
INTRODUCTION TO CURRENT TRENDS IN MINING 

Two words dominate current discussions about the supply and demand of minerals: globalization 

and supercycle. Globalization’s application is much wider than mining, although a shrinking world 

has profoundly impacted the mining industry. Supercycle has recently come into use because 

rapidly industrializing, less-developed countries have stimulated minerals demand. Fifty years ago 

the mining industry was dominated by local companies supplying single products to local 

customers. High transportation costs, poor communications technology, and a lack of companies 

that had the capability to invest outside their national boundaries led to an industry dominated by 

small producers operating on either a local or national scale. 

Learning objectives 

By the end of this lesson you should be able to: 

Explain how demand and supply of minerals affects the prices 

Describe how globalization affects the minerals 
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INTRODUCTION TO CURRENT TRENDS IN MINING 

SUPPLY & DEMAND 

Two words dominate current discussions about the supply and demand of minerals: globalization 

and supercycle. Globalization’s application is much wider than mining, although a shrinking world 

has profoundly impacted the mining industry. Supercycle has recently come into use because 

rapidly industrializing, less-developed countries have stimulated minerals demand. Fifty years ago 

the mining industry was dominated by local companies supplying single products to local 

customers. High transportation costs, poor communications technology, and a lack of companies 

that had the capability to invest outside their national boundaries led to an industry dominated by 

small producers operating on either a local or national scale. 

Globalization changed all this. Easy telephone calls, long-haul planes, and huge ships meant that 

mining companies could develop mines and sell their output globally. At the same time, the 

technology used in production became more efficient—generally by getting bigger. Plants and 

earthmoving equipment became larger and underground longwalls got longer. Increasingly, the 

low-cost source of supply was huge, high-quality deposits, the product of which was shipped all 

over the world. The result was the cost of supply went down and mineral prices declined. 

This trend was enhanced by the post–World War II reconstruction of Europe and subsequent 

growth boom plus the rise of major Asian economies with little or no indigenous metals resources. 

It also fueled the segregation of basic raw materials supply and processing, as raw materials 

became sourced where the best resources were located and processing occurred in countries where 

materials were in high demand. 

The Figure below tracks the price of copper for the period 1800 to 2008 in U.S. dollars per pound, 

in real 2008 dollars. In this graph, the effect of inflation has been removed. 

The first observation on Figure 1.2-1 is that the generalprice trend is downward, due to the impact 

of globalization and, to a lesser extent, technology. It is much less expensive to produce lots of 

copper from a few large mines in Chile than it is to supply it locally from many small mines—and, 

as extraction costs fall, so do prices. 

The next critical observation is that, while the overall trend is clearly downward, during periods 

of up to 50 years prices have steadily risen. The current buzzword for these periods is supercycles, 

and they generally follow a major event. The largest of these was the post–World War II period 

when much of the world was rebuilding and metals demand grew strongly. A substantial body of 

experts currently believes we are in another supercycle. This period of strong demand growth is 

driven by the industrialization of the BRIC (Brazil, Russia, India, and China) countries. The people 

in these countries, which number approximately 2.7 billion (40% of the world’s total population), 

are seeking a better way of life, which they have learned about through television, the Internet, and 

global tourism, and believe that this better way of life is increasingly achievable to them. 

Industrialization does not affect the demand for all products equally. One of the early beneficiaries 

was the raw materials that go into making steel, which is an essential input in the construction of 

roads, buildings, and general infrastructure. 

Figure 1.2-2 shows the steel intensity per capita at various levels of gross domestic product (GDP). 

As this graph shows, steel usage rises rapidly until the economy has grown to about US$15,000 

per person. During this early industrialization, iron ore and metallurgical coal, the two primary 

raw materials in making steel, have seen demand growth (and price) exceeding long-term averages. 



Should the BRIC countries continue to industrialize, the large population bases of these countries 

would support another supercycle. Over the next 10 to 20 years, this future growth (or not) of the 

BRIC countries will be the issue that will have the biggest impact on the mining industry. 

The large growth in natural resource requirements is causing debate now, as it did following the 

substantial expansion of demand after World War II, about the adequacy of the world’s resource 

base to meet the world’s needs. The earth has a large storehouse of minerals, and nearly all mining 

products are much more common in the earth’s crust than petroleum. As the requirement for 

mining products grows, the issue will not be whether we will run out, but how much will these 

minerals cost? The answer to this question will be determined by the ability of mining and mineral 

processing technology to stay ahead of demand growth. 

 



 
 

 
 

 



Marketing 

No assessment of current trends would be complete without commenting on the major changes 

that have occurred in how mining products are sold. In the 1970s, producer prices (where producers 

unilaterally declared the price) were commonly replaced by auction prices. Effectively, producers 

of copper and aluminum began to sell to warehouses operated by the London Metal Exchange. 

Buy and sell prices were agreed upon through an open platform/open outcry system, similar to 

early stock exchanges, through auction prices. After these prices were announced and published, 

they became the basis for setting the price of raw materials. 

The use of an auction process has two major benefits. The first is that prices change rapidly with 

demand. Effectively, the price is continuously set at a level where there is a willing buyer and a 

willing seller, which effectively represents true supply and demand fundamentals of that product 

in real time. Second, the auctions allowed the creation of financial products that are valued by both 

the buyer and seller. These financial products allow prices to be agreed upon for future sales, 

effectively allowing companies to reduce their exposure to changing raw materials prices. They 

also made it possible for companies to manage pricing risk between the purchase of raw materials 

and the consequent sale of the product (matching input cost and revenue). 

The current trend is toward greater use of screen-traded, open auction pricing for an ever increasing 

range of raw materials. The early adopters were commodities that could easily be delivered to a 

single, consistent specification. Increasingly, screen trading is expanding to include a wider range 

of specifications and products, such as coal and iron ore, which have substantial variations in 

quality. 

MINE RALS EX PLO RATION 

Location 

Mines have a single characteristic that is different from most other industries: Development, and 

investment, must occur where the resource is located. As miners, we don’t have a choice about 

where to locate our mines; they need to be where the deposits are. We do, however, have a choice 

in how much we are willing to trade mining higher-grade and higher-quality resources in higher-

risk countries for lower-grade and lowerquality resources in stable countries with developed 

infrastructures. 

This trade-off between discovery risk and political risk is the history of minerals exploration and 

has driven a recent trend toward exploring in less-developed countries. 

Figure 1.2-3 illustrates this shift of exploration expenditure into less-developed countries. In the 

1950s, nearly 80% of the world’s exploration expenditure went into the United States and Canada. 

By the year 2000, the United States and Canada were attracting barely 25% of exploration dollars. 

Instead, the major beneficiaries were Latin America and Africa, with Australia and Chile 

developing major mining industries after early exploration success. 

What is clear is that, while there is a trend away from the highly developed countries, there has 

not yet been a major increase in exploration in the highest-risk countries. Although many of these 

extreme-risk countries offer easier-to-find, high-quality deposits, they have not yet received 

substantial attention from the global explorers. The reason for this is the long-term nature of 

finding and developing a mine combined with the limited risk appetite of investors and significant 

operating and fiscal challenges. From the start of exploration until a mine is in production generally 

requires around 10 years. Recovery of the initial investment frequently takes another 

10 years, effectively meaning that 20 years of operational and fiscal stability is required for a 

mining project to pay back its initial investment. Higher-risk regions may be geologically mine 

developers to be insufficient to support 20 years of exploration, development, and mine operation. 



Exploration Technology 

During the last 50 years, the exploration sector has moved from reliance on observations of 

geologic features exposed at the surface to an ability to detect hidden mineralization at increasing 

depths. This has largely been achieved through developments in geophysical exploration tools. 

Advances in microelectronics in the late 1950s supported the development of smaller equipment 

that could quickly measure and process large amounts of data. This smaller equipment was 

mounted in planes and helicopters and produced a quantum leap in the industry’s ability to cost-

effectively screen large areas of land. 

Additionally, refinements in both passive (magnetics, gravity) and active (electromagnetics) 

methods provided increasing depth penetration potential. Direct detection methods are now 

capable of outlining larger targets buried at depths of up to 1 km. While this depth is still short of 

the economic limit of mining, it is a vast improvement in capability versus 50 years ago, and 

ongoing improvements will ensure the industry can increasingly detect mineralization that is 

deeper and covered by post-mineralization sediments. 

In the last 25 years, targeting capability has also been enhanced by satellite spectral scanners. 

Dedicated satellites are now providing geologists with a substantially improved ability to map 

topography, structure, and alteration. The development of faster processing capability linked to 

computer chip speed means that an individual geophysicist carrying a laptop computer has the 

ability to process complex inputs from a variety of sources. 

Exploration Competitors 

The starting point for a successful minerals exploration program is to obtain access to highly 

prospective ground. This access is typically granted in the form of an exploration license by the 

government where the ground is located. Effectively this means that a good explorer must have a 

combination of relationships, capability, and reputation, which makes it attractive to the 

government granting the license. 

This structure has resulted in four competitors in the minerals exploration arena: 

1. Local public or parastatal companies that have good relationships with the host government 

2. Junior exploration companies, typified by small Canadian and Australian exploration 

companies, that are willing to take high risks to generate a discovery and then usually on-

sell it to a large producer with operating and financial capability 

3. Global mining companies that are exploring for deposits they hope to develop 

4. State-owned enterprises (SOEs), supported by national governments, that are seeking to 

acquire natural resources globally to support their countries’ development 

The development of group 4, the SOEs, is a recent trend and is typified by China. Under this 

model, the government sponsoring the SOE manages a coordinated program that frequently ties 

together government-to-government soft loans, infrastructure development, and access to 

resources for the SOE. The goal of this strategy is to ensure a supply of critical natural resources 

to support country growth and development. 

Or e Reserves and Va luat ion 

The fundamental source of a mine’s value is its potential ore reserve. The word potential is used 

because rarely is the full extent or quality of an ore body known until it is fully mined out. One of 

the key decisions that the developer faces before building a mine is therefore the level of certainty 

required about the ore body’s size, quality, and shape before the commitment of funds is made. In 

estimating the potential, most good analyses will consider the probability that various sizes and 

grades of ore bodies will ultimately be found and mined. 



Reporting requirements mandated by stock exchanges are requiring companies to disclose their 

ore reserves to standards set in codes, such as Australia’s Joint Ore Reserves Committee Code. 

The reporting of ore reserves is generally an external exercise to provide investor assurance and 

governance and is different from the assessment of ore potential that is required to support an 

investment decision. Investment decisions need to factor in the likely outcome for the total 

resource size and quality, as well as the order in which it will be recovered. The critical difference 

is that investments and valuations are based on what is expected, whereas reported ore reserves 

are based on what is known. 

Investment decisions establishing ore reserves and/or expected reserves also need to consider the 

ore-body structure, processing recoveries, and impurities. The single biggest physical factor that 

causes mining projects to produce lowerthan- expected investment returns is misunderstanding the 

ore body’s characteristics. The biggest errors occur in geological continuity, ground conditions, 

and metallurgical recoveries. 

Either the ore body isn’t continuous, it has unexpected faults or other geologic features, the ground 

conditions (in the ore or the adjacent waste) are harder or softer than expected, or assumptions of 

recoveries and payable product are overly optimistic. All result in higher costs, and several high-

profile operations had to close after start-up because of unexpected and structurally unsustainable 

costs resulting from serious errors in predicting one of these issues. 

Unfortunately, companies do not appear to be getting better at understanding the ore reserves 

supporting their investment decisions. The possible explanations for this are the following: 

 Drilling and sample testing are typically the slowest and most expensive parts of feasibility 

studies. When corners get cut, drilling gets underdone. 

 Understanding the adequacy of a drilling program is complex, and the people approving 

the project rarely have the time or capability to judge the appropriateness of the estimated 

resource. 

Despite the importance of understanding ore-body structure and metallurgy, the biggest unknown 

in mine valuation is mineral prices. This is also the factor that has the biggest impact on the 

project’s returns. Companies are improving their capabilities in this area, with virtually all midsize 

and larger producers investing substantial efforts into understanding the likely direction of their 

key markets. However, as the movement of mineral prices are heavily driven by demand, which 

flows from global growth, prices are volatile and price estimates remain substantially subjective. 

This is especially to virtually all mining development projects. 

Mine Op erat ions 

Most mine operations have two separate activities: mining and mineral processing. The high 

capital cost and long life of a mining operation necessarily lead to relatively lower rates of 

technological change, broadly shared with other industries with similar characteristics. The 

activities currently used in the mining and processing areas of most mines look similar to those 

used 25, even 50 years ago. Drilling and blasting, the use of trucks and shovels, crushing, grinding, 

flotation, smelting, and refining are all still core elements of the industry. 

As is the case with most technologies, however, the extent of perceived change depends on how 

high a helicopter view is taken. One of the most pervasive overall changes is the size of the 

equipment and the scale of the operations in which they are used. 

In 1970, the average truck purchased for use in an openpit mine was 90 t (metric tons). By 2008, 

the average size of a newly purchased mining truck had doubled to just over 180 t. Plant size has 

followed a similar trend. The Escondida mine in Chile has been either the first or the second largest 



copper in the world since it started operating in the late 1980s. Since construction, it has undergone 

multiple expansions, as shown in Table 1.2-1. 

The path that Escondida has followed would be a typical one for a large mine. The initial project 

was designed to mine the easy-to-access, high-grade ore. The limitation on initial plant capacity 

was the ability to sell the concentrate, as Escondida does not have an associated smelter and was 

an early mover in supplying raw materials to nonintegrated processing facilities in Asia. Since its 

initial start-up, substantial value has been added through a series of expansions that used the same 

infrastructure footprint as the original construction. 

As these occurred, each generation of larger equipment was added, and incremental processing 

technologies were introduced to optimize recovery. Escondida also reflects the general trend in 

mining toward large open pits. At the beginning of the 1990s, more than 90% of mine production 

was by underground means. By the year 2000, 85% of mine production was from open-pit mines. 

Current indications are that the percentage of production from open-pit mines has peaked. Large 

open-pit mines create big, permanent holes, leave large piles of waste rock, use large quantities of 

water, produce large amounts of noise and dust, and consume vast amounts of petroleum to power 

the mobile equipment. The tolerance of society for activities such as these is declining. 

At the same time, the ore bodies that remain to be exploited are becoming deeper as existing mines 

deepen and improved exploration technology finds deposits under deeper cover. Figure 1.2-4 

shows the depth to the top of mineralization by year. Between 1930 and 2000, the depth of the 

average discovery in Australia, Canada, and the United States increased from surface outcropping 

to 295 m. This depth to the top of the ore body requires more prestripping than any but the largest 

mines can support. 

Additionally, the current mega-mines are reaching the economic limits with their stripping ratios. 

The world’s great open-pit copper mines, including Chuquicamata (Chile), Grasberg (Indonesia), 

and Bingham Canyon (United States), are all nearly 1,000 m deep. The amount of waste removal 

required to continue to access the ore body is becoming extreme. All of these operations either 

have begun to develop and/or operate underground mines underneath their current pits or are in 

the later stages of engineerinsg studies to do so. 

To meet the tonnage requirements of these large mines, all of them are considering bulk mining 

methods, with block caving being the mining method of choice. In South Africa, the Palabora 

copper mine has already made this transition. The combination of environmental pressures and 

depth is expected to further this trend toward increased development of large underground mines. 

 
Remote and Autonomous Operation 



The technology shift in mining that merits close monitoring is the increased operation of 

equipment either remotely or autonomously. Remote operations, where the operator is not 

proximate to the equipment, can dramatically improve safety performance. This method of 

operation started to become more common in the early 1990s. By the mid-1990s, equipment 

suppliers were presenting the potential of autonomous equipment, where no operator was required. 

Since then, technology changes, including a high-resolution Global Positioning System, wireless 

technology, remote sensing, and robust pit management software, are making autonomous 

operations increasingly viable. 

Productivity improvements and reduced equipment wear and tear are driving the development of 

autonomous technology for mobile mining equipment. Safety and the possibility of relocating staff 

away from remote and unattractive locations are driving the development of remote operations 

technology. Both remote and autonomous operations are technology trends that should be watched 

closely as they can materially reduce mining costs. 

Mineral Processing Technology 

Mineral processing changes have also continued to evolve. As in mine operations, mineral 

processing equipment has become bigger. Larger grinding mills, flotation cells, and furnaces have 

made for simpler plant layouts and have brought down costs. One of the high-level drivers for 

other technology changes has been the overall trend toward lower ore grade and/or the need to 

match processing routes to other ore-specific challenges. 

As grade declines, the focus is on increasing recovery and tonnage throughput, with less metal 

value ending up in the tailings impoundment. This has led to measures that provide a greater 

understanding and control of processes. The development of computer-automated quantitative 

mineralogy, on-line materials monitoring, in-line process monitoring, sophisticated process 

modeling, and centralized control have all contributed to improved mineral recoveries and lower 

costs. Indeed, it is now a rare plant that does not have a central control room with substantially 

computerized controls. 

 



Large step-change or revolutionary innovations are rare in most industries, and this is also the case 

for mining and minerals. Nevertheless, they have happened. The most notable change has been the 

shift from pyrometallurgy toward hydrometallurgy in nonferrous processing. For example, the 

advent of solvent extraction electrowinning (SX-EW) technology in the 1970s has steadily led to 

the growth of leaching in the copper industry such that SX-EW now accounts for more than 

20% of world copper production. Escondida is a good example of this trend, illustrating the key 

drivers of ore-specific processing, resulting in chemical heap leaching of oxide ores; and the need 

to treat low-grade sulfide ores, resulting in biologicallyassisted heap leaching. Carbon-in-pulp 

technology had a similarly wide impact on the gold industry. Of course, many innovative processes 

or subprocesses are scattered across the industry, and, although these are sometimes significant in 

novelty and impact, they tend to be applicable to a smaller subset of ore bodies or ore types rather 

than being generic. A path of process innovation has been followed for some decades by the end 

user of energy coal, the power industry, in pursuit of advanced combustion and gasification 

technologies, as well as carbon capture and storage approaches. The desire to reduce greenhouse 

gas emissions is a strong driver and remains a work in progress. 

Major investments have also been made in new technologies for hydrometallurgical nickel laterite 

processing and the pyrometallurgical production of direct reduced iron. 

The development of laterite processing technology has been resource driven as a result of the 

dearth of new nickel sulfide discoveries and the easy availability of large nickel laterite deposits. 

In both cases, the technologies are still evolving and have not yet become sufficiently simple or 

predictable to substantially change the economics of their industries. Major technology shifts in 

nickel and direct reduced iron have struggled to be successful, in part because 

 They are competing against technologies that have been optimized over many decades; 

 Development time is long and implementation comes at a high capital cost; and 

 The products (nickel and iron) have highly volatile pricing, making it difficult to stay 

committed to an uncertain technology that, in its early stages, is missing cost and 

performance targets, and is therefore cash negative during much of the price cycle. 

Although it is often difficult to predict where major change is likely, a trend to watch is the 

continued displacement of pyrometallurgy with hydrometallurgy in the nonferrous area and 

particularly the continued evolution, and ultimate success, of leaching technologies across a wider 

range of minerals. 

VE RTICAL IN TEG RATION 

By definition, mines need to be located where the ore bodies are located. Whereas the mine 

location is fixed, the level of processing attached to the mining operation is not. Historically, mines 

have been associated with the minimum level of processing to produce a concentrated product. 

The goal of concentration has been to minimize transportation costs. 

The minimum level of processing required at a site has varied substantially according to the 

product mined. Largely this is because some products do not have sufficiently developed markets 

to allow intermediate products to be sold at full value and because locations away from the mine 

site can facilitate lower total production costs. As an example, there is only a small international 

market for bauxite and a moderate-sized market for alumina, and prices for these products tend to 

be fixed as a percentage of the aluminum price rather than the fundamental supply–demand balance 

for bauxite and alumina. This lack of freely traded markets for intermediate products has generally 

resulted in bauxite miners producing alumina at the mine site, and then transferring it to distant, 

but owned, aluminum smelters, which are generally located in areas that can provide inexpensive 

power. This structure minimizes production costs but also makes it difficult to be a substantial 



participant in the bauxite mining industry unless your operations are vertically integrated through 

alumina refining and aluminum smelting. 

Two current trends are pulling parts of the mining industry into or away from vertical integration. 

Pushing the industry toward vertical integration is the desire of governments to capture maximum 

rent from ore bodies and maximize job creation. As a trade-off for allowing access to mineral 

rights, governments are increasingly demanding construction of processing facilities in-country. 

Effectively, governments are looking to force mine developers to substantially increase investment 

and job creation as a trade-off for awarding mineral rights, even if this means processing facilities 

are not optimally located. 

The stronger force is toward less integration caused by decreasing transportation costs, the 

generally lower construction and operating costs available from locating plants in Asia (especially 

China), and the opportunity to build larger processing facilities in central locations that can 

aggregate feed from multiple mines. This trend toward disintegration is expected to continue and 

will make it increasingly easy for mining companies to focus on mine-only operations, with 

processing handled by a separate company at a distant location. 

SUSTAIN ABILI TY 

Environment, community, and safety are major issues for the mining industry and the trend is for 

increased scrutiny in these areas. The reasons for this are the following: 

 Historic: Improperly operated and/or closed mines are still a legacy of our past. Old mines 

with major contamination and/or environmental degradation problems are all too common. 

 Social: Communities, lifestyles, and even social fabric are all substantially impacted by 

nearby mine development. 

 Emotional: The natural resources of a country are initially the property of the people of 

that country. A company, and particularly a foreign one, profiting from the extraction of 

natural resources is a sensitive issue. 

 Real: The purpose of mining is to concentrate elements (minerals) for use by society. 

While the production of concentrated minerals (copper, gold, lead, etc.) is desirable, a side 

effect of mining tends to be the concentration (and release) of some undesirable elements 

(lead, arsenic, sulfur dioxide, radioactivity, etc.). 

 Progress: Society expects ongoing improvements in industrial performance across all 

industries, and the mining industry must keep pace with progress in other industries. 

The mining industry has been well aware of these issues, and its performance in the areas of 

environment, community, and safety is improving. In part this change is driven by higher levels 

of social awareness within the companies themselves. However, much of the change is also due to 

recognition by senior management that a good track record on environmental, community, and 

safety issues is a requirement for getting (and holding) access to resources. 

Simply put, it is increasingly difficult for a mine operatorwith a bad track record on environmental 

or social issues to obtain or hold the license to operate that it needs to be successful in most 

developed and many developing countries. Governments, communities, financial institutions, and 

investors do not want to support or facilitate actions that are perceived to be unreasonably harmful 

to people. This has resulted in stronger regulation, higher levels of community involvement in the 

approval process, strengthened laws regarding indigenous rights, and the adoption of voluntary 

principles of sustainability and human rights by most large mining companies. 

It has also resulted in a bifurcated industry structure whereby large, public companies are heavily 

scrutinized and typically seek to meet or exceed minimum legal requirements. They also tend to 

work closely with nongovernmental organizations (NGOs) and governments. The scrutiny and 



standards that apply to smaller companies are typically less than for a large one. However, 

governments and partners in less-developed countries are not always happy with the big company 

approach. This desire for quick investment supports the faster approach that smaller companies 

typically adopt. 

The International Council on Mining and Metals (ICMM) was established in 2002, and most 

leading mining companies are members. Through the ICMM, the industry has put forward its 

proposal on sustainable development, including climate change, and has undertaken to report its 

progress and have its reports verified. Additionally, progressive companies have been engaging 

directly with their key stakeholders and making progressive decisions to enhance their licenses to 

operate. In many instances this involves commitment to environmental management strategies that 

go beyond strict legal compliance and have resulted in increased costs. 

Climate Change 

While there are some contrarian views, most of society believes that human-made climate change 

is causing harm and that carbon emissions are the primary cause. Society has therefore demanded 

that the subject of climate change receive maximum government and industry attention. Through 

the consumption of its products (primarily the burning of coal), the mining industry indirectly 

accounts for about 32% of global greenhouse gas emissions (IEA 2008). Given the industry’s large 

contribution to carbon emissions, shareholders, regulators, and society at large expect the industry 

to reduce its footprint. 

Although many mining companies have made commitments to reduce carbon emissions, this issue 

is expected to become increasingly contentious. The likely focus will be coal and uranium mining. 

Through its consumption, coal is the single largest contributor to increased levels of carbon in the 

atmosphere. Nuclear power, which uses uranium, has long been out of favor, largely due to issues 

associated with the disposal of nuclear waste and society’s long memory of early nuclear incidents 

and accidents. However, nuclear power does not generate carbon, and, as a result, it is increasingly 

coming back into favor as a source of carbon-free power. 

Technology improvements, including carbon sequestration at coal-powered generating stations 

and the development of nuclear reactors with reduced levels of waste generation, will be key trends 

to follow. Although it is not clear how the balance between climate change and low-cost energy 

will evolve, it is obvious that the produced from the mining of coal, uranium, and tar sands will 

continue to provide a major part of the world’s energy supply. 

Safety 

The mining industry has historically had a poor safety record, and the industry is viewed as a 

dangerous one. While injury rates and fatalities continue to be unacceptably high, the industry 

overall has dramatically improved its safety performance. 

For context, the construction of the Panama Canal in the early 1890s involved the movement of 

300 Mt of material and cost 26,000 lives. BHP Billiton’s Escondida mine moves 360 Mt every 

year with the expectation that this will be achieved without the loss of a single life. Safety 

performance is still an issue, but dramatic improvements have been made and must continue to be 

made. 

Human Resources 

The design and material flow sheets for modern mines are complex and unique, the equipment is 

large and expensive, and operations are frequently remote. Capable people, at all levels of the 

organization, are therefore essential to operating a successful mine or mining company. Despite 

this requirement for large numbers of capable people, the mining industry has faced and is facing 

a global skills shortage. The best evidence of this is the decline in university graduates in mining 



engineering, earth sciences, and metallurgy. In Australia, the supply of mining engineering 

graduates declined to just 100 in 2005, down from 200 as recently as year 2000. In the United 

States, there were only 86 mining engineering graduates in 2005. Similar acute skills shortages 

have developed for mechanical and electrical tradespeople and to a lesser degree for skilled 

equipment operators. 

The reasons for this shortage of skilled people in mining include the following: 

 Remote locations: Mine locations are frequently rural and remote. This lifestyle is 

generally less attractive than living in large cities, particularly to unmarried new graduates 

and families with high-school-aged children. 

 Industry unattractiveness: Particularly in developed countries, the image of mining 

industry work is (incorrectly) of low-skilled, dirty jobs in an outdated, boom/ bust industry. 

This image does not attract high-quality entrants. 

 Lack of awareness: As the relevance of the mining industry has declined in the developed 

world, potential entrants are increasingly unaware of the opportunities the industry offers. 

Increasingly, the trend is to fill the void left by a lack of new entrants in the developed world by 

recruiting skilled workers from developing countries. In 2007, the mining industry employed 8% 

of Australia’s skilled migrants but only 1.3% of its native workers. A number of companies have 

started recruiting new graduates in less-developed countries with strong mining or manufacturing 

cultures. As a result, South Africa, Russia, and China have started to become targeted countries 

for recruitment of new graduates with technical degrees. These steps will help, but they are not 

enough to attract the talent the industry requires. To lure skilled workers, the industry is 

increasingly promoting the benefits of a career in mining, including career development, high pay, 

the ability to choose between an urban and rural lifestyle, and substantial opportunities to travel. 

Finally, there is a strong trend toward fly-in/fly-out (FIFO) operations for new development 

projects. These FIFO operations are an alternative to creating remote residential towns to support 

nearby mining activities and are seen as a more attractive lifestyle alternative for many potential 

employees. This move toward FIFO operations also supports a sustainability agenda, because 

when the mine is depleted, the towns that were built to support it are frequently left without an 

economic base. 

Governance 

There is unquestionably a trend to increased governance of public companies in general and 

mining companies in particular. 

These come from many sources: 

 Unions: Although union membership has been falling worldwide, the statement that “you 

get a union when you earned one” is still valid and provides an important check on the 

management of industrial relations. 

 Nongovernmental organizations: NGOs are passionate about their individual issues, and 

they are growing. Areas such as human rights, protection of indigenous people, 

biodiversity, and the environment all attract strong funding and provide a voice on mining 

issues that is widely heard and considered. The trend is for these groups to become more 

pragmatic in their approach, and many NGOs have moved from simply being against 

mining to engaging companies in substantial discussions about how mining can be done 

more sustainably. 

 Regulators: Stricter reporting requirements and unbiased verification are clear regulatory 

trends through legislation such as the Sarbanes–Oxley Act of 2002 in the United States. 

Industry groups such as the ICMM are also substantial forces for self-regulation through 



their members’ commitments to codes of conduct and reporting. The trend is for industry 

to increasingly rely on selfregulation and voluntary compliance to standards that exceed 

legal requirements. 

 Financial institutions and shareholders: Equity analysts are increasingly independent 

from their lending institutions, and banks and investors have much better access to 

information about the companies they choose to financially support. For these reasons, it 

is harder for bad companies and projects to attract funding. 

 Society: The volume of information and speed with which it is transmitted through sources 

such as the Internet are making it harder for unacceptable actions to go unnoticed. 

 Boards of directors: Members of the boards of directors of public companies strongly 

dislike being associated with any type of scandal or perceived violation of a company’s 

“social license to operate.” Most boards devote large amounts of time to ensuring that high 

standards of governance are upheld. 

Lastly, there is a clear trend toward more disciplined management decision making. As mining 

companies have become larger and more global, the costs of the decisions they are making, 

particularly to build ever larger individual mining projects, are increasing. This has brought with 

it a higher level of discipline to operating and capital decisions that have benefited all aspects of 

operation, including safety and environmental performance. 

This discipline includes a more sophisticated approach to analyzing future price scenarios, 

assessing investment and operating decisions, and understanding risk. It also includes aggregating 

purchases of consumables, measuring and reporting performance in key operating areas, and 

requiring adherence to minimum standards of operation across entire companies. 

Evidence of the success of these actions is the general reduction in capital cost blowouts by the 

leading companies, improved investment decision making, and the ability to establish and report 

against a wide range of operating targets. Ten years ago BHP Billiton could not track its company-

wide energy use, its carbon emissions, its usage and the prices paid for key spare parts, its 

instantaneous financial exposure to its key customers, or its equipment uptime. Nor could it easily 

dig into the quality of the supporting data for fundamental documents such as its ore reserve 

statements or its financial results. Today it routinely measures (and reports) all of these and much 

more. 

However, the resources required to complete this work are large and therefore tend to be within 

the domain of the larger companies. This disciplined approach will need to be increasingly adopted 

by smaller companies or the industry will face increased regulation, which will further increase 

the value gap between the industry leaders and the rest of the industry. 

IN DUSTRY STRUCTURE 

In the mining industry’s evolution, the winner is clear. Lower transportation costs, bigger 

equipment and projects, higher standards for operating and ethical performance, and strong 

demand growth have all favored big, global companies with deep financial and operating 

capabilities. The gap in size between the leading mining companies and the rest of the pack has 

become quite large. In 2009, the world’s largest mining company (BHP Billiton) is 40% larger 

than its nearest competitor (Vale), which is itself 40% larger than its next largest competitor. As a 

group, the large companies are active in multiple products and countries and could credibly claim 

to have the capability to efficiently build and operate mines in any of the major minerals, anywhere 

in the world. 

The industry leaders also dominate the ownership of the best mineral deposits. A few midsized 

companies have large, high-quality deposits, but they tend to be companies that are protected from 



large acquirers by either their ownership structure or their potential liabilities. Companies in this 

group include state-owned miners such as Chile’s CODELCO and companies with two-tiered 

ownership structures such as Teck Resources (previously known as Teck Cominco). 

FUTURE TRENDS 

Imagine for a moment the mine of the future, where knowledge of the ore body, its mineralogy, 

size, and value are known precisely, based on a range of three-dimensional (3-D) geological 

images captured nonintrusively long before mining commenced. 

The mine plan covers not only the initial target ore body but all future extensions until the reserve 

is exhausted. Nothing is left to chance. Imagine a mine with a zero environmental footprint and 

zero net energy consumption, where all processes are continuous, with process control systems 

that monitor and optimize performance, and where all moving equipment is autonomous and 

controlled from afar. Few people are visible on or under the ground, and the work environment is 

safe and healthy. Highly skilled workers operate the mine from air-conditioned control rooms in 

major capital cities. These jobs are well paid and highly prized. 

Can we imagine this future, and is it that far away? The pace of change in the industry has increased 

dramatically, with strong market pull and strong technology push. The mine of the future may be 

closer than we think, and many of the enabling technologies exist today. The trends likely to shape 

our future will be explored through this module. 

Demand 

Although the pace of change continues unabated, the nature, rate, magnitude, and impact of change 

are not constant and know no boundaries. No one predicted the coming of the information age and 

the enormous global impact of the Internet. 

The mining industry is changing in step with global demands, but the challenges of supplying 

minerals and metals to a world experiencing exponential change are great. The future will be very 

different. The mining industry is experiencing a dramatic change, one that profoundly affects our 

industry, an unprecedented change that creates an enormous challenge and an immeasurable 

opportunity. The world is rapidly becoming urbanized, with an additional 1.4 billion people 

predicted to move into cities within 20 years. Although the population shift will be universal, it is 

being led by China and India. People who move to cities require houses, roads, schools, power 

stations, and stadiums, and they gain the wealth to purchase consumer goods, such as refrigerators, 

cars, and air conditioners. With urbanization comes a greater demand for metal. It is estimated that 

the average per-capita requirement for metal products is 155 kg for China’s rural communities and 

817 kg for China’s urban dwellers. 

Demand for all base metals, particularly iron, copper, and aluminum, will likely double from 2010 

to 2025, due largely to this population shift. Putting this in perspective, the additional demand for 

iron ore in that time period is equal to the capacity of five Rio Tinto Pilbara operations, which 

produce close to 200 Mt per year. It is also estimated that the world will consume as much copper 

from 2010 to 2035 as it has during the last century. China’s iron ore imports are expected to double 

from 2010 to 2016 (Figure 1.3-1), following many years of growth that has made China the world’s 

largest consumer of traded iron ore, copper, and aluminum (Table 1.3-1), together with nickel, 

steel, and coal. From 1990 to 2006, China’s steel production more than tripled, with iron ore 

imports increasing 20-fold during this period. China is clearly the new force in commodity 

demand. The industrialization of China and India is changing the economic world order. 

Supply 



Satisfying this huge growth in demand is the mining industry’s greatest challenge, and one that 

must be confronted head on. The industry must think and work differently to keep pace with this 

burgeoning demand. The old ways will not be good or fast enough. Change is essential. 

Mine output rates must increase. Existing assets must be extended to yield more. Lower-grade 

reserves must be tapped. 

Exploration and discovery must become more efficient. The search for new high-value reserves 

must accelerate. These outcomes must be delivered during a global industry skills shortage and 

against a background of diminishing surface deposits and rising costs. Moreover, in today’s 

society, everyone wants more for less. Higher outputs must be achieved at lower unit costs. 

Working against this need for lower costs are increasing energy costs, the threat of climate change, 

and the higher cost of mining deeper ore bodies and lower ore grades, possibly in more challenging 

geopolitical environments. 

 
Efficiencies must be found in all operational areas, from exploration to extraction. The solution to 

efficiency improvement lies in the development and implementation of new and innovative 

technologies. Companies that innovate are more likely to be rewarded with lower costs, improved 

competitive positions, superior returns to shareholders, and sustainable businesses. 

And the mining industry must deliver these outcomes in an environmentally sustainable way. The 

planet is warming because of human activity. Atmospheric levels of greenhouse gases are 

increasing. The mining industry is not insulated from the effects of global warming, and we must 

play our part in dealing with it. As miners, we must take sustained action to reduce the 

environmental impact of our operations. We have no choice. If we do not reduce the size of our 

footprint, those who are in a position to give us a license to operate will no longer do so. Our aim 

must be to achieve both zero emissions and zero net energy consumption. A suite of technologies 

that could support such a vision is under development. 

All of this must be achieved in a world where stakeholder consultation is assumed and affected 

communities benefit from mining activities through and beyond the life of a mine. Consultation 

with local communities and other stakeholders must continue to evolve through all stages of a 

project, including the ultimate mine closure. This necessity increases as the search for new tier 1 



reserves takes exploration to less accessible and more sensitive remote areas, often in Third World 

countries. 

The mining industry works under intense scrutiny, and rightfully so. We live in the information 

age. People are more informed, and information is available to many people at the touch of a 

button. They are aware of the environmental challenges confronting this and future generations. 

They are more likely to act on what they see and take action against those who do not accept that 

the risks to our future are real and against those who act irresponsibly. We must deal with the 

intense scrutiny that comes with this new age. Not only must our house be in order, but we must 

ensure, through better communication, that the wider community knows it is.  

 
Finally, while innovation may hold the key, today’s new technology could well be next year’s 

standard practice, so innovation must be a continuous process through the economic highs and 

lows. A cultural change is needed. The goal is an environment in which workers constantly seek 

new and better ways of doing things and in which innovation is rewarded. New ideas must be 

continually developed and nurtured. 

The same systems and cultural changes that brought the world higher quality, better customer 

service, and improved safety can drive innovation in the mining industry. The challenges are 

universal and demanding—the increasing demand for commodities; grades and their decline with 

time; mineralogy and the need to handle more complex ores; the need to find new reserves; 

disposal and minimizing of wastes; and the availability of water, power, and skilled labor. These 

challenges are combined with increasing expectations from the community and concerns about 

sustainability and safety and climate change, forcing a more targeted approach on energy. The 

opportunities and the rewards are great. Those mining companies that meet the challenges will be 

in a stronger competitive position. A vision for the future is provided in the following sections. 

EX PLO RATION AND GEOLOGY 

Logic would suggest that it is easy to find things that have already been found. In the mining world, 

it is hard to argue the point when just about every square kilometer of the developed world has 

been surveyed to some extent. It follows that if we are to keep pace with demand, exploration and 

discovery must become more efficient and the technology used to detect and characterize mineral 

deposits on and below the earth’s surface must become more capable. Vast amounts of money are 

being spent on exploration. In 2002, global exploration expenditure was in the region of US$2.5 

billion, and by 2007, it had risen to more than US$10 billion. The identification of the geologically 



rare tier 1 deposits is the highest prize. Such deposits grow with exploration, commonly have other 

tier 1 deposits nearby, and support production expansions. Their discovery is a necessary part of 

the total solution to satisfying growing global demand for minerals and metals. 

Exploration 

The aim of exploration geology is to find mineralized target areas for development into profitable 

mines. To define an economic deposit involves a number of steps—from initial small scale 

sampling to larger-scale characterization. History has repeatedly shown that the probability of 

converting exploration targets into economic deposits is low. In the future, therefore, the key 

challenge for exploration geology is to increase this probability of success by identification of 

 A wider range of deposit types, including lower-grade ores, deposits with different 

mineralization styles, and ores with greater variability, possibly in areas already explored; 

 Deposits that do not occur at the surface or are covered and possibly in areas already 

explored, near existing ore bodies, or even below existing mine sites; 

 Targets that are potentially more remote; 

 Deposits in more politically sensitive or unstable regions; and 

 Deposits in more environmentally sensitive regions. 

The discovery of ore bodies or mineral resources in any of these categories will present financial, 

political, and scientific challenges. Interestingly, Davy analyzed all kimberlites/lamproites 

discovered from 1966 to 2003 (excluding those in Siberia and Russia) and observed the following 

(Davy 2003): 

 The frequency of discovery doubled through the 1990s compared with the 1980s as more 

money was spent on exploration and more junior diamond explorers were active. 

 More world-class projects were discovered in the 1990s, lending support for the view that, 

with improved methods and new technology, world-class deposits are still there to be 

found. 

Before discovery, however, the rights to explore a prospective area of land must first be acquired, 

and this is not without difficulty, especially in a competitive market. Company reputation will 

influence the outcome, and financial considerations are also critical. Different skill sets will be 

required. After government approval is given, exploration in remote, unstable, or environmentally 

sensitive regions must be efficient, and less-intrusive methods for detecting minerals must be 

employed. 

Geology 

In addition to target identification, geology has to better predict how ores are expected to behave 

during the stages of mining and metals extraction. To optimize cash flow, such ore knowledge is 

applied throughout the value chain. In the medium to long term, ore characterization 

methodologies will be improved through better measurement techniques, predictive capability, and 

early decision making. 

Improved Measurement Techniques 

New technology allows for higher-quality results that can be provided in a shorter time frame, 

hence increasing resolution. Such improved characterization will allow for better definition of the 

reserve, which impacts the economic value of the deposit. 

Increased ore-body knowledge and associated technical developments allow more complex ore 

bodies to be potentially exploited. And better characterization of the resource is used strategically; 

that is, which ore bodies need to be progressed through the prefeasibility, feasibility, or order-of-

magnitude stages. 



In normal circumstances, confidence in data collected during project development from 

exploration to feasibility study increases as the project progresses. Some of the measurement and 

testing technologies that are likely to be further developed in the future include automated core 

logging, core imaging, and on-line and near-online analyzers. 

Improved Predictive Capability 

Improvements in 3-D modeling capability will increase the ability to predict both mining and 

processing behavior from measured primary data. Key elements that need to be known for base 

and precious metal mining operations include blasting, crushing, grinding, liberation, and recovery 

characteristics. 

Other related issues include tracking deleterious elements and minerals, providing inputs into the 

environmental management of waste rock, and increasing the energy efficiency of processing 

equipment: 

 Improved prediction of ore-body behavior in mining. 

More knowledge at the early stages of projects improves decision making on mining methods; for 

example, for the prediction of fragmentation, crushing, and grinding and for the optimization of 

blending strategies. In underground mining, improved cave models can be used to optimize draw 

strategy. 

 Improved prediction of processing behavior. 
Metallurgical data in the block model improve decisions about processing methods and allow for 

the prediction of performance for specific ore types and ore blends. The data are also used for 

concentrator optimization and metallurgical accounting. 

 Improved prediction of behavior into the environment. 

It may be possible to minimize the environmental impact of mining and predict environmental 

impact and cost by incorporating environmental data in the block model. 

Improved Early Decision Making 

Higher data density (but lower cost) and increased predictive capability will enable the industry to 

more confidently reject exploration targets that are deemed uneconomic. Exploration provides a 

significant return on investment. Despite that, the cost is high and future tier 1 assets will be harder 

to find, so technological advancements and process improvements that shorten the discovery cycle 

and increase the probability of success need to be developed and implemented. 

SURFACE MINING 

The advent of surface mining stands, arguably, as the most significant change to the fundamentals 

of the mining process. The move to open-pit mining, which started in the 1890s with advancing 

mechanization, has dramatically simplified the process of extracting minerals. A rich history of 

innovation has brought surface mining to where it is today, with mine output rates that were 

unimaginable even a few decades ago. But what does the future hold? Surface mining is subject to 

a wide range of internal and external pressures, so change is essential to meet the challenges ahead. 

It is no longer just about moving as much rock as safely and cheaply as possible. Recently, 

automation and remote control of mine processes have taken center stage, and this is likely to 

continue into the foreseeable future as advances in communication systems, measurement systems, 

and computational power provide unlimited scope for development. As well as these technologies, 

there are still many areas where both step-change and incremental improvement can add 

tremendous value to the surface mining sector, and the industry appears to be poised to pursue 

these opportunities. 

Fragmentation 



Fragmentation in hard-rock surface mines is almost entirely dependent on explosive rock breakage, 

and this is unlikely to change in the foreseeable future. In terms of effectiveness and cost, blasting 

provides the ability to liberate large quantities of material to a size that can be moved using 

standard excavation and transport equipment. Given that blasting lies at the core of the mining 

process chain, it is not surprising that considerable research has gone into explosive formulation, 

initiation techniques, and simulation. The Hybrid Stress Blast Modeling research project is an 

example of current research that is exploiting the increase in computing power to apply 

sophisticated numerical modeling codes to the process of blasting (Batterham and Bearman 

2005). The knowledge of fragmentation and muckpile formation that can be yielded by this 

approach will enable blasting to be better matched to downstream requirements. This is part of the 

move toward an optimized mining process, free of disruptions from poor blast performance. 

Alternatives to explosive fragmentation in surface mining are limited by the amenability of the ore 

body, in terms of both material properties and geological structure. The barrier to widespread use 

of mechanical excavation is the difficulty of cutting hard rock and the high cost of machine wear 

and tear. In mines where material is amenable to mechanical cutting, significant proportions of 

production are being delivered without blasting. In these instances the driver tends to be 

selectivity,linked to the fact that the ore thickness is significantly thinner than the normal blast-

sized smallest mining unit. Therefore, if mined using traditional open-pit bench heights, the degree 

of dilution would be excessive. If selectivity is not a prime driver, then factors such as reduction 

of diesel consumption or environmental sensitivities that preclude blasting or adverse pit floor 

conditions could support mechanical cutting and continuous material movement. 

Blasthole Drilling 

Blasthole drilling offers the opportunity to gather more information on the strata and rock 

encountered during drilling. Today, the data associated with drilling—torque and pulldown 

force—are either not logged or are used in a fairly basic manner. In some instances, rock, or strata, 

recognition is performed by correlation of drilling parameters with rock hardness, but the 

technology’s acceptance is not widespread despite numerous positive applications and case 

studies. The most often cited reason for the lack of acceptance is the need to retrain the algorithms 

at the heart of the system as the drill moves into different domains. 

In the future, real-time feedback from the drilling rig will be regarded as routine. In addition to the 

drill parameters and rock recognition, sensors in the drill will perform a variety of duties ranging 

from elemental ore analysis to the measurement of geotechnical rock mass characteristics. 

Discrimination using a variety of measured and derived properties will move the industry toward 

greatly improved digging to ore–waste boundaries. Advanced blast design packages will become 

more accepted and more sophisticated, with the packages linked directly to the charge loading 

trucks. The linkage will be wireless and will replace the manual exchange of data, thus leading to 

the planned loading of a range of explosive types and densities. The correct delivery of optimized 

blast designs will ensure greater predictability in fragmentation and muckpile shape, which in turn 

will lead to improved digging conditions and reduced operating costs. 

The advanced drill-blast-load loop is heavily dependent on the deployment of a variety of sensors. 

Every time we touch a material, we must learn something about it. The use of sensors and their 

integration into standard operating procedures will enable miners to increase operational 

effectiveness even when there is a skills shortage. 

Materials Movement 

A major challenge lies in how best to get material out of a mine. In early open-pit mines, 

locomotives moved much of the material in the larger pits such as Bingham Canyon, Utah 



(United States). The move to trucks was a major step forward in flexibility and has driven the 

increase in open-pit mining. 

In open-pit mining, equipment size matters and equates to productivity: more material moved in a 

given time. For this reason, the trend will be forever larger equipment. Although the trend has been 

focused on the size of haul trucks, to load these larger vehicles the size of loading equipment has 

also increased commensurately. Currently, haul trucks with payload capacities of up to 365 t 

(metric tons) carry loads from the mine face to the tip point, a 12-fold size increase in payload 

capacity since 1950. To satisfy the enormous appetites of these trucks, excavators with buckets of 

up to 45 m3 and payloads of more than 100 t are in use, enabling even the largest haul trucks to be 

loaded with four passes, thereby ensuring a quick turnaround. 

But what is the ideal size of a haul truck: larger, smaller, or the current size? The answer is 

uncertain, but the trend toward larger vehicles shows no sign of slowing. Fewer, larger trucks 

reduce flexibility, increase risk, reduce mining selectivity, and drive up the size of ancillary 

equipment. Larger trucks and excavators must be exceptionally reliable to improve availability 

and ensure that productivity targets are met. Smaller trucks drive up cost because of number, 

maintenance, and larger work force. The trend in size will be strongly influenced by what best 

suits an automated mine operation, where reduced cycle times and increased availability will 

deliver productivity gains. Limitations to further size increases may also come from engineering 

and material constraints. Trucks, predominantly diesel-electric, provide flexibility and can move 

anywhere. Despite increases in efficiency, the diesel use is significant, and its reduction is a major 

challenge to the industry. Alternative energy sources for trucks must be developed. Driven by the 

need to reduce greenhouse gas (GHG) emissions and reduce dependence on petroleum feedstocks, 

the global automotive industry is moving rapidly to develop alternatives to the embedded internal 

combustion engine. Hybrids may be part of the solution. Hydrogen fuel cells offer some promise, 

and biodiesel based on waste biomass may be a viable alternative fuel for internal combustion 

engines. Certainly, the automotive industry’s experience will flow onto the mining industry, and 

early adoption of a viable alternative can be expected. Electrically augmented trucks fed from an 

electric pantograph (overhead power lines) are deployed at some sites, with their original 

installation driven by the fuel crisis of the 1970s. Their reduced flexibility and difficulty in 

changing the size of trucks due to the fixed overhead infrastructure limits their widespread 

application. Given the current fuel situation, development in the field could be expected. 

Alternatives to haul trucks must be considered, particularly in view of ever-increasing energy 

costs. The obvious alternative is a conveyor system for flat areas or high-angle conveyor systems 

to reduce diesel-intensive uphill hauls, but there are drawbacks. A conveyor is more fixed and can 

transport well fragmented material but cannot take run-of-mine blasted material, unlike haul 

trucks. For conveyors to be effective, the top size of material must be controlled and this can only 

be guaranteed currently by size reduction through crushing or mechanical cutting. In-pit crushing 

is a solution to this dilemma, which has been deployed at various sites over the years, but the 

challenge has always been such units’ mobility. Recent developments in mobile crushers and the 

use of conveyors have created greater opportunities with future developments in this field expected 

to widen the application of the technology. Further, mechanical excavation could provide the 

consistent material flow suitable for a conveying system in amenable materials. Long-haul, or out-

of-mine transport, presents a further set of challenges in the future. Long-range overland or aerial 

conveyors offer some alternatives. Many significant overland conveyors have been deployed to 

great effect, and recent developments in aerial conveying systems could provide further 

alternatives where terrain is unfriendly to the overland version or where the system must traverse 



environmentally sensitive areas. From an energy perspective, conveyors of both types offer the 

option to use regenerative technology to feed power back into the energy system. Pumping has not 

traditionally been considered as a material movement system, but with improved knowledge of 

rheological flow properties, there are moves to examine the pumping of slurries containing much 

larger particles. 

The traditional transport option for long distance, including mine to port, is rail. Locomotives are 

currently the focus of considerable research into alternative fuels, including the development of a 

hybrid diesel-electric locomotive that not only reduces emissions but reduces fuel consumption by 

capturing and storing energy dissipated during braking. It promises both cost and environmental 

benefits. The efficiency of the overall rail network is also a major consideration, and, in addition 

to the application of advanced optimization models, there is a move to autonomous train operation. 

Planning and Scheduling 

As the mining industry moves toward more complete integration of production systems, planning 

and scheduling will change dramatically. Whereas plans and schedules for mining, maintenance, 

and logistics were once developed in relative isolation, the trend is toward whole-of-business 

planning and scheduling. Distinctions between long- (strategic), medium and short-term planning 

may remain, if only for convenience, but business processes and software systems will evolve such 

that plans and schedules developed with different time horizons will influence and be influenced 

by others: 

 Plans and schedules will become adaptive, responding to increased granularity in space 

and time information. 

 Real-time sensing of material geometallurgical properties will influence the mining 

sequence and downstream processing in close to real time. 

 Short-term production schedules may even respond to short-term fluctuations in market 

needs. 

Although the next step-changes in mining methodologies may not be immediately apparent, every 

change introduces new challenges for planners and schedulers. Software systems for mine 

planning and scheduling will evolve to cater to these and other mining options. Formal 

optimization algorithms have long been used to design optimal pit shells, aiming to maximize 

project net present value. But optimization is likely to be applied much more systematically 

throughout the production process, not only from mine to mill but from pit to port. Decisions that 

relied on experience in the past may one day be supported by almost continuous re-optimization 

of the production process. Genetic and evolutionary algorithms will complement parallel efforts 

to solve large mixed-integer linear programming techniques. 

Optimization algorithms will account for uncertainty in all parts of the production process, from 

variability in geometallurgical properties to reliability and availability of fixed and mobile plant to 

fluctuations and trends in costs and commodity prices. 

As the mining industry moves toward automation and autonomy, the movements of individual 

vehicles will be planned and scheduled at ever-decreasing time scales. Some vehicles will 

effectively control themselves. Short-term mine plans may define the broad parameters, but 

conventional dispatch systems may become a thing of the past. 

For the foreseeable future, explosive rock breakage and the use of haul trucks and excavators will 

remain an integral part of hard-rock surface mining. Dramatic increases in the use of automation 

and remote control of mining equipment will shape the future of surface mining. Underlying all 

future developments will be the ability to significantly increase the sensing, measurement, and 

monitoring of critical geological, geometric, and equipment-related parameters. Every time an 



opportunity arises to gain knowledge by taking a measurement, this opportunity must be followed 

up. The effective integration and use of these data will provide the backbone of future advances in 

surface mining and will enhance the ability to deploy the automated systems that are such a critical 

part of the future. 

AUTOMATION AND REMOTE OPERATION 

The automation of mining processes is a technological step change that will provide part of the 

solution to the industry’s most pressing challenge: achieving higher outputs to satisfy the projected 

continuing growth in commodity metal requirements. 

Automation also addresses the shorter-term imperative of maintaining a suitably qualified work 

force at remote mine sites, which is an industry-wide problem. Younger generations are reluctant 

to leave the comforts of urban life, where they see their futures. Although work forces can be 

maintained in mining regions, the cost of doing so is extremely high, not only in direct wages, 

training costs, and penalties that have to be paid to professionals and skilled workers alike, but 

also in housing and other infrastructure needed to support the work force. 

Benefits of Automation 

Automation increases the level of control in what is inherently a chaotic process by applying more 

stringent rules to decision-making processes and removing the randomness inherent in isolated 

decision making. Applying a controlled process to variable mine geology and ever-changing 

topography results in higher productivity and lower cost. Automation involves the collection and 

use of data; for example, gathering data from the blasthole drilling process, which enables hole 

placement and blast design to be better controlled and blast outcomes to be predictable and 

optimum. 

Another benefit of automation comes from increasing the utilization and performance of haul 

trucks and other high-cost capital items. With improved control comes a reduction in the expected 

levels of wear and tear and breakdowns, enabling preventive maintenance to be better planned and 

performed. Moreover, the amount of wear and tear will be reduced because the autonomous 

machine is operated constantly within its design envelope. Costly breakdowns and unplanned 

maintenance should be avoided, as the cost of the repairs are higher than planned ones, but more 

importantly, the disruption to the production process cascades through the system with costly 

knock-on effects. Attempts to control wear and tear through driver regulation have had limited 

success because such regulations are not easily enforceable. Higher availability and utilization 

means higher productivity and lower unit costs. Another significant benefit is the large fuel savings 

that can be achieved by optimizing the vehicle operating parameters, a vital consideration in times 

of high oil prices and concern about GHG emissions. 

Clearly, the time is right for automation, but it will not happen overnight. The technology for a 

fully autonomous mine must be developed, but it is unlikely that any one single company could 

take on the challenge alone. The disparate, independently developed pieces of the automation 

puzzle will need to be connected and synchronized. This will require the industry to adopt 

automation standards that allow this to happen. Even so, the cost of automating all of the functions 

in mining will be a lengthy and costly endeavor. If there is no sustainable competitive advantage 

from in-house developments, most mining companies will not want to incur the high costs and will 

prefer to buy technology from specialist suppliers. Mining companies will need to develop a 

method for overcoming this nexus because the provision of a complete turnkey automation 

package by a single supplier is unlikely to happen in a timely manner. 

Underground mining, where the imperatives for change are much greater, was the first bastion to 

fall to equipment automation. Space is tight, the dangers are greater than surface mining, and health 



issues are of greater concern. Unmanned vehicles are now more common. Vision and guidance 

systems enable a remotely controlled vehicle to know precisely its location in a mine by comparing 

the camera view with stored images. Vision systems improve the ability of a remotely controlled 

vehicle to approach a rock pile and optimize the load collected. The combination of these semi-

smart machines with effective communications infrastructure enables tele-remote operation of 

underground machinery by operators sitting in safe and benign office-like environments and 

allows machinery to be operated in areas where the dangers preclude human operation. 

Vision for the Future 

The mine of the future might include 

 A mine site where automated blasthole drill rigs perfectly position every hole, conduct 

analysis during the drilling, and tell the explosives delivery vehicle what explosives load 

and blend to be charged to each hole; 

 An excavator that can “see” the difference between ore and waste in the muckpile, can 

separate the two, and automatically load the driverless haul truck before dispatching it; 

 Driverless trains fitted with an array of sensors that enable them to see beyond the horizon 

and that can travel in a convoy as though linked by some invisible thread; 

 A haul truck that automatically reports to the workshop as scheduled maintenance becomes 

due; and 

 A haul truck with none of the design constraints that come with having a driver—no cabin, 

windows, air conditioning, nor headlights; that is more symmetrical, possibly able to travel 

in two directions equally; and that comes with the current energy system and drive train—

all-wheel drive and steering, electric motors driving each axle, power generators, and 

storage systems under body. 

If these and other systems were put together, it is easy to imagine the mine of the future operating 

similar to a rock factory where all functions work in unison, more like a production mine than the 

variable mines seen today. 

Automated Mine Site 

In surface mining, “islands of automation” in haul trucks, blasthole drill rigs, shovels, surveying, 

and blasting are being developed. These independent developments must be integrated, which will 

multiply the benefits that would otherwise be achieved. Integration avoids unnecessary duplication 

of enabling systems such as navigation and provides operational standards and links all data sets. 

To avoid possible choking of the available bandwidth, developments in wireless communication 

are needed. Although individual pieces of equipment will need to become smarter to reduce the 

communications requirement, a central “brain” to conduct the disparate mining activities must be 

developed and implemented. 

Automation will require the transfer and manipulation of huge amounts of data. Autonomous 

operations, such as drilling, surveying, blasting, and loading, will each link to the brain or 

autonomous backbone, which provides the coordination and sharing of resources that will be 

essential to the autonomous mine. The know-how to develop this backbone will likely be 

developed in-house by the mining companies in order to tailor it to the mining process. Perhaps in 

the future, as technology advances, it will be supplied as a turnkey system from original equipment 

manufacturers (OEMs). 

A key capability of the backbone or brain will be the ability to effectively fuse the data from the 

disparate sources around a mine. Data fusion differs from data warehousing. Whereas data 

warehousing requires the storage and use of data to extract value, data fusion integrates data that 

offer a conflicting view of the world prior to the data being used. Data fusion is essential for a 



process that integrates and automates several functions. An example of the need for data fusion is 

to precisely know the position of an autonomous moving vehicle in a mine. A Global Positioning 

System (GPS) provides a good indicator of a vehicle’s position, but it is not fail-safe, so a backup 

is needed. Inertial navigation systems can provide information on position as can wheel encoders 

that measure the distance a vehicle has moved. A fast-moving vehicle such as a truck will likely 

have all three. To integrate these three sets of data and apply uncertainty theory to determine the 

most likely position of the vehicle, data fusion is required using algorithms. 

All of this data handling must be performed rapidly to ensure feedback to the vehicle and the 

autonomous brain controlling the array of resources in the mine. This is but one example of data 

fusion requirements in an autonomous system, and it heralds the future types of employees that 

mining companies will need to design and run information processes. The experience from the 

development of an autonomous mine will impact future mine planning. For example, the precise 

control of haul truck movement may create an opportunity to build narrower and longer haul roads. 

Technology Development 

As discussed, the vision of a fully automated remotely controlled mine is deliverable but will take 

many years, substantial investment in research and development, and a broad collaborative 

network involving OEMs and leaders in automation. The creation of a fully automated mine could 

not be achieved by even the world’s largest miner working in isolation. It will take the skills of 

large and patient companies to develop an autonomous haulage system. To deal with the robotics 

required in a fully automated mine, it requires the combined brainpower of large teams of dedicated 

research workers such as those employed at the Rio Tinto Centre for Mine Automation, based at 

the University of Sydney (Australia). Others will contribute to the development of advanced 

sensors. The proving ground for new technology is the mine itself. When all components are 

proven and the system is fully integrated, this template of the autonomous mine will be deployed. 

Components of the system, such as driverless trains, may be deployed earlier. 

Driverless Train 

Rio Tinto has announced that it will automate its iron ore railway in the Pilbara region of Western 

Australia. Within 5 years, driverless trains will be operating on most of the 1,300 km of track that 

serves its Pilbara operations. The cost is high. This will be the first time automation has been used 

in a heavyhaul railway of this scale, though the technology successfully operates on many 

metropolitan passenger railways around the world, where it is safe and reliable. Automated 

operations will integrate with the existing train management system and will bring efficiency gains 

through greater scheduling flexibility and the removal of delays. Additional safety systems are 

being developed to meet safety levels required for automated trains. Rio Tinto is working closely 

with the Western Australian Office of Rail Safety to ensure that all safety requirements are met. 

Operations Center 

Rio Tinto has established an operations center in Perth, Australia, to manage operations in the 

Pilbara mines, about 1,300 km away. This is a key step on the path toward a fully automated mine-

to-port iron ore operation. At full operation, it will house hundreds of employees who will work 

with Pilbara-based colleagues to oversee, operate, and optimize the use of key assets and processes, 

including all mines, processing plants, the rail network, ports, and power plants. 

Operational planning and scheduling functions will also be based in the operations center, where 

staff will also manage power distribution and maintenance planning. Although the goal is a more 

efficient operation, an additional benefit of establishing an operations center within a capital city 

is that it will directly confront the high cost of basing employees at remote sites. This center is but 



one part, albeit a very important one, in a fully automated operation that includes driverless trains, 

autonomous trucks, and autonomous drills. 

In mining, the traditional coal face is where many of the worst accidents happen and occupational 

illnesses are sown (Cribb 2008). An inestimable benefit of automation and remote operations is 

the improvement in human health, safety, and well-being as a result of moving people out of the 

danger zone. So although the absolute number of jobs might not change with automation, the 

overall safety performance of the company will improve as a direct result of worker displacement. 

Computing Power 

The mining industry has experienced significant growth in the utilization of computers since the 

mid-1980s due to widespread adoption of personal computers. For iron, aluminum, and copper 

mining, it is expected that the computing power required over the next 20 years will increase by 

an order of magnitude. The upgrading of personal computers across most sectors of the mining 

industry represents a major share of this growth. The remainder is driven by the needs of various 

applications that target improvements in productivity, cost, quality, safety, and reliability, 

including 

 Mining and plant scheduling and optimization, 

 GPS-based applications, 

 Automation, 

 Finite element analysis/simulation in plant design and troubleshooting, and 

 Adaptive plant control based on predictive models. 

Mine Workers 

Automation may or may not mean fewer workers in the industry. It may be that, through 

automation, fewer workers are employed at the mine site or mine output is doubled with the 

existing work force. Regardless of the impact at the mine site, specialist jobs in data processing, 

systems maintenance, electronics, and so forth will be created at locations possibly thousands of 

kilometers from the mine. These new workers will be housed in high-tech, air-conditioned offices 

or control rooms, a long way from the conditions experienced at a mine site. Mine operations in 

more politically sensitive regions may well be controlled by workers sitting in an operations center 

in a neighboring or distant country. 

Automation and remote operations directly impact mine workers, and success in introducing 

change cannot be assumed. Much effort needs to go into planning, and communication is crucial. 

The work force must be prepared for such change through a well-planned cultural transformation 

process; if not, barriers to change will be erected. By being given relevant information, workers 

must come to understand that change is necessary for survival. At the same time, they must accept 

that the ways of the past, while good for their time, will not guarantee future prosperity. Finally, 

they must also understand and accept alternative ways and must embrace the process of change. 

Although the future of the industry or their employer may be important, to most workers, income 

stability is all that matters, so this must be addressed in any change process. Perhaps automation’s 

most exciting potential, though, is its power to win a new generation of gifted youth to mining 

through the marvels of mechatronics and artificial intelligence (Cribb 2008). 

While automation in the mining industry has been littered with many false starts, the challenges 

facing the industry today demand autonomous solutions. The rewards for being at the forefront of 

automation are great, but the penalties for inaction are far greater. Mine automation will take 

leadership, resources, good planning, cooperation between suppliers and users, and a lot of 

patience. 

UN DERGROUN D MINING 



A number of large mining companies pursue a strategy of owning and operating large-scale world-

class mines, typically in the form of large open pits. However, the depth at which open-pit mines 

can be developed is limited. Although larger and more efficient trucks will enable open pits to 

operate to greater depths, it is likely that the economics of strip ratio and large-scale waste 

management will be the prime control on depth. For example, it is anticipated that an increasing 

share of Rio Tinto’s production, particularly in the copper and diamond groups, will come from 

underground operations (Clayton 2008) and that the majority of investment in the future will be in 

the form of large tonnage block cave mines. 

The challenges of block caving include high capital costs; long lead times before revenue 

generation; and complexity in design, construction, and operation. These projects should be 

conceived of as rock “factories”—mines built to a specified quality and schedule—and then 

operated in a predictable manner in terms of production rate, grade, and costs. 

Knowledge 

The industry’s block caving experience has driven a number of new development concepts, which 

are different from those for a more typical mine. However, the rate of development needs to 

increase rapidly. This change in concept requires a change in project definition, planning, and 

implementation. In particular, an early and deep understanding of ore-body (and waste rock) 

characteristics, design, and constructability are critical. 

Improving resource and reserve knowledge can provide substantial competitive advantage. It is 

important to identify at an early stage those resources that fit the required extraction profile and 

are amenable to bulk mining. Ore-body knowledge is critical to the overall design and construction 

plan. Block caves require greater upfront ore-body knowledge, because the final extraction level 

needs to be planned in detail before construction can commence. 

Design 

Past block cave design has mainly been based on application to weaker rock masses than those 

proposed today and will be required in the future, and, as such, much design work is currently 

based on inappropriate rules and outdated experience. Current design methods in block caves are 

largely based on empirical techniques developed in the 1970s and 1980s, and more advanced 

techniques are still in their infancy. There is a clear need for a superior understanding of how a 

rock mass will cave and the characteristics of caved material, particularly the fragmentation. As 

the key driver of block cave mines, fragmentation determines bulking and rock flow characteristics 

that must be understood for optimal mine layout, infrastructure, and operational design. 

Fragmentation determines optimal drawpoint spacing, which, in turn, strongly influences recovery, 

dilution entry, and conditions. 

Customized Development Design 

Improved characterization of the rock mass through which the drift will be developed, via a more 

rigorous approach to site investigation and face mapping, will yield benefits. For example, ground 

support techniques have not evolved substantially since their inception in early 1970. Better design 

and products could reduce costs by 10%, saving many millions of dollars. 

Such savings could also be achieved in the other caving-type operations. In order to support the 

substantial levels of investment associated with block caves, functional and reliable design tools 

are required, which will result in more reliable cave designs. 

Reliability in Constructability and Construction 

Block caves require large initial capital investment before revenue is generated. As such, they are 

similar to civil construction projects such as road tunnels where revenues are not realized until the 

project is complete. The construction of three block caves with a capacity of 110 kt/d will require 



 Approximately 16 shafts (8 to 10 m in diameter) 1,500 to 2,000 m deep with four to five 

in various stages of construction per year over 12 to 15 years, and 

 Approximately 900 km of horizontal development over 12 to 15 years. 

 The quality of mine construction is critically important, as repairing and retrofitting the footprint 

after production starts is expensive and interferes with operations. Therefore two significant 

drivers are 

1. Time to construct, related to time-cost of money; and 

2. Quality of construction, related to operating availability and effectiveness. 

Because of the long lead times to cash flow and the construction costs, time to construct the 

development is vital to a block cave. When projects miss their plan rates of development, this 

seriously impacts the overall project economics. 

The importance of construction quality cannot be overlooked. Lack of attention to quality is a 

major contributor to slow production start-ups and ongoing operational issues. Quality is much 

more critical to block cave operations than to other underground operations because of the costs 

associated with retrofitting. It is 10 times more expensive to repair after the fact than to specify fit-

for-purpose during design. More importantly, as repairs are undertaken, production delays are 

incurred. 

If ore bodies are adequately defined and designed, and constructed to perform to plan, the 

reliability of production will almost certainly be greatly enhanced. Reliable production requires 

reliable systems and, importantly, automation. The construction to plan must include the ability to 

develop the mine to plan. 

Construction of Underground Infrastructure 

Traditionally, underground development has been regarded as an ongoing operating expense. The 

key driver was the unit cost, and advance rates tended to be a secondary consideration. This led to 

a general acceptance of rates that were below par and were substantially less than those achieved 

in the civil industry. 

Real mine data show that, although equipment technology has improved, performance has 

deteriorated. The value of a proposed block cave mine is heavily influenced by the speed, cost, 

and quality of the development work to put the mine in place. Currently, in these circumstances, 

the key driver is the advance rate of the primary access and critical infrastructure, while unit cost, 

although important, is secondary. A major portion of future copper and diamond production will 

be from underground mines. These block cave mines require a significant portion of all 

development to be completed before production can commence. As a result, future production will 

require many kilometers of development each year over a 15-year period. Today within the mining 

industry, a single end tunnel is typically advanced at an average rate of about 5 m/d, which has 

decreased threefold since the 1960s. Over the same time period, equipment performance has 

increased fivefold and cost per meter of tunnel has increased tenfold. Conversely, the civil 

tunneling industry has seen a steady increase in advance rates in recent years, and this begs the 

question as to why mining projects achieve 5 m or less while civil projects achieve 10 m/d. 

Five major reasons contribute to this variance: 

1. Knowledge: A substantial site investigation is undertaken prior to developing any civil tunnel. 

2. Planning: Civil tunnels are planned in detail. 

3. Face size: Larger faces in civil tunnels usually allow multi-tasking. 

4. Resources: Civil projects are focused on developing tunnels, and more money is spent per meter 

of development in order to achieve schedule. 



5. Technology: A system approach is applied that includes different equipment than the 

conventional mining drill-and-blast. 

Future significant step-change improvement in the rate of construction of underground 

infrastructure will require the following initiatives: 

 Speed and quality of underground infrastructure construction, including successful 

implementation of new mechanized excavation technologies and shaft logistics 

 Development of innovative support system for different excavation systems and ground 

conditions 

 Reliable prediction of rock behavior to properly select and implement construction 

technologies 

 Use of smart approaches of working with the rock mass to minimize risks and uncertainties 

Output Rates 

The goal in mining is to achieve planned output rates in a safe and environmentally responsible 

way. With moves from open-pit to underground mining as one option for extending the life of a 

mine, or with a preference for underground mining because of its lower environmental impact, 

output targets will undoubtedly be influential. While this may, at first, seem unreasonable in view 

of the greater technical difficulties accompanying underground mining, output maintenance may 

be crucial to the viability of any mine extension project. The cost of developing a high-output 

underground mine as an extension of an existing open-pit mine may well be lower than the cost of 

finding and developing a new tier 1 reserve. As mentioned, achieving economic output rates via 

block cave mines is not new. What is new is the scale of the mines now being planned, which takes 

the industry into uncharted territory. For this reason, the planning process for the conversion of an 

open-pit mine to an underground mine is measured in decades rather than years. Improved 

modeling of the mine would deliver immeasurable savings in development costs, but to create such 

models, the learning from existing large-scale projects must first be captured. 

Bingham Canyon 

As an example, studies of Bingham Canyon (Brobst et al. 2008) and what option to choose (open 

pit, underground, or closure) when the current pit mining operations finish around caving methods 

provide numerous challenges. The difficulty lies in operating sufficient drawpoints to create the 

required muck mass and having a materials handling system capable of moving that amount of 

rock. Here, the development work is all related to the mine plan and the layout of the production 

block. For example, preliminary plans for the Grasberg block cave in Indonesia (Brannon et al. 

2008) suggest that 1,100 drawpoints are required to deliver an output of 160,000 t/d. 

Planning 

When planning an underground mine it is important to have detailed knowledge of the ore body, 

the ore grade, its mineralogy, its shape and dimensions, intrusions, and contamination. Knowing 

how a mine will behave during mining operations is fundamental. The conversion of an open-pit 

mine to a block cave mine adds even greater complexity because of the potential for pit failure and 

the dilution effects that come with ongoing deterioration of the pit wall. In addition, the extent of 

the underground mine network inevitably causes higher stresses that must be considered in the 

mine planning to ensure a successful transition from open pit to underground. The timing of the 

transition is not negotiable, because caving can cause instability in a pit, so all surface mining 

activities must cease before ore can be taken from a block cave mine. Such timing issues are 

considered in plans for two major transitions to block cave mines currently being investigated, 

namely the Grasberg (Indonesia) and Bingham Canyon copper mines. The technology used in 

block cave mines is not new. What is new is the scale of the mines now being planned, which takes 



the industry into uncharted territory. For this reason, the planning process for the conversion of an 

open-pit mine to an underground mine is measured in decades rather than years. Improved 

modeling of the mine would deliver immeasurable savings in development costs, but to create such 

models, the learning from existing large-scale projects must first be captured. 

Bingham Canyon 

As an example, studies of Bingham Canyon (Brobst et al. 2008) and what option to choose (open 

pit, underground, or 2019 provide an interesting insight into the time and effort needed to ensure 

that all possibilities are considered and the best option is chosen. The study timeline follows. 

 1997: study commenced. 

  2006: order-of-magnitude study complete. 

  2006: prefeasibility study commenced. 

  2009: prefeasibility study for expanded open pit due for completion. 

 2013: prefeasibility for block caving methods due for completion. 

  2019: current operations due to cease. 

As well, the following tests have been conducted during the studies: 

 160 km of drilling 

 500 unconfined compressive strength tests 

 500 tensile strength tests 

 300 triaxial tests 

 250 direct shear tests 

In parallel with this, more than 15,000 individual structures along 44 km of exposed bench in the 

pit have been measured and logged. This work provides knowledge of the ore body and surrounds 

and enables plans to be continually refined. One can only imagine the worth of having, at the 

outset, more detailed underground knowledge that might be delivered via an advanced, 

nonintrusive sensing process. 

Operations 

Studies have been conducted into drifting speed (Nord 2008) and the impact of tunnel cross-

sectional size and shape, shot length, and the optimum timing of support activities versus activities 

at the mine face. This knowledge is of great value when linked to productivity and equipment 

utilization objectives. 

The key to the future lies, firstly, in developing sensing technologies that will provide a better 

picture of the subsurface structures, and, secondly, in using advanced computer modeling (a) to 

predict the broader impact of mining an ore body and (b) to optimize all processes to achieve 

planned outputs at lowest cost. Because there is only one opportunity in developing and 

implementing a plan, the uncertainty must be removed during the planning process as much as 

possible. 

The only certainty is that the growing global demand for minerals will stimulate changes in 

underground mining methods, some of which will be predictable and some will not be foreseen. 

ADVANCED PROCESSING 

The science and practice of mineral processing have been and continue to be driven by the same 

internal and external pressures that have shaped other facets of the mining industry. At the forefront 

is strong global demand for virtually all minerals and metals, and this situation is set to continue. 

Of greater relevance, given diminishing surface reserves, the industry is required to mine ever-

deeper deposits and to process ores of lower quality and more complex mineralogy. This, together 

with increasing requirements for zero environmental emissions, reduced energy consumption, and 

sustainability, will require even more sophisticated processing methods. However, underground 



mining is traditionally more energy intensive than surface mining. Deeper, lower-grade ore bodies 

will require more energy to mine and process. Larger quantities of gangue material need to be 

brought to the surface and then disposed. Against this background, and with higher energy costs 

and the need to reduce GHG emissions to combat global warming, efficiency improvements and 

less-energyintensive processing technologies are essential. Automation, remote control, improved 

sensors, and real-time analysis will play a key role in mineral processing developments as they 

will in other mining operations. 

Comminution and Energy Usage 

Large amounts of energy are needed to crush and grind rock finely enough for subsequent 

separation of the minerals of interest. Comminution is the most energy-intensive activity in the 

current mineral concentration flow sheet, consuming around 30% to 50% of the total energy 

requirement. In plants required to grind a very hard ore (nominally Bond work index in the range 

of 15–25 kW·h/t) to finer liberation sizes, this requirement can be as high as 70% (Cohen 1983). 

In the broader perspective, it has been reported that comminution activities in the United States 

account for as much as 1.5% of U.S. total energy consumption (Charles and Gallagher 1982). In 

the context of typically quoted energy efficiencies of less than 5%, comminution is an obvious 

focus for improvement for tumbling mills that represent a majority of downstream size reduction. 

Compounding this situation are industry trends toward lower ore grades, which translate into even 

more intense comminution processing, hence even higher energy usage to recover the same 

quantity of mineral. As ore grade decreases, process energy requirements rise rapidly, even for the 

same liberation size (Figure 1.3-2). 

However, the grind size is not a static target. In an effort to increase recoveries, today’s grind size 

target is much finer than it was 50 years ago. At one time, a grind size for lead– zinc processing 

of <70 μm was regarded as fine, whereas today the grind size is more likely to be <7 μm. This is 

due to the requirement for subsequent processing, including froth flotation, where finer sizes result 

in increased recovery. Therefore, despite the development of more efficient grinding mills, there 

has still been a significant increase in the overall energy consumption. 

It may well be that high-pressure grinding rolls (HPGRs) will become a key technology for hard-

rock comminution, providing high capacity at lower energy intensity. Recent results (Anguelov et 

al. 2008; Michael 2007) suggest that replacing semiautogenous grinding mills with HPGRs in a 

circuit can reduce comminution energy requirements by about 25%. 

Flotation and Larger Particles 

Like comminution, flotation remains a key technology in mineral processing and one that has seen 

steady improvements over many years. Flotation performance is highly dependent on particle size. 

For best performance, a particle size in the range of 20 to 100 μm is required. Poor recovery of 

fine particles is typically associated with entrainment, whereas poor recovery of coarse particles is 

associated with inertial forces that prevent the large particles from being recovered. 

With increasing pressure to reduce the energy and costs associated with comminution, the desire 

to increase the particle size in flotation increases. Research will be needed to develop improved 

froth flotation processes that enable these coarser particles to be separated and to ensure that metal 

recovery is not compromised. 



 
The trend is toward larger flotation cells to reduce capital and operating costs associated with 

flotation (Outotec 2007). Cell sizes have increased from around 50 m3 in the early 1990s to 300 

m3 in 2007, and all signs are that this trend will continue. These large cells present challenges to 

adequate mixing and suspension of solids. Larger cells can require higher shear rates to maintain 

the solids in suspension, which can exasperate recovery of coarse particles. The use of 

computational fluid dynamics has become an essential tool for understanding the detailed 

performance and for designing devices to optimize flow profiles in the cell. 

Because water is becoming a scarce resource in many regions, pressure is mounting to manage 

this resource more carefully. This will undoubtedly serve to stimulate process development 

wherever water is consumed in the mining industry. One likely emerging trend will be the so-

called dry processing, where water is replaced by air as the separation media. For example, the 

rotary air classifier has an action similar to that of a conventional wet jig and has been successfully 

applied to gold ore processing (Piggott 2000). Another example of dry mineral processing is the 

rotary classifier developed by Australia’s Commonwealth Scientific and Industrial Research 

Organisation (CSIRO 2009). 

Mining and Reducing Materials Movement 

Two other trends will affect mineral processing. Mechanical miners using rotating cutters have 

shown promise in rocks up to 200 MPa, but they produce a quite different size distribution than 

blasting and excavation. The use of mechanical cutters opens the possibility for sorting before final 

comminution, which would reduce energy usage significantly. An added benefit is that mechanical 

mining and excavation is more amenable to automation than conventional blasting and excavation. 

New ore-sorting technologies will automatically sense and optimize conditions according to the 

composition of the host rock. This process will reject gangue minerals and hence significantly 

reduce the mass of rock required for processing to yield the same amount of product. New sorting 

technologies will 

 Dramatically increase the ore grade before processing, 

 Make low-grade ore deposits more economical to mine, and 



 Reduce the comminution of gangue minerals. This will significantly reduce the energy 

consumption per metric ton of product and reduce quantity of tailings generated per metric 

ton of product, thus reducing associated environmental and community impacts. 

New ore-sorting and grinding techniques in the future will enable ores to be processed 

underground, further reducing waste movement and potentially compounding the benefits already 

mentioned. Underground processing will require equipment that is smaller, lighter, and more 

mobile, possibly made from advanced composite materials. 

Heap and In-situ Leaching 

The ultimate extension of reducing material movement is to leach the ore in the host rock (in place) 

and not take any waste material to the surface. This technology would be applied to deep ore bodies 

that are initially developed for caving using fully automated methods to ensure high health and 

safety standards. The mineralized material is leached in place using acids or solvents chosen 

according to the metal to be extracted. The dissolved metals are then pumped aboveground and 

extracted. The acid/solvent works in a closed loop, and the system would be designed in a way 

that prevents escape from the mining zone. A conceptual approach to in-situ leaching is shown in 

Figure 1.3-3. This method is expected to have much lower capital and operating costs and use 

significantly less energy. It would also allow for minerals to be extracted from harder to reach 

places and would eliminate the need for people to enter the mine altogether, dramatically 

increasing operational safety. 

In-situ leaching is already used to extract water-soluble salts such as sylvite and halite. The 

application of commercial scale in-situ leaching to sedimentary uranium deposits has also been 

around since the 1960s. Effectively, the in-situ leach process leaves the ore in the ground and 

recovers minerals by pumping a leachate solution into boreholes drilled into the deposit; the 

pregnant solution from the dissolved minerals is then pumped to the surface. The key to successful 

leaching of uranium is the identification of suitable, below-water-table sedimentary deposits in 

which uranium is confined in permeable rock by impermeable layers. 

In the future, it is expected that the uranium industry’s experience will lead to technology 

developments to enable extraction of other metals—for example, copper—in this way. For copper, 

however, the nature of deposits poses a significant target, because a key requirement is for the ore 

body to be permeable to the liquids used. Because porphyry copper deposits have low 

permeability, future challenges include economic mine development and sufficient initial 

fragmentation, as well as subsurface control of the leach solution. 

In-situ processes could potentially deliver the highest goal: a zero environmental footprint. They 

would enable land close to or even under cities or in environmentally sensitive areas to be mined 

without any adverse impact. In the case of copper, 99% of the rock mass is left intact and only the 

valuable material is transported to the surface. 



 
Leaching technology also lends itself to the extraction of minerals from heaps that, with low head 

grades, have previously been seen as uneconomic to process. Purpose built, fully automated plants 

would allow extraction rates and yields to be optimized. Solvents would be within closed loops, 

and heaps monitored and managed with advanced sensor systems. 

Energy Supply 

Low-emission energy sources must be pursued and regenerative technologies utilized where 

possible. 

Of particular relevance for deep underground mines, geothermal energy sourced in situ may be 

used to power all mining processes. 

In summary, the growth in demand for all minerals will continue for the foreseeable future. If the 

industry is to keep pace with this growth, improved mineral-processing techniques must be 

developed in parallel with improved mining processes. This demand, together with cost, 

sustainability, and skills issues combine to drive toward ever larger, automated mining operations. 

Mineral processing will be alteredby the change in scale, particularly the use of ore sorting and 

advanced comminution technologies. However, the growing scarcity of new high-quality surface 

deposits is pushing the industry toward a greater dependence on underground mining. Here, 

underground sorting and comminution will reduce the energy consumed in transporting waste from 

the mine. Alternatively, in-situ leaching will lead to the elimination of waste movement and allow 

extraction to occur with almost zero environmental and community footprint. 

SUSTAIN ABILI TY AND ENE RGY 

According to the United Nations Brundtland Commission, sustainable development “meets the 

needs of the present without compromising the ability of future generations to meet their own 

needs” and covers a diversity of issues that continue to evolve (Skinner 2008). Good management 

is managing a business with an embedded sustainability culture delivered through senior 

management commitment and documented strategies, procedures, and goals, with benefits far 

outweighing the costs (Skinner 2008). 

These benefits include: 



 Reputation, 

 Access to resources, 

 Access to talent, and 

 Access to capital. 

Mining companies must put sustainable development at the forefront of their operations and future 

developments. They must work closely with host countries and communities, respecting their laws 

and customs. It is important that the environmental effects of their activities are kept to a minimum 

and that local communities benefit as much as possible from these operations through employment, 

capacity building, personal development, and poverty reduction (Lenegan 2007). Higher local 

employment reduces risk to the business. The mining industry often operates in remote locations, 

so it makes great business sense to increase the availability of local goods and services. 

Society’s expectations of mining companies include reducing the footprint of activities so that 

habitat and species conservation is compromised as little as possible. This means leaving as much 

natural variety in place after operations finish as existed before (Slaney 2008). The discipline and 

management tools that underpin sustainable development provide a mechanism for continually 

increasing efficiency and productivity in the business, generating long-term returns to 

shareholders. It is this willingness to think in terms of economic, social, and environmental 

sustainability that separates us from the past and gives us a pointer to the future. 

Social License to Operate 

Working closely with local communities and indigenous groups to understand and respond to their 

concerns and essential to successfully developing and managing a long-term mining operation. 

Mutual respect depends on our understanding the issues important to our neighbors and on our 

neighbors’ understanding what is important to us. Wherever we operate, we must do our best to 

accommodate the different cultures, lifestyles, heritage, and preferences of our neighbors, 

particularly in areas where industrial development is little known. Our community and 

environmental work is closely coordinated and takes account of peoples’ perceptions of the effects 

and consequences of our activities. Obtaining the social license to operate is a key requirement for 

mining companies in the future. 

Acid Rock Drainage and Waste Disposal 

Determining the inherent acid rock drainage (ARD) potential of solid and liquid samples will 

continue to gain significance in the mining industry as more complex ore bodies are discovered 

and more complicated processing methods are employed. The key elements for future predictive 

classification based on ARD will include mineralogy (i.e., characterization of acid generating vs. 

acid-neutralizing minerals), mineral surface analysis (i.e., availability of reactive mineral surfaces 

to water and/or the atmosphere), and mitigation strategies. Trade-offs between these elements will 

also be relevant throughout the life of the mine. 

The potential effects of ARD will impact brownfield, but possibly even more so greenfield, 

exploration in the future. Indeed, exploration targets with high ARD potential or likely waste 

treatment issues may be classed as nonprospective. For example, it is well known that tailings from 

sulfide mineral extraction processes are likely to have high ARD generation capacity. Deposits of 

this type will therefore require active management in tropical environments but less so in less 

reactive terrestrial settings. For future exploration targets in reactive environments to be 

prospective therefore, demonstration of ARD prevention through treatment and disposal or by 

successful containment through the application of barrier technologies will be necessary. 

Current minerals processing methods often include fine grinding, which generates fine-grained 

acid-generating minerals and leads to potential ARD issues. The large amounts of tailings, albeit 



of low grade, that are generated by these processes are also likely to become less environmentally 

acceptable. These environmental concerns will make in-situ processes to reduce mining waste and 

contain acid-generating minerals in-ground more attractive in the future. Clearly, there are some 

obvious environmental advantages of in-situ mining, including a much smaller footprint, 

significantly reduced amounts of waste generated during mine life, simpler closure and 

rehabilitation procedures, more effective water treatment, and ARD prevention. Significant 

challenges, however, remain for in-situ processes to become a reality— preventing leakage of the 

leach liquor into the groundwater and isolating the system from water ingress through the 

] development of suitable barriers, improving geomechanics to induce fragmentation, and 

controlling the chemical environment at depth. 

The ARD potential of metalliferous deposits opens significant challenges for managing terrestrial 

waste rock dumps, including long-term geotechnical stability, long-term drainage and hydrology 

(particularly in high-rainfall areas), locating appropriate sites to place the waste dumps, and 

placement methods such as riverine and marine tailings. 

Product Stewardship 

Rio Tinto defines product stewardship as an action program that recognizes the need to ensure that 

products are produced, used, and managed at end of life in a socially and environmentally 

responsible manner in order to support societal goals of sustainable development and commercial 

goals of sustainable markets. A coherent and comprehensive approach to product stewardship 

contains the following elements: 

 Life-cycle assessment: using life-cycle methodologies to gain value and to understand the 

benefits and impacts of products along the full value chain and to explore shared 

responsibility beyond the production gate 

 Eco-efficiency: ensuring that processes are as ecoefficient as possible and the mineral and 

metal resource is used wisely 

 Product disclosure: disclosing information on product health and environmental effects 

as well as providing information on safe methods of handling and disposal 

 Customer/supplier engagement: engaging with customers and suppliers to identify 

opportunities and to assess and manage risks. This knowledge can be used to better meet 

the needs of customers and (where the risks are justified) protect existing markets, grow 

sales, develop new markets, and also to leverage supply arrangements. 

 Market protection: participating in scientific, regulatory, and political arenas to influence 

policy and regulation that have the potential to limit market access or restrict product uses 

in ways that constrain sustainable development\ 

 Research: identification and filling data gaps on issues related to product and process 

health and environmental effects 

In our changing world, new paradigms are emerging about the sale of products so that continued 

access to markets cannot be assumed. A timely and proactive strategy designed to address issues 

that threaten both our license to mine and market our new and existing products will be required. 

Additionally, it is evident that product stewardship will help identify and manage the safety, health, 

environmental, social, and economic risks and benefits of our products across the value chain (i.e., 

from mineral extraction to end of life). 

Energy and Climate Change 

Of greatest importance today is the issue of climate change and global warming, which will remain 

center stage for decades. Even with immediate action, it will take generations to reverse a trend 

that has been gathering strength since the industrial revolution. 



This global issue requires a decisive global response through coordinated local actions. While the 

developed countries must show leadership through action, there is no global solution without the 

participation of India and China. Climate change will mean many things depending on the extent 

of global temperature rise and the extent to which the ice caps thaw, but for the mining industry, a 

reduction in available water and a greater incidence of extreme weather events could impact mine 

planning and operations. 

The activities of human beings and companies are 

 
The activities of human beings and companies are Contributing to climate change through GHG 

emissions, particularly carbon dioxide (CO2) (Chiaro 2007). Most analysts predict that world 

energy demand will increase significantly over time and that coal will continue to be an important 

contributor in the energy mix, particularly as the emerging economies rely heavily on coal-fired 

generators. The International Energy Agency,predicts that by 2030 world energy demand will 

increase by 66% and fossil fuels will remain the primary energy source. Given growing energy 

demand, stabilizing CO2 levels to 550 ppm in the atmosphere (to limit global temperature rise to 

2°C) will require a significant reduction in GHG emissions. A “business as usual” approach to 

energy generation and consumption will likely result in accelerating and unsustainable levels of 

CO2 in the atmosphere. Technology gaps must be filled by the development and adoption of low 

or zero CO2 generation technologies and step-change improvements in energy efficiency. 

Emissions from the mining, refining, and smelting of metals are a major contribution to global 

CO2 emissions. Global emissions for a number of metals are shown in Figure 1.3-4 (Norgate and 

Jahanshahi 2006). Global trending of GHG emissions are not showing any signs of improvement, 

and climate change challenges represent a significant threat to the global minerals industry. 

Because GHG emissions are dependent on the management of energy supply and use, energy 

audits are a useful tool for identifying energy-saving opportunities. 

Energy Consumption in the Minerals Industry 

Energy costs are a significant proportion of total cost inputs for the global mining industry. The 

Mining Association of Canada completed a series of mine benchmarking studies 



(Mining Association of Canada 2005a, 2005b) to determine the energy consumption for both 

surface and underground mining operations. Extracting the raw data from the Canadian studies 

and averaging them across mines and commodities, a general picture of energy consumption can 

be formed for different operations, as shown in Figure 1.3-5 (Batterham and Goodes 2007). Not 

surprisingly, underground mining operations are significantly more energy intensive. As surface 

ore deposits become more difficult to find and the requirement for more and deeper underground 

operations increases, energy consumption is therefore expected to increase. 

A number of opportunities for reducing energy consumption are evident: 

 New technologies for reducing grinding and comminution energy, switching from 

processes that are known to be inefficient 

 More efficient conveyor and transportation systems, particularly in automated mines 

 Improved ventilation systems for underground mining (totally automated underground 

mining operations could negate the need for any underground ventilation) 

 Advances in mineral flotation and concentration 

 Development of in-situ leaching processes for minimizing or eliminating the 

environmental footprint 

 Improved on-line analysis to minimize the amount of gangue material that is processed 

  Underground or in-pit sorting to reduce the amount of material moved 

In addition, technologies aimed at reducing energy consumption in the production of metals, for 

example, iron and aluminum, will be critical. The second crucial element in reducing GHG 

emissions relates to electricity supply. The emissions arising from the generation of electricity 

need to be minimized to reduce the overall footprint. A range of carbon-free alternatives exist 

today and a number of advanced energy technologies for electricity generation are being 

developed. 

Existing alternate power generation technologies include 

 Nuclear, 

 Wind, 

 Solar, 

 Solar thermal, and 

 Hydroelectric. 

New power generation technologies include “Clean coal” technology involving carbon capture (as 

CO2) and storage (CCS), 

• Energy from advanced biotechnology and biomass, 

• Geothermal power, and 

• Hydrogen-based transportation and electricity systems. 

The application of these alternative energy technologies can have a significant impact on reducing 

GHG emissions. More remote mining operations operating on discrete electricity grids can employ 

a range of these energy types optimized for local circumstances. End-use technologies to improve 

energy efficiency and reduce energy demand must also be developed. 

Examples of Emerging Energy Innovations 

Many large mining companies are actively involved both in identifying and implementing short-

term energy efficiency improvements and in developing step-change technologies to significantly 

reduce energy consumption. Both activities are critical. The following step-change energy 

opportunities are given as examples of industry developments. 

Novel Comminution Approaches 



Comminution energy efficiency is known to be low, and often less than 1% of the energy 

consumed goes into the breakage process. However, the understanding of comminution processes 

has markedly increased with recent computer modeling. The results point to significant 

improvements being possible, in the order of 10%–15% energy consumption and corresponding 

increases in mill throughput. 

 
One opportunity for improving energy efficiency lies in the pretreatment of the ore, with the aim 

of introducing microcracks into the system. The development of next-generation industrial 

microwave delivery systems offers a pathway to implement this approach. With these 

technologies, it may be possible to deliver microwaves to tonnage quantities of ore at economic 

rates. 

HIsmelt Process 

HIsmelt is a new technology developed by Rio Tinto to enable the direct smelting of fine iron ore 

and coal into molten iron. By avoiding the coking process, it offers significant technical and 

environmental advantages over existing iron-making techniques. Construction of the first 800,000-

t/yr HIsmelt plant, owned by a joint venture company, was completed at Kwinana in Western 

Australia in 2005 and has been progressively commissioned since then. Iron ore from Western 

Australia and low-volatile coal are injected as fines into the molten bath of the smelt reduction 

vessel where they are directly smelted to molten iron. 

Coal Initiatives 

FutureGen is a U.S.-sponsored research project that aims to install a large gasification power 

station with integrated hydrogen production, carbon capture, and storage as a prototype 

demonstration of zero emission coal-fired technologies. For amenable coal seams, underground 

coal gasification (UCG) is an energy technology likely to feature prominently in the future. By 

initiating and then controlling combustion autonomously within the coal seam, UCG produces a 

syngas (typically H2 [hydrogen], CO2 [carbon dioxide], CO [carbon monoxide], CH4 [methane] 

and H2S [hydrogen sulfide]-dry basis) that can be further refined aboveground to produce a 

relatively clean, affordable, and versatile source of energy. Although not a new concept, products 

from UCG compare favorably with alternatives in the context of today’s more mature whole of 



life oriented assessment criteria, culminating in its recent rediscovery. Clean coal initiatives are 

also being promoted by regionally based programs such as Coal21. This Australian-based program 

is a collaborative partnership between federal and state governments, the coal and electricity 

generation industries, the research community, and unions, that aims to promote and facilitate the 

demonstration, commercialization, an early uptake of clean coal technologies in Australia. 

Hydrogen Energy 

Hydrogen Energy is a joint venture between Rio Tinto and BP, created to further develop the 

hydrogen economy. Hydrogenfueled power plants with CCS combine a number of existing 

technologies in a unique way to create low-carbon energy. It works by “decarbonizing” a primary 

fuel such as coal, oil, or natural gas. This decarbonization technique separates the hydrogen and 

captures the carbon from the fossil fuel as CO2. The clean hydrogen is then burned in a specially 

modified gas turbine to produce clean electricity, and the CO2 is stored securely deep underground 

in depleted oil and gas oil fields or natural saline formations. CCS technologies will be a key 

component in the fight against climate change. 

Each of the component CCS technologies is proven and has been practiced within the oil and gas 

industries for decades. At this scale, their combination and integration is innovative, providing 

Hydrogen Energy with a real opportunity to generate large-scale clean electricity using existing 

fossil fuels. Emissions trading is key to the development of a marketbased carbon price that will 

help drive the lowest-cost pathway to a low-emission future. The target must be a zero net energy 

mine, and a technical pathway to achieve that objective can already be envisioned. 
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Question 

1. Explain how industrialization has affected the mining industry 

2. Discuss how exploration of minerals is carried out and the machinery involved. 


