [11]. This shows that the increasing extraction of porphyry deposits has significantly contributed to the reduction of the average ore grade. The period from the 1920s is also known as “The Porphyry Era” [23]. This era is marked by a regional shift in mine production, as shown in Figure 5. In 2008, almost half of the extracted ore came from Latin America, which has large porphyry deposits for geological reasons. For comparison, in 1931, its share was just under 20% [11,45]. The development towards large porphyry deposits is reflected not only in the size of the individual mines and their geographical location, but also in the structure of the mine operators. In the 1920s, three companies, Anaconda Copper Mining Company, Kennecott Copper Corporation, and Phelps Dodge Corporation, produced approximately 35% of the total American copper production, 10 years later, they produced as much as 74% [18].




3.4. Technological Developments


Porphyry deposits were already known in the 19th century, but it was not feasible to mine them profitably; they were regarded as worthless. Only with the development of corresponding technologies did it become possible to extract low-grade deposits [18,23]. The trend towards porphyry deposits is also linked to the trend towards open-pit mining. This leads to a further decrease in the ore content, as large scale open pit mining methods allow profitable extraction of such ores because of lower mining costs. A comparison of the ores mined above and below ground reveals a clear difference in their ore grade. This is exemplified by the data for the United States from Leong et al. [18] for the years 1917 to 1936 and based on Weber [23] for the year 2013. In the first period, the difference averaged 1.3 percentage points; in 2013, it was around 0.5 percentage points (with a ratio of surface to underground mining operations of around two-thirds to one-third). Open-pit mining is a highly productive mining technique, as many of the large deposits are close to the surface. The associated method is known as the Jackling method and is one of the most important innovations from the beginning of the 20th century. Daniel C. Jackling, who developed the method, is also known as the Henry Ford of copper mining. He successfully applied the mass production methods already used in other industries to copper mining. In Bingham Canyon, for example, all underground mines were quickly converted into open-pit mines and the ore was mined with machines suitable for mass production [46,47,48]. At that time, it was difficult for small underground mines to keep up. In addition, there were numerous technological advances, which were necessary, among other things, to realize mass production in hard rock mining. This progress has been made in both open-pit and underground mining. In open-pit mining, large shovel excavators were used from around the beginning of the 20th century; this technology had been adopted from iron ore mining and led to a further decrease in ore grades, because larger equipment is less selective and the ore is diluted by waste or low grade material. A new invention was the block caving process for the underground extraction of copper ores with a low metal content [18,23]. This method is usable for big ore bodies with favorable rock conditions for natural breakage as it uses the internal rock stresses to fracture the rock. Therefore, an ore block is undercut by blasting; gravity causes the fractures to spread out and forces the ore block to collapse, following that the ore can easily be extracted [49]. Figure 6 shows the development of mining methods from 1880 to 1936. Today, 80% to 95% of copper ore is extracted by open-pit mining [50] (p. 197).



Even before this time, however, progress had already been made. While copper was still largely mined by hand until the 1880s, more mature and increasingly mechanized technologies were gradually used. Initially, workers used shovels to expose the ore and crushed it by hand before loading it onto carriages pulled by animals. The mechanization of these steps took place gradually. This was compounded by the increasing use of electricity instead of steam from the year 1900 (see Figure 7) [18,23,51].



Besides mechanization, the increase in the efficiency of mining, concentration, and refining technologies took place. At the end of the 18th century, drills were gradually optimized and operated using compressed air and explosives were used instead of black powder. This improvement had a particular impact on underground mining and increased the efficiency of the workers employed so that their labor could be used for other purposes. The transport systems were also upgraded and the first ventilation systems were installed. In open-pit mining at the beginning of the 20th century, the more efficient loading devices paid off. Instead of steam-powered ones, electric shovels were used, which were mounted onto a crawler instead of a truck. This allowed an increase of up to 200% of the loaded quantity. In general, larger and/or electrically operated devices were used for transport [18,48]. The mentioned developments could be described as a shift in activities from the selective mining of rich ores to the large-scale mining of low-grade ores [23].



Furthermore, technical improvements and innovations in ore comminution and concentration contributed to the success of low grade ores. The increase in efficiency achieved by technical progress is excellently illustrated by an example from Corry and Kiessling [23]. At the beginning of the 20th century, the yield after grinding was around 60% to 75% and increased to 90% by the mid-1930s. This means that the yield from an ore with 1% copper in 1935 (90% efficiency) was the same as from a 1.5% ore in 1900 (60% efficiency). This also led to the fact that old processing residues were now partly regarded as ore and processed again. Another outstanding invention was the flotation process. So gradually, the mining of more complex and chemically more diverse ores became possible [36]. In addition to purely technological advances, more and more was invested into the training of workers, which also had a positive influence on the yield [18,23].



Recent technological developments include the hydrometallurgical process, in which the metal is dissolved from the rock using chemicals before being further processed by solvent extraction/electrowinning (SX/EW). This method is used for copper oxides, which could not previously be mined, and for sulfide ores with a very low copper content. This process was introduced in 1968 and had its breakthrough in the mid-1980s. Since then, the share of total production has increased from 30% of American production in the 1990s to about 45% in 2005 [17,36]. There are also numerous innovations and process variants, for example, in the smelting process. However, the outstanding technical improvements were introduced at the beginning of the 20th century; today’s innovations (apart from the hydrometallurgical process) are often process improvements to reduce the consumption of consumables and supplies and to reduce emissions. Nevertheless, new disruptive innovations cannot be ruled out (e.g., deep sea mining).




3.5. Price and By-Products


The previously listed improvements were able to offset the increasing production costs due to lower grade ores, so that the real price of copper has been constant over time [19,48]. This clearly contradicts the assumption that there is a shortage. The price is determined by demand and supply. If there is a supply shortage, the price rises. However, the constant real price in this case confirms that demand can be met at reasonable conditions.



The current market price also has a short term influence on the mined ore. Selective mining takes place in times of low metal prices. At times of high market prices, overburden previously considered worthless becomes ore. Looking at the price of copper and the grade of ores in the United States, this effect can be seen around 1930, when the global economic crisis took place. At that time, copper prices fell relatively sharply, leading to reduced mining [45]. At the same time, however, an increase in the average mill head grade can be observed. From 1933 onwards, there was an upward trend in copper prices and the average metal content fell from 1.9% in 1934 to 1.5% in 1936 (as the published reports do not include data from Alaska, this trend is somewhat more pronounced) [52]. Figure 8 shows the relative price and head grade change compared with the previous year for the period from 1920 to 2010; a positive price change is usually associated with a negative change in the copper content of the mined ore and vice versa. Not all aspects are taken into account in the evaluation, for example, a slight time shift of the effects may result from accumulated inventories; furthermore, the price of copper is influenced by a multitude of factors.



In addition to the prices for the main product, the share of by-products also represents a surplus value. Depending on the type of deposit, other different metals can be contained. Porphyry deposits usually contain copper, gold, silver, and molybdenum. Sediment bound deposits, which mainly occur in Africa, contain cobalt in addition to copper. However, there are also deposit types that have zinc and lead included as other valuable materials. Figure 9 shows the metal content of several deposits using copper equivalents. Copper equivalents give the percentage of valuable metal in a deposit, reflecting the monetary value of all metals normalized to that of copper. If the copper equivalents are compared to the copper ore grade, it can be seen that some deposit types like massive sulfides, which are often smaller, have a high added value due to the by-products they contain. On average, about 16% of the economic value of copper deposits is due to their co- and by-products [41] (p. 72).



Figure 10 shows the development of the amount of molybdenum, gold, and silver produced in the United States as a by-product of copper production per ton of copper (over individual years). The amount of silver extracted is quite stable over the period evaluated, whereas the proportion of gold falls over the same period. In 2000, approximately 45% less gold was mined per ton of copper than in 1950. For molybdenum, the case is reversed. Molybdenum production from copper mining more than doubled (the figures also include the by-product quantity from other mass metals, but this proportion is negligible in comparison with that from copper). One reason for this is the demand for molybdenum, which had been increasing steadily since the mid-1930s and only flattened out towards the beginning of the 1980s.



On the other hand, the increasing share of porphyry deposits in the total copper production also contributes to this, as only porphyry deposits contain molybdenum as a by-product. The proportion of molybdenum, which is mainly extracted from copper as a by-product, rose from 27% in 1942 to over 56% in 2015, with the other half of annual production currently being extracted as the main product [17]. Unfortunately, no statement can be made for cobalt, as this is hardly produced in the United States. Apart from the copper content, it can be shown that the amount of by-products obtained has increased overall and thus contributes more to the profitability of a mine.





4. Discussion


The ore contents of the mined copper deposits have been decreasing over the last decades. Mudd, for example, confirms this not only for copper, which has been used here as an example, but also for many other metals that are mined in Australia [8]. Often, this trend is used to support the view that we are running out of resources. However, as shown by this work, this conclusion cannot be drawn from the available data. Instead, we need to interpret this trend positively and see the enormous technological progress associated with it.



Regarding the decreasing ore grades, the first statement may seem appropriate, but we have to acknowledge that these figures show the ore grade of the actual mined deposits, not what is still available in our earth, and there are several other factors that have an influence on the choice of whether or not to mine a deposit. It could be shown that the exponential increase in the consumption of copper, for example, led to the mining of ever larger deposits, which often have lower ore grades. This is because of the preferred deposit types. New technologies have been developed to extract these deposits, and large shovel excavators and froth flotation, for example, have made it possible to use ores with a low concentration of metal. What was called ore at the end of the 20th century was still overburden at the beginning of the same century, because it was not possible to extract the raw material under economic conditions. The long-term constant real copper prices reinforce this statement by showing that people have found a way to serve demand (using low grade ores) at reasonable prices. Therefore, the ore content alone is not suitable for making a statement about the availability of raw materials, but rather to show the enormous progress made by the technologies used.



Nevertheless, the decreasing metal content of the ores leads to an increased expenditure of input materials, overburden, energy, emissions, and so on, which must not be ignored, as it has a considerable influence on our environment, but which was not the subject of the paper here. Further, it is precisely this increasing ecological expenditure associated with falling ore grades, as well as the increasing conflicts of use, that are restricting the availability of resources from a sustainable point of view. In our opinion, these environmental impacts should be placed more at the center of the assessment of resource extraction than a very speculative discussion about possible resource depletion based on the data discussed in this paper.
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Figure 1. Copper ore grades and production in Australia (1844–2007) and the United States (1880–2010). Data for Australia are taken from the work of [8]; data for the United States 1924–2010 are taken from the work of [17], and previous years from the work of [18]. 
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Figure 2. Resources (measured and indicated in conformity with the Australasian Code for Reporting of Exploration Results, Mineral Resources, and Ore Reserves (JORC) or South African Mineral Codes (SAMREC)) and ore grades of copper mines and projects classified by deposit types [20]. MS—massive sulfides; Ortho—orthomagmatic; IOCG—iron oxide copper gold; diss—disseminated hydrothermal; Por—porphyry; Sk—skarn; Sed-host—sediment hosted. 
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Figure 3. Development of exploration technology and mineral production [36,37]. 
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Figure 4. Share of annual production according to mine size for the years 1976 and 2000 [43]. 
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Figure 5. Regional share of annual production [11,17]. 
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Figure 6. Shares of mining methods for the years 1880 to 1936 [18]. 






Figure 6. Shares of mining methods for the years 1880 to 1936 [18].



[image: Resources 07 00088 g006]







[image: Resources 07 00088 g007 550]





Figure 7. Mechanical power use in US metal mines [51]. 
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Figure 8. Relative change of copper ore grade and price for the United States from 1920 to 2010 (own calculations based on the work of [17]). 
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Figure 9. Resources and ore grades of copper mines expressed in Cu–Eq (own calculations based on the work of [22], Cu–Eq are calculated using the amount and price of all in a deposit included and extracted metals, efficiencies are neglected). 
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Figure 10. By-products per ton of copper production (own calculations based on the work of [17]). 
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