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Introduction

The Mineral Imperative

 

 

The Mineral Imperative is the inescapable truth that all societies, past, present, and future, are built on the extraction and transformation of minerals. Minerals have always defined the limits of what humanity can build, invent, and sustain. 

 The Mineral Imperative has been a quiet civilizational constant, as real and unyielding as the laws of physics. From the flint that started ancient fires and the iron in ancient tools, to the copper and rare earths that power today's technologies, every practical advance in technology and the quality of human life has depended on our capacity to extract, refine, and command the materials that made them possible. It follows that energy and raw materials are not merely inputs to the economy; they are the economy. Securing minerals is about securing the elemental foundations of progress. 

Because minerals are the foundation of every home, every tool, and every industry. Minerals are the difference between cold and warmth, hunger and plenty, darkness and light. They are the decisive weapons of every war. Stone and fire. Bronze and iron. Coal and steel. Oil and electricity. Copper and silicon. Each era of human history has been defined by the energy and raw materials it harnessed. Every civilization has organized itself around one purpose: secure more.  Because those who command minerals can shape their own destinies. To ignore the Mineral Imperative is to misunderstand a fundamental driver of human progress; to master it is become the driver. This book is about that mastery, and the urgent reckoning it now demands.

Today we are standing at a precipice, a tipping point. The Electro-Digital Age demands more minerals than any era before, lithium for batteries, cobalt for motors, rare earths for magnets, copper for electrification. Western economies have been sleepwalking toward the cliff, blind to the exponential surge in demand that no recycling, substitution, or technological sleight-of-hand can satisfy, because minerals do not multiply in thin air; they must be unearthed. The minerals we depend on are becoming harder to find, harder to develop, harder to extract, harder to refine. 

Most of the world remains blind to the machine beneath its feet: mining supply chains are the hidden enablers of every industry on the planet, from farming to semiconductors, electric vehicles to hypersonic missiles, skyscrapers to satellites. Every digital, green, or defence technology depends on the physical economy beneath it. Outside the industry, mining is a black box; inside, specialists live in silos, geologists, engineers, traders, operators, each loyal to a single deposit, a single metal, a single stage, a single company. Policymakers and the public are woefully ignorant of the role of metals and minerals in our lives and the economy. When they think of mining, they see only the scars: a sunset industry to be shrunk, shamed, or outsourced. Few realize how a single missed shipment can spike prices, bring entire industries to a standstill, or tilt the balance of power between nations. Ignorance of the Mineral Imperative is becoming an existential risk.

This book is an attempt to shine a light on not just the Mineral Imperative, but the industry that underpins it. It is a proud reckoning with mining's centrality, not an apology, but a stark warning: if we fail to grasp the essential role of minerals and mining in our lives and in our economies, we risk our sovereignty, our prosperity, and our future, leaving us dependent on others to mine, refine, and control the materials that power civilization. The industry that provides these minerals is under unprecedented threat from scarcity, geopolitics, and green zealots. A profound anti-mining bias pervades every level of Western society, and it is impeding our ability to find and develop the minerals we need to secure our future. 

Written for citizens, policymakers, investors, students, and for the miners who know their corner but not the cathedral, this book tells the story of the hidden inputs that underpin every economy. Done right, mining lifts nations, builds roads and schools, powers billions into modernity and builds spaceships that take us to the stars. Done wrong, it poisons rivers, displaces villages, and arms tyrants. The task is to mine boldly and responsibly, without repeating the sins of the past. Understanding the Mineral Imperative is only half the task. Unless we understand how the mining industry truly works, we cannot hope to master the Mineral Imperative.

The book is divided into three parts:

PART 1: FOUNDATIONS (Chapters 1–4)

Why mining is not a mere input but the bedrock of the global economy and every industry. How material footprint determines quality of life for for everyone on the planet. Why energy and materials are inseparable; why the "weightless" digital dream is a dangerous illusion. How and where the next tidal wave of demand is breaking: from Asia's megacities, to electrifying fleets, hyper-scale data centres, and the hardening defence grids of superpowers.

PART 2: JUNIOR MINING (Chapters 5–8)

The unforgiving crucible of discovery and development: from wildcat drill holes through geology, exploration, and the decades-long gauntlet of risk, capital, and regulation. We expose the industry's mortal wounds, sky-high failure rates, regulatory strangulation, capital droughts, talent flight, and geopolitical sabotage that chokes new supply while demand metastasizes.

PART 3: MINING COMPANIES (Chapters 9–12)

How the giants operate: mining methods from open pit to deep underground, metallurgy that turns rock into metal, and the full supply chain from pit to port to processor. We dissect ESG as a double-edged sword, simultaneously offering opportunities for responsible and sustainable mining and a genuine social license to operate that creates a strong competitive advantage, but also serving as a weapon to use against the industry for anti-mining activists. The brutal dynamics of commodity markets: volatility, boom-bust cycles, opaque pricing, speculative capital, and the geopolitical levers that make markets weapons. The book closes with copper, civilization's red thread, the metal that has wired every epoch and now carries the current of the future, and outlines what must change if we are to meet the challenges of the modern mineral imperative. 

 

Ignorance of the Mineral Imperative has led to broken supply chains, strategic dependence, and industrial decline. When a country stops producing and starts importing the materials that sustain its’ economy, it loses something deeper than industrial capacity; it loses agency. It ceases to be a price-maker and becomes a price-taker; dependent on others not just for finished goods, but for the very means of production itself. It is already happening in the very nations that once defined the Industrial Revolution. Price-taking nations lose more than margins; they lose sovereignty. When a state must rely on others for the minerals, metals, and energy that keep its economy running, its foreign policy contracts to what its suppliers will allow. It is the quietest form of subjugation, strategic dependence disguised as globalization. Nations that forget the Mineral Imperative, that surrender their capacity to mine, refine, and manufacture become tenants in their own economies. To ignore the Mineral Imperative is to confuse wealth with power, and consumption with capability. 

Civilisation has always belonged to those who master minerals, control energy, and shape the material inputs. If the nineteenth century belonged to those who forged steel, and the twentieth to those who refined oil, then the twenty-first will belong to those who command the minerals that make energy, technology, and progress possible.

This book is both a warning and a blueprint. It shows how mining underpins modern life, revealing the invisible architecture of the mineral mosaic that sustains our economies, builds our technologies, and harnesses our boundless appetite for energy. It examines how demand for these materials is accelerating, as new supply becomes harder to find, harder to finance, and harder to permit, harder to mine, harder to refine. It shows how we are approaching a tipping point where scarcity, dependency, and ambition collide. Our prosperity and sovereignty will depend on how we meet this challenge. To secure the future, we must confront the Mineral Imperative head-on; we need to embrace it by mining cleaner, smarter, and by integrating and aligning mining supply chains fully into the world we are trying to build.

Civilization has always been hewn from the Earth. Whether it endures will depend on how we wield the pick, and whether we face the Mineral Imperative before it becomes a minerals crisis.

 

 



PART 1: FOUNDATIONS

 


Chapter 1

The Role of Mining in Building Civilizations

 

 

Mining is not a niche industry at the margins of progress; it is the physical foundation of every technology and every industry. It is what all modern economies are built on. Far from “dematerializing”, the world is entering an era of higher materials intensity, driven by four converging forces:

 

Global population and income demographics: billions moving up the income ladder increasing their material footprint as they consume more and better housing, appliances, mobility, energy and infrastructure.

 

Urbanization: city dwellers use roughly twice the materials of rural populations. We are heading toward 70% global urbanization rates by 2050.

 

Electrification and decarbonization: growing global electricity demand and the energy transition substitutes metals for fuels, with low-carbon electricity generation, transmission, storage and utilization requiring roughly three times the volume and variety of metals and minerals as their fossil-fuel burning counterparts.

 

Digitalization and AI: data centres, chips, fibre and power networks multiply demand for copper, aluminium, silicon, rare earths and speciality metals. The technologies of the Electro-Digital Age are the most material- and power-intensive of anything that has ever come before it. 

 

The outcome is visible in the aggregate: global material footprint has grown faster than both population and GDP and is projected to rise sharply again by mid-century. Behind every EV, turbine, smartphone and server rack sits an expanding lattice of mined materials, extracted, refined, fabricated and moved at colossal scale.

Every human civilization has been built on the materials it can extract, transform and use productively. From the Stone Age to the Silicon Age, the basis of human progress has been grounded in materials. The modern world, with all its digital dreams and energy ambitions, is more materially intensive than it has ever been. This chapter explores the hard physical realities that underpin modern civilization, and the vast scale of material consumption required to sustain it. Modern civilization is not becoming dematerialized, as some optimists claim, but rather more dependent on physical resources than at any point in history. 

The arc of human progress can be traced by material throughput. This chapter shows us the material intensity of key global trends such as electrification, digitalization, urbanization, population growth and economic development. Contrary to the belief in a weightless digital economy, information and energy technologies are rooted in energy- and resource-intensive hardware. The simple truth is this:  the quality of life everyone in the world aspires to can only be delivered by vastly more metals and minerals. 

 

From stone hammers to satellites.

The evolution of humanity is directly linked to what we have extracted from the Earth and adapted to our purposes. Raw materials and human ingenuity together have taken us from a few million hunter-gatherers to a few billion technologically advanced humans jetting into outer space. The tools we use have run from simple stone hammers, knives and spears to AI computation and satellites. Human civilizations have always been defined by their tools, and all tools, in all times, have been made from metals and minerals. 

The first known smelting of metal for tools and weapons began over 7,000 years ago, in the Bronze Age, but the most significant change, a scale up by several orders of magnitude in the variety and volume of metals humans consume coincided with the first industrial revolution of the 1700s. The Industrial Revolution redefined how humans interacted with the planet and resources via the scale mechanization of the main industries of the time: farming, transportation and manufacturing.

The words “industry” and “industrial” come from the Latin “industrialis”, meaning diligence or hard work. During the first industrial revolution, humans and animals for the first time stopped doing all the hard physical work; via mechanization, they put minerals, metals and fuels to work for them. The Industrial Revolution was the first exponential jump in our collective consumption of raw materials, and it resulted in a corresponding exponential jump in our collective productivity. Each industrial step-change has been defined by the tools of that age, the metals and minerals that made them, and well as the step changes in productivity they enabled.

 

Industrialization and mining.

Every milestone in human evolution is named for commodities, and this is not a coincidence: the Stone Age, the Bronze Age, the Iron Age and, finally, the industrial, mechanized, Multi-Metal Ages, defined by power and the ability to harness it. Each progressive age and sub-age has used exponentially more raw materials, in number and volume.

Securing access to commodities generally, and metals and minerals specifically, has shaped human civilization, geopolitics, global economics, and the rise and fall of nations, since the beginning of recorded history. When people left the comfort of their homes, it was most often because they were seeking to buy, sell or trade for commodities that would help make their lives better. 

Economics is the science of managing and allocating scarce resources. Most economists focus on human and capital resources and largely ignore the raw material and energy resources. This, to be fair, is because until recently raw materials have never been subject to fundamental scarcity that would more than marginally push up costs. The ability to source more resources at a reasonable cost has always been possible in the past, and price spikes due to scarcity have mostly been relatively short-term in nature. 

Increasingly, metals and minerals specifically are becoming more scarce, expensive and difficult to find. There are several sound scientific reasons, based on known geo-statistics, to believe that scarcity and the resulting price increases that have already begun will continue. This geo-statistical scarcity is made clear if we track the number, size and grade of new mineral discoveries over the last twenty years. In the last five years, almost all major governments around the world – China, the EU, the UK, the USA, Canada and Australia, to name a few – have started publishing lists of metals and minerals they deem critical to their economies and have begun to legislate around both securing and restricting access to them. This is a practical response to perceived scarcity. 

 

The industrial ages.

The Industrial Revolution was a marked step-change in human history. It was a turning point, when the world’s population began, for the first time in human history, converting from majority agrarian and pastoral society to a largely industrialized and urban society, and where feeding people was not the main modus operandi of the economy. 

Four mini-industrial revolutions mark transformative periods in technology and production, each defined by distinct tools made from different materials driving economic and societal change. Each revolution increased material intensity: coal and iron defined the first, electricity and steel the second, silicon and plastics the third, and rare earths and copper likely to define the fourth.

The first industrial revolution (circa 1760-1840) was about mechanization through coal and steam power, which revolutionized manufacturing, shifting from artisanal to factory-based production. Key innovations included steam engines and ships, textile machinery and railways, fostering urbanization and global trade. The defining materials were coal, the primary fuel for steam engines and early industry, and steel, used to build the machinery, railways and infrastructure. Non-metallic minerals like limestone and clay for bricks and cement, for the construction of factories and cities, were also used in significantly larger volumes. Grown materials like cotton for textiles, and wood for construction and fuel, were also still used quite heavily. The material footprint has been estimated at ~5–10 tonnes of raw materials per capita per annum in industrialized nations.

The second industrial revolution (circa 1860-1914) was defined by electricity. Electricity made mass production possible by enabling larger-scale industries, with electric motors, assembly lines and chemical advancements. Railway systems, cars and trucks, the telegraph and steel production all grew exponentially, fuelling global economic growth. The defining materials were coal, for both homes and industry, oil for transport, steel for machinery and skyscrapers, and copper for electrical wiring. Cement and glass were also heavily used in urban construction. The material footprint was estimated at 15-25 tonnes of raw material per capita per annum in industrialized nations. 

The third industrial revolution (circa 1960-2000) was defined by early computing. Automation and digitalization emerged, with computers, electronics and telecommunications. Programmable machines, fibre-optics and the early internet transformed manufacturing and communication, boosting efficiency and globalization. The defining materials were silicon for semiconductors and microchips, which enabled computing, plastics in consumer goods, and metals like aluminium for lightweight applications, while steel, copper, glass and concrete continued to play a large role in expanding infrastructure. The material footprint was 10-15 tonnes per capita per annum in developing nations, and 20-30 tonnes per capita per annum in high-income nations. 

The fourth industrial revolution (also called “Industry 4.0” or the Electro-Digital Age) began around 2000 and is ongoing. It has been driven by integration of cyber-physical systems, AI, information technology and renewable energy, all of which are fundamentally reshaping industry. Smart factories, big data and robotics drive efficiency. Sustainability has become a focus, amid climate concerns and social backlash. The defining materials have been metals like rare earths, lithium and cobalt, for batteries, EVs and renewables, and a myriad of new minor metals that are essential to technology. And, finally, concrete for urban growth. The technology of Industry 4.0 is largely defined by the higher volume and variety of metals required in it, as well as the massive amount of energy required to power it. The global material footprint was 12.7 tonnes per capita globally in 2025, but 27 tonnes per capita in high-income countries. 

Each mini-industrial revolution increased material intensity, with coal and iron defining the first, electricity and steel the second, silicon and plastics the third, and rare earths, copper and battery materials the fourth. And, while the rate of growth has slowed on a per-capita basis, with efficiencies found in size and material use, it is still growing in aggregate. While fully industrialized nations have plateaued, and indeed are slightly reducing their footprint, due to being in the maintenance stage of economic development, on a global level the population and proportion of people moving to higher income and material consumption categories is increasing. 
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Figure 1: A visualization of the tools of the industrialized ages

 

Industrialization technology and urbanization. 

Industrialization marked the shift from the agrarian economies that dominated the planet for 12,000 years to non-agrarian economies driven by manufacturing and mechanized mass production. It brought economic growth, rising living standards, technological innovation, population growth and urbanization. Each industrial revolution from steam to steel, oil to electricity, and now the Electro-Digital Revolution, has been marked by leaps in technology, increased per-capita metal use and urbanization rates. Every stage has demanded not only more materials, but a greater variety of them. The more industrialized an economy becomes the more metal it consumes.

Though distinct trends, industrialization, technology and urbanization have always been linked. For most of history, 90% of humanity lived in agrarian societies, where food production was the dominant activity. Industrialization and new technologies transformed agriculture, releasing labour for cities, where industry and innovation clustered. Urbanization in turn fuelled further technological breakthroughs, creating a feedback loop: industry attracted people to cities, cities fostered technological development, and technology fostered more industry, luring more people into cities, with opportunities for work and higher living standards.

In the past fifty years, the urban share of the world’s population has nearly doubled to more than 50%. Urban life consistently requires more resources; city-dwellers consume two-to-three times the commodities of rural populations. While dense cities can offer material efficiencies like public transport, shared infrastructure and lower per-capita energy use, those material efficiencies are outweighed by higher material demand from the greater consumption related to higher incomes and the vast material footprint of urban infrastructure.

Technology, though intertwined with both industry and urbanization, influences resource demand in more complex ways. Innovations can render some commodities obsolete while vaulting others into high demand. Efficiencies and miniaturization can reduce material intensity per unit, but overall demand for energy and resources almost always expands, as new technologies spread and their uptake increases.
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Figure 2 Domestic extraction of the world from 1970-2024, by material group (Source: materialflows.net)

Urbanization’s surge.

Urbanization isn’t slowing down; it is rising rapidly and with it material demand. On average, city-dwellers consume 1.8–2.4 times more resources than rural populations, regardless of country or development status.

In 1970, 37% of the world lived in cities. Today, that figure is about 55%, and by 2050 it will reach almost 70%. This shift, combined with rising incomes, means that cities are projected to consume 90 billion tonnes of materials annually by 2050 – more than double the 40 billion tonnes consumed in 2010.1 

Why are we urbanizing so quickly, despite congestion, cost and crime? The answer is opportunity. Cities are economic engines. The half of the world’s population living in cities today generate 80% of global GDP. Cities concentrate infrastructure, services and labour markets, lifting millions from poverty and multiplying productivity. China has made the deliberate creation of “mega-cities” central to their growth strategy, to harness the productive power of cities.2

Urbanization brings both costs and benefits. Building city infrastructure requires vast resource inputs, and urban lifestyles remain materially intensive. Yet cities also deliver economies of scale (shared infrastructure lowers per-capita costs) and returns to scale (bigger cities generate disproportionate gains in wealth, wages, innovation and productivity). These benefits, however, come with accelerated negatives: higher rates of crime, disease and social stress.

There are also limits. Mega-cities of twenty-million people or more start to strain under resource shortages, logistical bottlenecks and social pressures. Mega-cities experiencing supply-chain issues and shortages, or becoming overrun with crime, are the first indicators of that limit being reached.3 Despite the negatives, the urbanization trend shows no indication of abating, and more people living in cities means much higher total and per-capita material consumption on a global basis for the foreseeable future. 

 

 

Energy transitions.

Every era has been marked by the combination of the dominant materials it used, and the types of energy it could command for productive use.  Extracted raw materials, both different types of energy fuels, and tools that allow us to harness energy are directly responsible for allowing the planet to accommodate more people with a better quality of life than was imaginable even fifty years ago. While, burning biomass, animal drawing power, and windmills marked preindustrial times, the incredible power within fossil fuels has powered every industrial age to date. The level of present fossil fuel consumption has risen exponentially, and that is widely accepted to be causing climate change. Fossil-fuel-consumption-induced climate change is what has led to governments around the world agreeing to a remarkable “planned” fifth industrial revolution: an energy transition which is attempting to replace fossil fuels with renewable forms of power. 

What wasn’t clear when world powers committed to this revolutionary change was how metal-intensive this energy transition was going to be. The energy transition has collided with the fourth wave of the industrial revolution, the Electro-Digital Revolution, and together they are set to create the largest metals-and-mining supercycle the world has ever known.4

The energy transition that almost all the countries in the world have agreed is necessary to combat climate change means transitioning to an energy system powered by clean energy technologies. The infrastructure of the energy transition is based on a different set of tools: solar, wind farms, enlarged electric grids and batteries, electric vehicles, and electronic devices, all require more metals and minerals, in number and volume, than their fossil-fuel-powered counterparts. The great irony of the energy transition being proposed is that our transition from dependence on fossil fuels is going to require us to be far more dependent on a steady supply of mined metals and minerals. Renewable forms of energy require an exponential increase in the production and consumption of what are colloquially called “energy-transition metals”. A typical electric car can require four to six times the number of different mineral inputs that a conventional car requires, as well as being close to twice as heavy. An onshore wind-energy plant requires nine times more mineral resources than a gas-fired plant which produces the same amount of energy. 

Since 2010, the average weight and volume of minerals needed for a new unit of power-generation capacity has increased by 50%, as the share of renewables in new investment has risen.5 While the energy we are seeking to harness might be from renewable sources, the infrastructure required to harness it is not. Chapter 4 discusses energy demand and its material footprint in much more depth. 

 

Material footprint.

“Material footprint” refers to the total amount of raw materials extracted to meet consumption demands. It comprises the sum of fossil fuels, biomass, metal ores and non-metal ores consumed by individuals over their lifetime. It is one way of measuring the pressures placed on the environment to support economic growth, and to satisfy the material needs of people.6 It can also measure what people in aggregate are consuming, and measures the material effect of things like industrialization, urbanization, income growth and energy consumption.

The total global material footprint rose from 43 billion metric tonnes in 1990 to 106 billion in 2025 that’s almost 250% growth in thirty-five years. Both the UN and the OECD project material footprint will grow to 190 billion metric tonnes by 2060. The global material footprint is increasing at a faster rate than both population and economic output.7

Material footprint is directly linked to individual consumption, or material footprint per capita. In 1990, on a global basis, about 8.1 metric tonnes of natural resources were consumed globally on a per capita basis. In 2025 that rose to 12.7 metric tonnes – an increase of over 50% per capita in thirty-five years. But the really eye watering number is the material footprint of people living in high income countries who consume 27 metric tonnes per person a year, over twice the global average. 

The material footprint of high-income countries is in general far higher than domestic output, which means that, to meet their material consumption needs, these countries rely on materials from elsewhere. On a per-capita basis, individuals in high-income countries are estimated to rely on an average 9.8 metric tonnes of their total 27 metric tonnes of materials consumed being extracted elsewhere in the world. Global material footprint tends to closely track real GDP growth more than any other metric. 
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Figure 3: Global Material Footprint, Population, and GDP Growth 2000-2025 indexed to 2000=100, PPP based (source:UNstats)

 

Material footprints correlate to income.

On an aggregate level material footprint is related to global growth, but that betrays huge variances between material footprints for different populations. Material footprint per capita is directly correlated with income levels. When people have higher incomes regardless of where in the world they live, they seek to increase their standard of living by buying the things that will make their lives better: better food, better homes, better access to power, better appliances, better cars, better cell phones and so on. 

Commodities are generally broken down into three major categories: food, fuel, and metals and minerals. When we increase our income, we tend to increase the quantity and quality of our consumption in all three categories. But, interestingly, proportionally metals minerals are the ones we increase the most, because most of what that enables that higher standard of living is made from them. 

Regardless of where they are in the world income levels are the most consistent predictor of an individual’s metals and minerals consumption. No matter how you cut it, increasing human standards of living on a mass scale, by itself, necessarily requires increasing the volume of materials they consume on a mass scale.8 Which means that mining  the industry which provides the majority of the materials that enable increases in standards of living is necessary to achieving almost all economic development goals. 

Mined commodities are different in a fundamental way from food and energy: while some can be recycled, they are not renewable resources the way food and energy can be. There is only a certain amount of metal and minerals within the Earth’s crust, and even less in accessible and economically recoverable deposits. Our ability to find the metals and minerals we require in deposits that are mineable is by no means certain, the way that the sun shining or food growing can be. This leads to serious question about what level of global development we can sustain in the long term.

Global commodity consumption per capita is growing fast. Everyone on Earth aspires to the quality of life the developed world is privileged to enjoy. Americans are the highest overall consumers of commodities per capita in the world, although some Middle Eastern countries are coming in close behind them, and might soon overtake them.9 Eight billion people on the planet crave a similar lifestyle to that afforded by high incomes, and the material consumption associated with it. They want heated and air-conditioned homes, cars, roads, electricity, infrastructure, sewers, clean water piped to their doors, fridges and washing machines. Increasingly, they also expect smartphones and computers that connect them to the world through satellites. And vast amounts of data storage for pictures of their babies, and AI to help them manage their lives and decision-making. They want healthy, plentiful, nutritious diets and the best medical care. And who can blame them? The definition of what is considered a good quality of life has evolved in material-consumption terms and can only be met by increased production of raw materials generally, and metals and minerals specifically. 
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Figure 4: Average American Metals and Minerals Consumption Over a Lifetime (Source American Minerals Education Coalition 2023)

Understanding how global incomes are distributed and how they are likely to change over the next twenty-five years, is essential to grasping what rising material demand will mean for metals and minerals. People often talk about population growth as if it were the only variable that matters. But the decisive factor is not how many people the world holds; it is how those people live, what they consume, what they build, and what their economies require to support that life. In other words, material footprint scales with income, development, and the structure of economies, not just headcount.

The global population sits across a range of income brackets, usually measured in daily or annual earnings. What is striking is how closely each income tier aligns with a consistent range of material use. When we map income tiers alongside a world population projected to rise from around 7.8 billion in 2020 to roughly 9.6 billion by 2050, the dynamic becomes clear: as incomes rise, so does the physical demand for minerals, metals, and the materials needed to build and maintain the systems of modern life.

Most of this population growth, more than 70%, will occur in low- and lower-middle-income countries, particularly in sub-Saharan Africa and South Asia. Fertility rates in these regions remain high compared to in high-income countries. These demographic trends will fundamentally reshape global material demand.

At present, high-income countries (gross national income (GNI) per capita above $13,845), account for only around 16–18% of the world’s people yet consume roughly 30–35% of its total material footprint. Per capita, that works out to about 25–27 tonnes of material per person per year driven by cars, electronics, housing, infrastructure, and energy systems. Low-income countries (GNI below $1,145), by contrast, and their people make up roughly 9% of the world’s population but just 1–2% of total material use. Their average footprint is around 2–5 tonnes per person a year, and much of that is biomass for food, heating, and cooking.

The lower-middle-income (GNI $1,146–$4,515) and upper-middle-income ($4,516–$13,845) groups represent around 35% and 30% of the world’s population, respectively. Their per capita footprints cluster around 8–10 tonnes and 15–20 tonnes. These groups are where the major shifts in material consumption are coming from, as they are urbanising, industrialising, and expanding consumer markets rapidly. 

Over the next 25 years, these income demographics will evolve alongside population demographics. Low-income populations are expected to rise from about 700 million to between 1.2 and 1.4 billion, and their material footprint is also expected rise from roughly 1% of the global total to 3–4%. 

Lower-middle-income groups will grow from around 2.8 billion to about 3.4 billion people, pushing their share of global material use from around 13% to up to 18–20%. 

Upper-middle- and high-income populations will continue to grow modestly, to about 2.6 billion and 2.2 billion people respectively. Their combined share of total material use is expected to fall from about 86% today to around 76–78% by 2050, largely because their economies are more efficient and saturated with existing infrastructure. However, this does not mean their demand goes away, it simply stabilises. These are the economies leading the transition to electrified transport, renewable energy, and digital systems—all of which require significant quantities of high-value metals.

Taken together, population growth and shifting income demographics predict a 40–50% increase in global material footprint by 2050, under business-as-usual scenarios according to the UNEP Global Resources Outlook 2024.10 11 12

 

How rising incomes fuel mineral specific demand.

A study on Spanish households between 2006 and 2013 looked at material-footprint changes during income transitions within a high-income-country context. It showed the following average per-capita material-footprint increase, as income rose from low (~$0–1,500/month) to middle ($1,500–3,000/month) to high ($3,000+/month).

As people moved between low- and high-income groups, their material footprint more than doubled, but the proportion it increased within the different categories that make up material footprint was not evenly distributed. Food consumption rose 16%, energy consumption rose 35%, and metals and minerals consumption rose 49%.13

This trend, of metals and minerals representing the largest part of increased consumption, was driven by better housing and more durable goods. The 35% increase in energy consumption came from better transportation and heating. And the 16% increase in food consumption was mostly based on better quality foods but not significantly more food overall, as basic needs are met early, with diminishing marginal value addition. This skew toward higher metals and minerals consumption reflects the relationship between what different types of consumption do for your quality of life. Projections to 2050 suggest that these trends will continue as middle-income populations expand. Basically, as global incomes rise material footprints rise, but metals and minerals consumption will rise the most.14

This skew toward increasing metals and mineral consumption, as a proportion of total consumption, is even more exacerbated by urbanization trends. Urbanization compounds the higher metals and minerals demand of higher-income groups (who often live in cities), due to dense infrastructure, like buildings, roads and public transport. Metals like steel, aluminium and copper, and non-metallic minerals like cement and sand dominate, often comprising 60-70% of urban material footprints. For example, in global industrialized regions which are highly urbanized, metals and minerals account for over two-thirds of consumption.15
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Figure 6: Global materials extraction is projected to increase across all material types between 2020-2060 (Source: OECD Resources Outlook)

A great way to understand how minerals work their way unseen into our lives is gold. Gold is generally associated with jewellery and gold bars, viewed as an investment class or luxury product; few people would see gold as essential to life as we know it. But, for the last ten years, some 7% of the gold we mined, or approximately two million ounces, has not been circling the necks of the rich and filling central bank vaults, but has instead been utilized in industry.16 17 We are all carrying unseen gold around with us every day: the average smartphone contains 0.034 grams of gold. That might not seem that much, but when you consider the billions of smartphones we produce every year, it adds up.

Gold has other unappreciated uses. Gold nanoparticles were essential to enabling rapid and effective testing for both SARS and Covid-19, as component parts of every one of the rapid tests distributed. Gold was a huge contributor to our being able to effectively monitor and manage the spread of both viruses. And, while these nanoparticles are worth pennies, when multiplied by the billions of test kits used on a global basis, this unprecedented usage moved the needle on global gold demand.

All these technological mini breakthroughs require just that little bit more metal. From a global material-footprint perspective, these cumulative small, incremental changes in the use of materials like gold have led to an exponential increase in metals and minerals consumption.18 

 

China’s great leap forward.

Between 1990 and 2020, China's gross national income (GNI) per capita, surged from $310 to $10,550, a remarkable 34-fold increase. This growth reflected the country's rapid economic transformation, driven by market reforms, foreign investment, and export-led industrialization, with average annual growth exceeding 10% during much of the period. In purchasing power parity (PPP) terms, the rise was more modest at about 10-fold (from $1,646 to $16,467), better capturing improvements in living standards that came from 61% of the population coming to live in cities, and poverty reduction, the extreme poverty rate fell from over 60% to under 1%. This income expansion enabled a shift from agrarian subsistence to a consumption and manufacturing-driven economy, profoundly influencing resource demands.

Concomitantly, China's material footprint exploded from approximately 3 billion tonnes in 1990 to 28 billion tonnes in 2020, a 9-fold increase. Per capita material footprint rose from about 2.6 tonnes to nearly 20 tonnes approaching levels much closer to that of high-income nations. This escalation was fuelled by infrastructure booms, highways, cities, and high-speed rail requiring vast cement and steel, and industrial scaling, with metals and non-metallic minerals consumption growing 10–15-fold. China's share of the global material footprint climbed from ~7% to ~29%, underscoring its pivotal role in worldwide resource pressures.19

There is no better case study when it comes to the relationship between industrialization, economic development and urbanization, and the ensuing effect on material footprint. The remarkable economic transformation of the country which pulled the majority of its’ population out of rural poverty, many previously living on less than a dollar a day, and into the ranks of the global middle classes and turned China into an industrial powerhouse and a world power, has become a defining feature of the twenty-first-century global order.

It is arguable that this incredible feat, this incredible economic transformation, was made possible directly by their consumption of metals and minerals. China is today the largest consumer of metals and minerals in the world. The Chinese understand better than any country on this planet how access to and control of metals and minerals is necessary for economic success. This is why China has worked so hard at anchoring mineral supply chains to China and works every day to preserve its dominant status as one of the largest producers, importers and processors of metals and minerals in the world. 

The success of China’s rapid economic development and industrial dominance has become a model many in the world aspire to. Almost every country, especially developing nations, aspires to replicate this success. But, if even a fraction were to follow China’s trajectory, the effect on global material consumption would be staggering. Demand could multiply far beyond what current mining, energy and resource systems can sustain, pushing the planet into unprecedented strain.

 

Metals and minerals in the electro-digital age. 

The total predicted demand for metals and minerals by 2050, according to the World Bank, suggests that over the course of the next twenty-five years we are going to need to roughly double the amount of metals and minerals, just to maintain the current pace of global economic development, not counting the energy transition. Other global agencies – the IEA, the UN and the OECD – run slightly different models, but they all say the same thing, give or take. Currently, the world mines a little over 40 million tonnes of metals and minerals per year, and that will have to go to 80 million tonnes per year to keep up with the present rate of consumption growth. This is the reference-technology scenario, which references today’s pace of technological development and growth.20 

If we intend to fulfil the goals of The Paris Agreement, transition to net-zero by 2050, and keep the temperature to two degrees warmer globally (2DS), we will need to more than quadruple the amount we mine today, to approximately 160 million tonnes. Keeping it to below two degrees (B2DS) will require even more metals and minerals – approximately 180 million tonnes.21 

The International Energy Agency (IEA), as per its “net-zero by 2050” scenario, estimates that to achieve net-zero globally the global economy will require six times more energy-transition minerals (as a subset of metals and minerals overall) by 2040 than it required in 2024. The UN Trade and Development Agency projections, based on data from the IEA, indicate that by 2050 lithium demand alone could rise by over 1,500%. While some energy-transition minerals might grow in demand by two to three times, some individual metals, like lithium, might very well grow by ten times in terms of demand. These growth exponentials in metals consumption required by the energy transition, their cost, and whether the mining industry is capable of producing that much on an annual basis, were questions that went largely unconsidered in the original net-zero targets and planning.22 23
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Figure 7: Projected Annual Average Demand for Minerals up to 2050 Under the IEA Energy Perspective Scenarios (Source: World Bank Group)

 

The Club of Rome.

Concerns about our growing raw-material dependence are not new. In 1968 the Club of Rome was formed, to study the direction human society was developing. One of the first conclusions it came to was related to material consumption. Published as The Limits to Growth, and written by Donella and Denis Meadows in 1972, the Club of Rome’s thesis laid out thirteen scenarios in which strategic changes could affect human economic development. 

The modelling the Club of Rome used was undertaken by an MIT research team. It was one of the first uses of large-scale computers incorporating very large datasets – basically the forerunner of modern AI. It caused a great sensation because of its clear message. The conclusions of the report were dramatic: in a closed system like the Earth, the report said, it is impossible for the population, food production, industrialization, the exploitation of natural resources and the resulting pollution of the environment to continue on an exponential growth trajectory; sooner or later there would be a collapse. The report forecast that the collapse would occur around the second half of the twenty-first century. And it specifically highlighted the global systems’ dependence on non-renewable, finite natural resources.24 

An update was done in 2008 that compared 1970s projections of the model to actual output in the 2000s. What’s amazing is how accurate the model has proved to be. The data shows that human population is very closely following the “Standard Run” model from the 1972 The Limits to Growth study. 

While human population is one of the fundamental considerations for mapping resource consumption, the economic development status of that population most important consideration. What the study did not consider was the resource requirements of the energy transition. It is very likely that, if it had done, the tipping-point date might have been brought forward.25 

 

Malthus.

Thomas Malthus (1766-1834) was an English scholar and cleric, best known for his 1798 work An Essay on the Principle of Population, where his core argument was a coming mismatch between the population which was growing exponentially and the food supply which was growing arithmetically. He calculated that the growing population’s food demands would inevitably outstrip available food resources unless checked by famine, disease, war or moral restraint. This idea that human population tends to grow faster than its means of subsistence, became known as “Malthusian Theory” and “Malthusian” as an adjective tends to be associated with prognostications of coming scarcity.

His dire prognosis ultimately did not come to pass. The reasons why are very relevant to this discussion. Innovation, improved farming techniques, economies of scale, the production of new farming tools, courtesy of the first industrial revolution, and fertilization technology (the application of mined phosphate and potash, as well as nitrogen/urea) were together able to increase food supply sufficiently to keep pace with population growth. Ironically, these innovations were so successful they allowed a surplus of workers to be freed up to work, largely in cities, leading to the first major urban shift in history helping to power the Industrial Revolution. 

Malthus’s foundational assumptions were that the amount of food we could produce was necessarily limited by both the land and agricultural productivity, and he was half right: while available land was necessarily limited, agricultural productivity was not limited. The relationship proved between land and agricultural productivity was not linear, and human ingenuity created innovations that were able to increase agricultural productivity, despite the limitations of available land.

So, why can’t Malthusian logic be wrong again? Why can’t human ingenuity and innovation vastly increase metals and mining productivity? 

If we go back to the original thesis, half of which we acknowledged was correct, the amount of land was necessarily limited. What was incorrect was the amount we could get out of the land. In the farming equation, food grows, and fertilizer, farming machinery and crop science, together with land, determine agricultural productivity, or how much food we can grow. Metals and minerals are fundamentally different, we cannot grow more minerals; what we have is what we have. The amount of minerals and metals in the Earth’s crust is limited, much like land is limited, and geological science has a pretty good idea of how much of any given mineral there is within the land. Unlike crops and energy, minerals are not renewable resources. 

When it comes to mining productivity, innovation can only help us find and extract the minerals; how much is there to be mined in the first place is the most relevant consideration when it comes to mining productivity. We already get 75-99% of the primary mineral out of any given deposit, and we have mapped out much of the Earth’s continental surfaces. That isn’t to say that new deposit types can’t be found, and that we can’t become more efficient at mining, or that we can’t start mining lower-grade deposits, on the contrary, we are already doing all these things, but they are unlikely to yield exponentially increased rates of mining productivity.

Global grades of almost every metal have fallen. We have found and mined out many of the high-grade deposits of things like gold and copper, and the remaining deposits are significantly lower grade, meaning that we have to mine a lot more rock to get a lot less metal out. We are being fundamentally constrained by something called “crustal abundance”. 

 

Crustal abundance and ore genesis.

The amount of any given element in the Earth’s crust is known as “crustal abundance”. Of the elements in the Earth’s crust, oxygen, silicon, aluminium and iron account for 88% of its mass, while another ninety elements make up the remaining 12%.26 This should not be confused with what there is available to mine, crustal abundance needs to be considered in the context of ore genesis. Ore genesis refers to the geological processes responsible for forming ore deposits, naturally occurring concentrations of economically valuable minerals within the Earth's crust. These deposits form over millions of years. Understanding ore genesis is essential for mineral exploration, resource estimation, as it helps predict where deposits might occur based on geological history.

These sciences are well honed for continental geostatistical models. While there is always a chance of new major discoveries, or significant advances in exploration technology, advances have been few and far between over the last fifty years or so. In the case of gold – one of the only metals for which we have good data going back a hundred years, only 28 of 341 major known gold deposits in the world were discovered in the past decade, accounting for just 6% of gold found since 1990.27 

To make this task more challenging, finding, developing new projects has become significantly more difficult as well. The average time to develop a new mine (post-discovery) has stretched from five years to fifteen or more years.28 Short-term deficits in supply have largely been met by existing mines increasing supply while new mines were built. So far, shortages have been relatively short-lived. 

But there are some canaries in the coal mine (pun intended). A combination of factors is at work: the precipitous decline in average grades being mined and a significant fall in exploration success rates. Basically, a lack of new discoveries, which are needed to meet growing demand.  If played out to their logical conclusion, this indicates that the mining industry is going to have difficulty meeting forecast demand over the coming years. 

Given the projections for future metals and minerals demand, both deep-sea mining and asteroid mining have been seriously considered as new frontiers. In the last twenty years, the increased demand for metals and minerals has been met by bigger, lower-grade mines, not new discoveries or higher recoveries. There have been incremental advances in mining technology, but there have been no game-changing innovations that could exponentially increase output. Based on present knowledge of geostatistical crustal abundance, mining and metallurgical technology, our ability to increase production to meet growing demand is going to be challenging. 

While I have no doubt that technological advances not only can but must increase exploration success rates and mining efficiency, there are practical limits to what efficiencies can achieve. The limiting factor is not the extraction and production technology, but rather how much there is to be mined and our ability to find it.

 

Copper, the keystone of civilizations.

One metal that has been a part of the material footprint of every major civilization is copper. From the Bronze Age onward, copper has been essential to human progress, shaping tools, weapons, coins and trade. With the spread of electrification in the nineteenth century, copper became the circulatory system of the modern world, wiring homes, powering cities and connecting continents.

Today, copper is ubiquitous in the Electro-Digital Age. Every smartphone, every EV, every turbine and every data-centre rack is built on copper’s unmatched ability to conduct electricity. A single electric vehicle requires 60-80 kilograms of copper – several times that of a conventional car. A modern offshore wind turbine may use 8 tonnes. Data centres, the beating heart of AI, rely on copper to move vast rivers of electricity at speed. 

Copper is also an enabler of human dignity. It underpins clean water systems, healthcare infrastructure, reliable housing and electrification in the developing world. Rising living standards everywhere are increasing copper consumption. The correlation between copper use per capita and quality of life is as close to linear as any economic measure we have.

But here lies the dilemma: in the next twenty-five years, the world will need to mine as much copper as has been produced in the last 125 years combined. That scale of extraction is unprecedented in human history. And yet grades are falling, discoveries are dwindling, and projects take decades to permit and build. Copper, more than any other metal defines modern civilization and the ability to secure it, will define the future balances of global power.

Global refined copper demand in 1900 was approximately half a million tonnes per year. By 1950 it had grown to 2 million tonnes per year, quadrupling in fifty years. By 2000 it had grown to 15 million tonnes per year. In 2024, demand was 28 million tonnes, and by 2050 demand is expected to grow to at least 50 million tonnes per year. In the last 125 years copper demand has grown over fifty times, while the population grew from 1.6 billion to 8 billion: approximately five times.29 30 31

 

Facing the mineral imperative.

The evidence is unambiguous: the same forces that raise living standards, urbanization, electrification, technology and rising incomes, correspond to increases in the volume of raw materials required to deliver those living standards. Modern civilization is not dematerializing; it is becoming more dependent on physical resources than at any point in history. From ancient mining, through the mass industrialization of steel, aluminium, copper and rare earths, the arc of progress has always been written in tonnes. Today’s information and energy systems are rooted in energy and resource intensive hardware. The comforts and capabilities of modern life, from connectivity to clean power, are inseparable from large-scale extraction.

The developing nations of the world are not going to wait; the universal drive for a better quality of life is an unstoppable human force, and with it comes the equally inescapable demand for the metals and minerals required to deliver it. Keeping today’s development pace alone implies a doubling of material throughput within a generation; delivering climate goals plausibly means multiples of today’s mined and processed volumes again. 

Yet supply is tightening. The result will not be a single dramatic shortage, but rolling, structural tightness, expressed through higher and more volatile prices, elongated lead times, selective hoarding, export controls and periodic supply shocks.

We do not get a weightless economy; we get an electro-digital one, anchored in copper, aluminium, steel, silicon, cement, rare earths and battery metals. Human metal and mineral consumption is already outpacing the mining industry’s ability to discover, permit, finance and build new capacity. Technological progress, global income convergence, urbanization and the energy transition are waves converging into a single, metal-intensive tsunami. The central question is how we secure the materials we need, and at what cost, financial and environmental. This is the dilemma of twenty-first-century mining: how to deliver sufficient volumes responsibly and affordably, within geological limits and social expectations. 

This will not work if we continue to be demand-led. It cannot be reactive the lead times are simply too long.  It must be proactive, meeting the mineral imperative will require anticipation, planning and coordination on a scale we have not yet attempted. Tracking and modelling material footprint must become a central task of global economic stewardship. It cannot be left to development agencies, academic institutes or scattered industry reports; it must be taken up by the guardians of the global economy, governments and financial institutions, as well as industry. Only by integrating resource demand into the heart of economic strategy can we responsibly prepare for the needs of people, industry and civilization itself.

The lesson of this chapter is stark: civilization has always been carved out of the earth, and the twenty-first century will be no different. We must recognize that the mineral imperative is not peripheral; it is central. The future will belong to those who anticipate demand, secure supply, and treat resources not as an afterthought, but as the foundations of power, prosperity and freedom.

 



Chapter 2

Mining And Its Place in The Global Economy

 

 

Mining is often overlooked in modern economic discussions, dismissed as basic, dirty and irrelevant to global growth. Yet it is the hidden material backbone of modern economies. Every product and process, from food production to smartphones, all our infrastructure from roads to satellites, depends on raw materials extracted from the Earth. The digital economy may capture headlines, but it stands on a foundation of mined metals and minerals. This chapter examines mining’s foundational yet largely invisible role in the global economy, past, present and future, showing that without mining there would be no modern economy, no clean energy and no digital future.

Mining is humanity’s oldest industry and remains its most essential. From the stone tools of early civilization to the semiconductors of the digital age, it has enabled every stage of human progress. Virtually every sector, agriculture, energy, construction, transport, manufacturing, relies on secure supplies of mined materials. Fertilizers derived from potash, phosphate and nitrogen feed more than half of the world’s population. A single smartphone contains over sixty distinct minerals, sourced through vast, complex supply chains.

Despite its enormous importance, mining’s direct land footprint is tiny, just 0.07% of the Earth’s land surface area, yet its economic impact is vast. It acts as a powerful multiplier, underpinning industrial ecosystems worldwide. In developing nations, mining often serves as a catalyst for growth, attracting foreign investment, funding infrastructure and raising living standards. In industrialized economies, it sustains advanced manufacturing, defence and export strength. While global production
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Metals and minerals powering industry sectors.























From material footprints to physical footprints.










Domestic material consumption.






The relationship between mining and food security.











 

Mining Multipliers





Mining in developed economies.



Mining in developing economies.





What do we mine and what is it worth?






		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

		
				
				
				
				
		

	






		
				
				
				
		

		
				
				
				
		

		
				
				
				
		

		
				
				
				
		

		
				
				
				
		

		
				
				
				
		

		
				
				
				
		

	


Mining is everywhere.






Doctor Copper.





Mining is the bedrock of the global economy.
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