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PART I - THE METAL



Chapter 1 - What copper is

Behind the painted wall of almost any room on earth runs a hidden anatomy of
wire, and almost all of it is one metal. Strip the insulation from a household cable
and the conductor inside is a bundle of soft, reddish strands that bend without
breaking and take a bright polish where the cutter has bitten them. That metal is
copper, and the wall is a fair summary of its modern position: invisible,
indispensable, and taken entirely for granted. Everything in this book - the pits in
the Andes and the smelters of China, the trading ring in London and the
scrapyards of everywhere - exists to put that metal inside the wall, and inside the

motor, the transformer, the phone and the car.

Copper is an element, one of the hundred-odd basic substances from which all
matter is assembled, and it sits at position 29 in the periodic table. Its symbol, Cu,
comes from the Latin cuprum, itself a contraction of aes Cyprium, “metal of
Cyprus,” the island whose mines supplied the Roman world [C1]. Its atomic
weight is about 63.5, and each atom carries 29 electrons arranged so that a single
loosely held outer electron ranges over a filled inner shell. That lonely electron is
the making of the metal. When billions of copper atoms pack together into a solid,
their outer electrons detach and drift through the lattice as a common sea, and it is
this sea that carries heat and electric current through the metal with so little

resistance [C2].

Chemists place copper in group 11 of the table, the column it shares with silver
and gold. The grouping is visible to the naked eye: all three are soft, dense,
workable metals that resist corrosion and have served as money, and all three are
exceptional conductors. Silver conducts electricity better than any other element.
Copper comes second, so close behind that the difference hardly matters, and
cheap enough in comparison that the world’s electrical systems are built from it.
The industry long ago fixed the comparison in a standard: in 1913 the annealed
copper of commerce was defined as the 100 percent mark of the International
Annealed Copper Standard, corresponding to an electrical resistivity of 1.7241
millionths of an ohm-centimetre at room temperature, and refined copper today
routinely tests at 100 to 102 percent of that standard [C2]. Aluminium, the nearest
rival, reaches only about 61 percent of copper’s conductivity for the same cross-
section; it wins on weight, not on volume, which is why it carries the high lines

across the countryside but not the windings of the motor under the stairs.



Heat follows current. Copper’s thermal conductivity, about 400 watts per metre-
kelvin, is again second only to silver’s among the common metals, which is why
the base of a good saucepan, the guts of a heat exchanger and the cold plate
beneath a computer processor are copper [C2]. The same atomic packing - a face-
centred cubic lattice in which the atoms can slip past one another along close-
packed planes - makes the metal extraordinarily workable. Copper can be drawn
through dies into wire finer than a human hair and rolled into foil thinner than
paper, and it hardens as it is worked, then softens again when heated, so a smith

can shape it by stages without it ever cracking in resentment [C2].

Then there is the colour. Almost every metal is some shade of grey; copper is one
of the few with a colour of its own, a warm red-orange that comes from the way
its electron bands absorb blue light and return the red. Left to the weather, the
surface slowly reacts with air and rain to build a thin protective skin - first
darkening to brown, then, over decades, mineralizing into the pale green patina
that roofs old cathedrals and drapes the statue in New York harbour. The patina is
not decay but armour: it seals the metal beneath and stops corrosion in its tracks,

which is why copper roofs are measured in centuries [C2].

Copper has one more quiet property that has lately been measured rather than
merely noticed: it kills microbes. Bacteria and viruses that land on a copper
surface are destroyed within hours by contact with the metal itself, an effect
known since the nineteenth century and now codified in registrations that allow
hundreds of copper alloys to be marketed with antimicrobial claims, for door

furniture, bed rails and touch surfaces in hospitals [C3].

In chemical combination copper shows two faces. In its cuprous state it gives up
one electron; in the cupric state, two, and the cupric compounds - the blue of
copper sulphate, the green of malachite - give the element its palette and much of
its industrial chemistry. Those same compounds poison fungi and algae, which is
why copper sulphate has dressed vines and cleared reservoirs for over a century,

and why copper-bottomed ships shed weed.

Almost nothing made of copper is made of copper alone, because the element
alloys easily and usefully. With zinc it makes brass, yellow and machinable, the
metal of taps, screws, cartridge cases and musical instruments. With tin it makes
bronze, harder and stronger than either parent, the alloy that named an age of
human history. With nickel it makes the cupronickel of coinage and marine
condensers; with a little beryllium it makes springy, non-sparking tool metal. In
every case the alloy trades some of copper’s conductivity for strength, hardness or
resistance to the sea, and the trades have been struck, grade by grade, for five

thousand years [C2].



One property closes the loop on all the others: copper is perfectly recyclable.
Melted down, scrap copper is indistinguishable from the newly refined metal, and
it can pass from kettle to wire to plumbing and back again without loss. In the
United States in 2025, metal recovered from scrap supplied about 30 percent of
the copper the country used, a share that has been roughly stable for decades and

that every serious forecast of copper’s future has to reckon with [C1].

For all that, copper is not abundant in any comforting sense. It makes up roughly
60 parts per million of the earth’s crust, about one part in seventeen thousand,
thousands of times rarer than iron or aluminium [C2]. What the world mines is not
copper but copper ore - rock in which nature has already done the first
concentrating, gathering the dispersed atoms into mineral grains rich enough to be
worth digging. Where those ores came from, and what they look like, is the

subject of the next chapter.

The physical constants that govern the metal’s career are worth collecting in one
place, because everything later in the book refers back to them. Copper’s density,
8.96 grams per cubic centimetre, makes it heavy - a cubic metre of copper is nine
tonnes, a fact that shapes the economics of every truckload and every ship’s hold.
Its melting point, 1,085 degrees Celsius, is low enough for a Bronze Age furnace
to reach with charcoal and bellows and high enough for the metal to shrug off the
heat of a soldering iron; its boiling point, near 2,560 degrees, matters to the
smelter engineer. It is non-magnetic, a small property with a large consequence:
copper can work inside magnetic fields, in motors and transformers and
instruments, without disturbing them. And it is tough - not hard, but resistant to
fracture, bending rather than cracking, which is why copper pipe survives a freeze
that splits iron and why a copper roof survives centuries of thermal movement
[C2][C50].

The conductivity numbers deserve their table too, because the alloy chapters will
use them as a yardstick. Pure annealed copper defines the standard at 100 percent
IACS; silver stands a few percent above it; aluminium reaches about 61 percent;
and the alloys fall away steeply - cartridge brass conducts at about 28 percent,
phosphor bronze at 15, beryllium copper at 22. Every point of conductivity traded
away buys strength, hardness, spring, machinability or corrosion resistance, and

the whole alloy industry of chapter 22 is the market in those trades [C51].



Chapter 2 - Copper in nature

Now and then, nature presents copper already refined. Native copper - the metal
itself, not a compound - occurs where hot fluids have deposited it in cracks and
vesicles of ancient lava, most famously on the Keweenaw Peninsula of Michigan,
where masses of almost pure copper weighing tonnes lay in the rock and small
nuggets littered the shores of Lake Superior. The Ontonagon Boulder, a mass of
native copper weighing about 1.7 tonnes, was dragged from its riverbed in the
1840s and now sits in the Smithsonian [C4]. Native copper mattered enormously
to the first metalworkers, who could hammer it without fire, and it built one great
mining district in the nineteenth century. But it is a geological rarity, and today it

supplies essentially none of the world’s metal.

The copper of commerce is locked in minerals, and the roster of them is long
because copper combines readily with sulphur, oxygen, carbon and water. The
workhorse is chalcopyrite, CuFeS2, a brassy yellow sulphide of copper and iron
carrying about 34.5 percent copper by weight. Chalcopyrite is the most
widespread copper mineral and the feed of most of the world’s great mines,
though its yellow glitter has deceived many prospectors - it is the principal
ingredient of fool’s gold [C4]. Its cousins carry more metal: bornite, the iridescent
“peacock ore,” about 63 percent; chalcocite, a dark grey sulphide, nearly 80
percent copper when pure; covellite, indigo blue. Above the water table, where
weathering has had its way, lie the oxide minerals - the green malachite and blue
azurite that prospectors have read as surface signs of copper since antiquity, plus

cuprite, chrysocolla and the rest [C4].

The percentages are worth pausing on. A pure chalcocite grain is four-fifths
copper, but ore is not mineral: it is rock in which mineral grains are scattered
through valueless stone. The copper content of the rock that a modern mine
actually feeds to its mills is typically less than one percent - often far less.
Everything about the modern industry, its giant pits and its rivers of crushed rock,
follows from that arithmetic: to win one tonne of copper the miner must dig, haul,
crush and chemically persuade something like a hundred to three hundred tonnes
of stone [C4].



Nature has concentrated copper into minable rock in only a handful of ways, and
the geology matters because each deposit type breeds its own kind of mine, its
own byproducts and its own geography. The dominant family is the porphyry
deposit, named for the texture of the igneous rock that hosts it. Where molten rock
has risen toward the surface, cooled slowly and shed its metal-bearing fluids,
copper sulphides come to be dispersed as fine grains through enormous volumes
of fractured stone - hundreds of millions, even billions of tonnes of low-grade
rock, mineralized from end to end. Porphyries are the giant deposits: they host the
great mines of Chile and Peru, of Arizona and Mongolia, and they supply the
largest share of the world’s copper, with molybdenum and often gold and silver

riding along [C4].

The second family works by an entirely different recipe. Where copper-bearing
brines have moved through sedimentary basins, the metal can be precipitated in
thin, continuous sheets within shale and sandstone - the stratiform copper deposits.
Two of these rank among the wonders of the mining world: the Central African
Copperbelt, running from Zambia into the Democratic Republic of Congo, and the
Kupferschiefer, the thin copper shale of Poland and Germany mined since the
Middle Ages [C4]. A third family was born in fire and water together:
volcanogenic massive sulphide deposits, laid down by hot springs on ancient
seafloors, compact and rich, the ores of classical Cyprus and of the Iberian pyrite
belt, and still mined from Canada to Kazakhstan. A fourth type, the iron oxide-
copper-gold deposit, is rarer but prodigious: Olympic Dam in South Australia, one
of the largest single orebodies known, carries its copper with uranium, gold and

silver in a deposit geologists still argue about [C4].

One more geological kindness shapes the industry. Where a sulphide orebody
sticks up into the weather, rain and oxygen remake it by depth. Near the surface,
copper is leached away, leaving a rusty, barren cap of iron oxides - the gossan that
prospectors learned to read. Just below, the dissolved copper reprecipitates,
concentrating into a blanket of rich secondary sulphides like chalcocite, far richer
than the primary ore beneath. And in dry climates a zone of oxide minerals may
survive between the two. This layered arrangement - oxide above, enriched
blanket, primary sulphide below - is why so many copper districts have two quite
different processing plants side by side, one dissolving oxide ore in acid, the other
milling sulphide, and it is one reason the desert Andes became the copper
heartland [C4].



How much copper is there? The question has two honest answers. The stricter one
counts reserves: metal in deposits already discovered, measured and judged
profitable to mine at present prices. The United States Geological Survey put
world reserves at about 980 million tonnes of contained copper in early 2026,
against mine production of about 23 million tonnes a year [C1]. Dividing one by
the other gives roughly four decades, and has given roughly four decades for most
of the past fifty years, because exploration converts resources into reserves about
as fast as mines deplete them. The looser answer counts resources: the Geological
Survey’s global assessment estimated 1.5 billion tonnes of copper in identified but
not yet economic deposits, plus an estimated 3.5 billion tonnes still undiscovered
in plausible ground [C1]. Copper scarcity, in other words, is not a question of the
crust running out. It is a question of grade, depth, water, energy, permits and price
- which is to say, of economics and politics, the subjects this book keeps returning

to.

The mineral list repays a slower look, because each species taught the prospectors
something. Malachite and azurite, the green and blue carbonates, were the surface
banners of copper from the Stone Age onward - ground for pigment, worn as
beads, and followed downhill to the ore. Chrysocolla, the blue-green silicate,
fooled and rewarded in equal measure. Atacamite, a copper chloride, is a mineral
of the driest deserts, and its abundance at Chuquicamata was part of what made
that district’s oxide ores so treatable. Among the sulphides, the prospector’s
hierarchy runs by richness: chalcocite, the ’sooty’ grey-black sulphide of the
enriched blankets, at nearly 80 percent copper; bornite, the peacock ore whose
iridescent tarnish marks many a drill core; and chalcopyrite, the brassy commoner
whose abundance, not richness, makes it king. An ore microscopist reading a
polished section reads this whole cast at once, and the mill is designed around the
cast list [C4].
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PART II - THE FIRST METAL
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Chapter 3 - Native copper and the first metalworkers

Copper’s place in human history is a matter of chemical good manners. Of all the
metals that matter to industry, it is the one most willing to occur as itself - as
native metal lying in the rock - and the one whose ores yield to the smallest fires.
Gold was collected earlier, and meteoric iron was hammered before any ore was
smelted; but gold is only ornament and the sky-iron was a rarity. Copper was the
first metal worked at any scale, and the first to be won from its ore by fire - the

first metal, in short, that worked [C5].

Copper first enters the human record as colour: beads and pigments of green
malachite in the caves and camps of Southwest Asia from the eleventh to the ninth
millennium BC, at Shanidar in Iraq and its neighbours [C5]. The oldest true
copper artifacts are small things of fascination rather than tools: beads of rolled
native copper from Cayonu Tepesi in southeastern Turkey, dated to around 8000
BC, whose microscopic structure shows the metal was not only hammered but
annealed - deliberately softened by heat - nine thousand years before anyone
thought to call it metallurgy [C5]. The people who made them were not miners or
metallurgists. They were late Stone Age foragers and early farmers who had
noticed that certain green and red stones, or strange heavy nuggets that did not
shatter like stone, could be hammered flat, shaped, and hardened by the
hammering itself. For thousands of years that is all copper was: a peculiar,
workable stone, beaten cold into beads, awls, hooks and pins, annealed now and
then in a campfire when the metal grew tired and cracked. Archaeologists call the
long interval the age of native copper working, and it overlapped ordinary stone

toolmaking for millennia without displacing it.
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Nowhere did that tradition run longer or richer than around the Great Lakes of
North America. On the Keweenaw Peninsula and Isle Royale, veins of native
copper of extraordinary purity surfaced through basalt, and from roughly 6500 BC
onward - the dates are modelled from radiocarbon and still argued over - the
peoples of the region dug them with stone hammers, fire and water, leaving
thousands of shallow pits that later miners would rediscover and wonder at [C4].
The copper they raised travelled far: Great Lakes metal has been identified in
artifacts across the continent, hammered into projectile points, knives, fishhooks
and the gleaming ceremonial objects of the Hopewell culture. Then, curiously, the
story runs backward: around 1000 BC the making of copper tools in the region
simply stopped - an abandonment of a working metal technology almost without
parallel in world history, whose reasons archaeologists still debate. The Old
Copper Complex, as it is called, stands as a useful corrective to any story in which
metal technology marches one way [C4]. A society may know a metal intimately
for seven thousand years and never once smelt it, because smelting is not a step up

a ladder but a separate invention with its own preconditions.

Those preconditions were fire and pottery. The leap from hammering native
copper to winning copper from ore is one of the great unrecorded discoveries, and
it probably happened where the technologies of fire were most refined. By the
fifth millennium BC, the kilns of the Near East were firing pottery at temperatures
high enough to reduce copper minerals, and copper ores - the colourful greens and
blues of malachite and azurite - were already valued as pigments and ornaments,
ground for eye paint and glaze. Somewhere in that overlap of kiln, pigment and
curiosity, a charge of green stone came out of the fire carrying beads of metal, and
someone noticed [C5]. The earliest clear evidence of copper smelting comes from
sites such as Belovode in Serbia and, a little later, from Tal-i Iblis in Iran and the
valley of Timna in the Arabah, where slag - the stony waste that only smelting

makes - begins to appear in quantity in the fifth and fourth millennia BC [C5].

Smelting changed what copper was. Native metal had been a found curiosity,
limited by what rivers and glaciers happened to expose; smelted metal was a
product, limited only by ore, fuel and labour. A mining economy became possible:
shafts following veins underground, galleries, drainage, organized gangs - and
with it, for the first time, a class of specialists whose knowledge was wealth. The
smelter who could read a green rock and coax metal from it held a power no
stone-knapper had ever held, and the archaeology of the Chalcolithic, the copper-
stone age, is full of his prestige: copper axes and chisels buried with chiefs, copper
crowns and sceptres in the hoards of the Levant, like the astonishing cache of the
Nahal Mishmar cave, hundreds of cast copper objects wrapped in a reed mat and

hidden in a cliff above the Dead Sea some six thousand years ago [C5].
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Casting was the other half of the transformation. Hammered copper can only be
beaten into the shapes a skin will take; molten copper poured into a mould can
become an axe-head with a socket, a blade with a rib, a figure with a face. By the
fourth millennium BC the founders of the Near East were casting in open moulds,
then in closed ones, then by the lost-wax process that made the Nahal Mishmar

objects - each of those steps a durable invention still in use in foundries today.

One honest caveat belongs in this chapter, because the popular version of the story
is too tidy. The ages of stone, copper, bronze and iron were never a single staircase
the world climbed together. Metalworking arose in some places and was borrowed
in others; it flourished and was abandoned; whole continents took up metals in
their own order and their own time. What copper did everywhere was not to begin
a march but to open a possibility - that matter dug from the earth could be made,
not merely found - and everything since, from the bronze sword to the

semiconductor fab, has lived inside that possibility.

Chapter 4 - The invention of smelting

To smelt is to argue with a rock using fire and air. Copper sulphide and oxide
minerals are chemical marriages of copper with other elements, and smelting is
the divorce: heat the ore hot enough, in the right company, and the copper can be
parted from its companions and collected as metal. The chemistry that a modern
engineer writes as equations - reduction, slagging, matte formation - the ancient
smelter knew as craft: which ore, how much charcoal, how strong a draught, what

colour the smoke, what the dross tasted of iron.

The earliest smelting was almost certainly done with oxidic ores, the green and
blue carbonates that need only heat and charcoal to yield metal. Charcoal is the
ancient world’s irreplaceable industrial feedstock: it burns hotter than wood, it is
nearly pure carbon, and it is the carbon that does the chemical work, tearing
oxygen from the ore to leave copper behind. The limitations of the early method
were set by air. A heap of ore and charcoal, or a small clay furnace fanned by
blowpipes or bellows, could reach perhaps 1,100 degrees - just enough for the
work, and only just [C5]. Yields were poor by later standards, slags ran rich with
unrecovered copper, and every improvement for the next five thousand years was
an improvement in the delivery of air: better bellows, taller furnaces with natural

draught, and eventually water-powered blast.
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The archaeology of this learning is written in slag, the glassy stony waste of
smelting, and slag is one of the great unsung archives of industry. Slag heaps mark
every ancient copper district: at Timna in the Arabah, where Egyptians of the New
Kingdom ran mines and furnaces staffed by local labour; at Feinan, across the
valley, where slag piles hundreds of thousands of tonnes strong accumulated over
three millennia and still leach their poisons into the soil; on Cyprus, whose mines
were so dominant for so long that Latin took its word for the metal, cuprum, from
the island’s name [C5]. Cyprus deserves its chapter within this chapter. Blessed
with rich seafloor sulphide ores near the surface and the timber to burn them, the
island became the eastern Mediterranean’s copper house from the Bronze Age
through Rome, shipping metal in the distinctive oxhide-shaped ingots - flat slabs
with carrying handles at the corners - that shipwrecks like that of Uluburun, sunk
off the Turkish coast around 1300 BC, carried by the hundred: ten tonnes of

copper ingots in one hull, together with a tonne of tin [C6].

The Uluburun cargo is a whole economy frozen at the moment of loss. Ten tonnes
of copper is armour and tools for a small army, or prestige wealth for a palace; its
oxhide shape is a standard known from Sardinia to the Levant; its pairing with tin
is the recipe for bronze in the classic proportion, roughly ten to one. By the late
Bronze Age, in other words, copper was already what it has remained: a traded
industrial commodity, moved in standard forms, in bulk, across seas, linking mine,

smelter, founder and king [C6].

And it had already begun to do what it has always done to the land. Smelting
devours woodland - a tonne of copper in the ancient manner might consume the
charcoal of many tonnes of wood - and the old copper districts wear their history
as bald hills. Cyprus, Timna, Feinan, later Rio Tinto and the Harz, all cut their
forests into the furnace. The complaint of later centuries, that copper’s hunger for
fuel deforested whole regions and pushed smelting ever farther from the mine or
the mine ever closer to the trees, begins here, in the Bronze Age, with the first
fires [C5].

The furnace itself evolved through shapes that archaeology reads like a technology
tree. The earliest installations were little more than crucibles and bowl furnaces -
hollows lined with clay, charged with ore and charcoal, blown by bag bellows or
by ranks of workers with blowpipes, an exhausting technology preserved in
Egyptian tomb paintings. The shaft furnace, a clay chimney several feet high, was
the breakthrough that lasted: its height gave it a natural draught, its column let
charcoal, ore and slag separate by gravity, and its descendants run in an unbroken
line to the blast furnaces of the modern world. By the late Bronze Age the smelters
of Cyprus and the Levant were producing metal in charges of tens of kilograms;
by Roman times, in the great districts, in tonnages that required water-powered

bellows and organized fuel supply on an industrial scale [C5][C30].
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The slag heaps that archive this history are beginning to be read with modern
tools, and they are eloquent. The iron content of ancient slag tells the efficiency of
the furnace - early slags run rich in copper that primitive draughts could not
recover, later ones lean; slag chemistry dates and fingerprints ore sources through
lead-isotope analysis, the technique that traced the Uluburun ingots toward Cyprus
and Otzi’s axe toward Tuscany; and the sheer tonnage of slag - hundreds of
thousands of tonnes at Feinan, millions across Cyprus - lets archaeologists
reconstruct output across millennia and watch the industry rise and fall with
empires [C5][C22][C6].

One further invention belongs to this chapter, though its dating is uncertain:
roasting. Sulphide ores - the chalcopyrite family that dominates the modern
industry - cannot be smelted directly with the simple chemistry that works for
oxides; they must first be heated in air to burn away part of their sulphur, and the
ancient discovery of that two-step, roast then smelt, opened the sulphide deposits
of the world. It was, arguably, the more consequential of the two inventions, since

nearly all of the copper mined in history has come from sulphide ore [C5].

Chapter 5 - Bronze: the first alloy age

Pure copper has a flaw that every early smith discovered the hard way: it is soft. A
copper axe does its work, but it blunts, bends and needs constant re-hammering.
The fix arrived as one of the great empirical discoveries of the ancient world - that
copper melted with a small proportion of another metal makes a material harder
than either, one that pours well, takes an edge, and holds it. The first such alloys
were accidents of geology: copper ores naturally laced with arsenic yield a hard,
silvery metal, and arsenical bronze was worked across the Near East and Europe
in the fourth and third millennia BC. The arsenic was also slowly poisoning the

smiths, and in time the less dangerous and more reliable partner won out: tin [C5].

Tin bronze - copper with roughly one part tin to ten - is a material the modern
world still respects. It is stronger than copper, casts more soundly because the melt
flows and freezes better, resists corrosion at sea, and rings. Its making, though,
posed a logistical problem that shaped the political map. Copper ores are
widespread; tin ores are not. The great tin districts of the ancient world - Cornwall
and Brittany in the far west, the Erzgebirge much later, and sources in central Asia
that fed the Near East by routes still debated - lay far from the copper heartlands
[C5]. Bronze therefore demanded trade, and long-distance, organized, state-grade
trade at that. The Uluburun ship, sunk off the Turkish coast around 1300 BC with
ten tonnes of Cypriot copper and a tonne of tin in classic ten-to-one proportion, is
the whole system in one hull: the alloy could only exist because someone ran the
route [C6].
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What bronze made possible, between roughly 3300 and 1200 BC in the Old
World, was the first full metal economy. It armed the armies of Akkad and Egypt -
the sickle-sword, the spearhead, the scale cuirass; it tooled the carpenters and
masons who built the palaces; it went into the cauldrons and mirrors of the elites
of Shang China, whose foundries cast ritual vessels of a size and finish that have
never been outdone, some of a tonne and more, in piece-moulds assembled like
architecture. The Shang case is worth pausing on, because it shows bronze’s career
was not a single road radiating from one centre: Chinese metallurgy arose in its
own setting, took the alloy to its own purposes - the ritual cauldron rather than the
sword - and developed casting techniques that the west did not use [C5]. Bronze,

like copper before it, is a story of several centres, not one.

The alloy also made the first recognizable metal trade cycle: ore to smelter, metal
to foundry, finished goods outward, scrap back in. Bronze is eminently re-
meltable, and archaeology shows the ancients knew it - hoards of worn and broken
bronzes gathered for the crucible are a commonplace of the period. The economics
of recycling, which this book will meet again in the modern scrap trade, begin

here.

Why, then, did bronze give way to iron around 1200 BC? The traditional answer
was a collapse of tin supply in the general wreck of the late Bronze Age palace
economies, forcing smiths to the poorer but abundant alternative. Modern
scholarship treats the change as slower and more layered: ironworking spread over
centuries, bronze remained in full use for everything it did best, and the real point
is geological. Iron ore is nearly everywhere; tin is nearly nowhere. A metal
economy built on a rare far-travelled partner was hostage to its routes, and when
the routes failed, the abundant metal inherited the tools and weapons. Copper’s
career did not end with the Bronze Age - it changed character. From the metal of
arms it became the metal of money, plumbing, roofing and machines, roles for
which softness and corrosion-resistance are virtues, not flaws. The name of the

age moved on; the metal stayed.

The making of bronze also created the ancient world’s first quality problem and its
first technical literature, of a kind. Too little tin and the alloy stays soft; too much
and it turns brittle as glass; the foundryman’s eye for the melt - its colour, its skin,
its readiness - was guarded knowledge, and the recipes surface eventually in
everything from cuneiform administrative tablets to the metallurgical chapters of
classical authors. The standard that emerged, copper with about a tenth tin, was
empirical perfection: hard enough for an edge, tough enough for use, fluid enough

to cast into fine moulds [C5].
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Bronze’s geography deserves one more look, because it prefigures every later
copper story in this book. The tin that made the alloy strategic came from the
margins - Cornwall at the Atlantic edge of the known world, central Asian sources
down routes that ran through the Iranian plateau - and the control of those routes
was a matter of state. Palace archives record tin as tribute, as diplomatic gift, as
war booty; the Amarna letters of fourteenth-century BC Egypt haggle over metals
among kings. When historians speak of the first international economy, they are

describing, in large part, the logistics of bronze [C5][C6].

Chapter 6 - Copper in the ancient economy

If the Bronze Age made copper strategic, the classical world made it ordinary -
and ordinariness, for a commodity, is the beginning of the modern story. In the
Greek and Roman centuries copper and its alloys became the small change of
daily life in the most literal sense: the coinage. Gold and silver carried the large
values, but the economy at street level - the loaf, the ferry fare, the labourer’s
wage - ran on bronze and brass. Rome’s first money was aes, copper by the pound,
weighed out at transactions; the word survives in English derivatives and in the
Roman habit of thinking in copper. When the Republic and then the Empire issued
struck bronze coinage in vast and continuous volume, they created something new

in copper’s history: a demand as steady and recurrent as bread [C23].

Behind the coins stood an industrial landscape of a scale the ancient world rarely
admits. Cyprus kept its old primacy into the classical period, but Rome’s appetite
found new giants. In the south of Spain, at the mines the Romans called the Sierra
Morena and we call the Rio Tinto country, and at nearby Cerro Muriano, Roman
engineers ran workings that were not exceeded in Europe for a thousand years.
Their problem underground was water, and their answer was the waterwheel: pairs
of wheels in sequence, lifting mine water in stages up the shafts. At Rio Tinto,
wooden parts of the wheel trains from the Roman drainage system survive and
have been radiocarbon dated - the first industrial dewatering technology, and a
reminder that the binding constraint on copper mining was already what it

remained until the steam engine: not ore, but drainage [C58].

The smelters ran on an equally industrial footing. Around the great mining
districts, vast slag heaps accumulated through antiquity, and the smoke of the
furnaces left its signature farther afield than any Roman could have guessed: a
landmark 1996 study in Science read the history of Roman and medieval copper
smelting in copper pollution trapped in Greenland ice - the oldest measurable

chapter of the industry’s environmental ledger [C59].
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Rome also normalized copper’s other careers. The aqueducts and baths of the
cities were plumbed in lead, but bronze served the pumps, valves and fittings;
copper sheathing and copper-fastened timbers served the fleets; the temples and
public roofs carried copper and bronze sheathing that later ages would strip. When
the Empire’s organization decayed in the west, the flow of metal slackened with
the flow of coin, and Europe’s copper industry dwindled to monastic and local
scale - but it did not die. The knowledge persisted, the old workings were
remembered, and in the mountains of Saxony and the Harz, in the forges of the
medieval German mining towns, the next great copper age was quietly preparing.
Its trigger would be the two things copper always waits for: a surge of demand -
the silver-hungry coin economy and the cannon of the new gunpowder armies -
and a technology, the separation of copper from silver in the argentiferous ores of

central Europe, that turned an old nuisance into a new supply.

The ancient record fixes one pattern that the whole of this book illustrates: copper
demand is a mirror. The metal has no use of its own; it has the uses of the
civilization that buys it - weapons, coin, roofs, ships, and eventually wire. Every
great expansion of copper output in history has been the shadow of an expansion
in something else: empire, money, power, electricity. Watch the shadows and you
can read the metal’s future, which is why the traders of a later chapter call it, with

only some irony, the metal with a doctorate.

The scale of Rome’s copper industry can be put in modern perspective. The scale
was industrial by any pre-modern measure - small beside today’s 23 million
tonnes a year, but unmatched in Europe for centuries after the empire’s fall [C1].
The industry also left the oldest traceable record of metal economics: coin
debasement. When silver grew scarce, Rome’s silver coins shrank and lightened
while the bronze denominations multiplied, and the archaeology of hoards - what
people buried and never returned for - tracks the empire’s crises in copper as much

as in silver [C23].

From the Islamic caliphates through medieval Europe, copper’s continuity ran
through the alloy trades and the mints: brass from the cementation process -
copper heated with zinc ore, since zinc metal itself could not yet be smelted -
moved west from the Islamic world and the Byzantine workshops, and the great
brass-making towns of the Meuse valley, Dinant above all, gave their name to
dinanderie, the brassware of late-medieval Europe. The metal’s career through
these centuries is quiet precisely because it was ordinary - and ordinariness,
sustained, is what made copper the base metal the industrial age would build on
[C30].
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Chapter 7 - The industrial century

The bridge from the medieval copper world to the industrial one ran through a
chemical trick and a trading house. The argentiferous ores of Saxony and the Harz
carried their silver locked into the copper, and for centuries the two metals could
be parted only at crippling cost. The Saiger process, perfected in fifteenth-century
Nuremberg, changed the arithmetic: melt the argentiferous copper with lead, and
the lead draws the silver into itself, leaving saleable copper behind and a silver-
rich lead to be cupelled apart. Liquation turned central Europe’s mixed ores into
two revenue streams, fed the fortunes of merchant houses like the Fuggers, and
gave copper an early taste of what it would become three centuries later - a metal

produced at industrial scale, financed by capital, traded across a continent [C63].

The next centre of the copper world sat at Europe’s Atlantic edge. Cornwall’s
miners had dug tin since the Bronze Age; by the eighteenth century their deeper
workings were copper mines, and their binding constraint was the constraint of the
Romans of chapter 6 - water. The answer made history twice over. Newcomen’s
atmospheric engine, and then Watt’s improved steam engine, found their first great
market not in factories but in the mines, and above all in the Cornish pits, where
the engines were paid for out of the coal they saved. Steam let the shafts go
deeper; deeper shafts raised more ore and paid for more steam. For a generation
Cornwall was the world’s copper district, and when its lodes thinned, its miners
carried hard-rock mining to every later copperfield on earth - the Cornish diaspora

stands in the genealogy of Butte and the Copperbelt alike [C64].

The same century gave copper a new career at sea. A wooden hull in warm water
is a slow meal for shipworm and a garden for weed, and a fouled ship is a slow
one; from the 1760s the Royal Navy began sheathing its ships’ bottoms in copper,
and the experiment worked so well that within a generation the copper bottom was
standard for the navies and merchant fleets of the world. The sheets and bolts were
a standing order the size of a small industry, and the metal’s marine credential

passed into the language: copper-bottomed still means sound [C65].

Smelting, meanwhile, gathered itself into one Welsh estuary. Swansea’s works had
coal at hand, a sheltered port and two centuries of accumulated craft, and from the
1830s they broke the ancient rule that ore is smelted beside its mine. Ore and
regulus came in from Cornwall, Cuba, Chile and South Australia, and the Swansea
district smelted for the world; by mid-century the valley was copper’s global
clearing house - Copperopolis, its people called it - and its furnaces anchored the

metal’s first true world trade [C66].
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The ore that fed Swansea came increasingly from new districts. Chile, working the
rich oxidized ores of its northern desert, was the mid-century’s great copper
exporter. The oldest giant returned too: in 1873 the Spanish state sold the
exhausted-looking workings of Rio Tinto to a consortium of British investors, and
the mines the Romans had drained with their waterwheels became, under new
capital and new machines, the largest copper operation on earth - and the seed of

the company that still bears the river’s name [C67].

The century’s decisive shift, though, was westward. On Michigan’s Keweenaw
Peninsula, where the peoples of the Old Copper Complex had dug thousands of
years before, the mines that opened from the 1840s found native copper in masses
no one had seen - boulders of metal that needed no smelting - and the Calumet and
Hecla company grew into the richest copper house of the era; by the 1880s the
United States had passed Chile to become the world’s largest producer. Then came
Butte. The Montana hill was mined first for silver; the copper beneath, proved just
as the silver thinned and the demand for wire took off, turned out to be one of the
richest sulphide orebodies ever found - the Richest Hill on Earth [C21]. Around it
warred the Copper Kings - Clark, Daly and Heinze - whose battles over veins,
courts and legislatures made Butte the most fought-over ground in mining; and out
of their consolidation came the industry’s modern corporate form, Amalgamated
in 1899 and Kennecott in 1915, the American giants whose Chilean properties a

later generation would nationalize [C68].

What pulled all this ore out of the ground was the demand of chapter 19:
electricity. The telegraph and telephone networks, then the dynamo and the grid,
turned a metal of coin, sheathing and cookware into the conductor of the modern
world. The industrial century fixed copper’s lasting shape - giant districts,
integrated companies, a world trade in ore and metal, and an abiding struggle over
who controls the mines, who prices the metal and who raises the rock. That

struggle is the rest of this book [C34].
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PART III - THE ORE
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Chapter 8 - How orebodies form

An orebody is an anomaly that economics has blessed. Copper is everywhere in
the crust at sixty parts per million; a mine exists only where nature has run that
background through some concentrating machine and stacked the result in one
place. Geology knows a handful of such machines for copper, and the industry’s

map, costs and politics all descend from which machine built which deposit [C4].

The most productive machine is the porphyry system, and it is best understood as
the plumbing of a dying volcano. Deep beneath a volcanic arc - the Andes are the
type specimen - a body of magma cools slowly, and as it cools it exhales hot, salty,
metal-laden water. That fluid rises through the fractured rock above the intrusion,
reacts, cools further, and drops its dissolved metals as a dusting of fine sulphide
grains through an enormous volume of stone: a mineralized shell that can run to
billions of tonnes. The grades are low, commonly half a percent copper or less, but
the tonnage is colossal, the geometry is simple, and the ground is usually uniform
enough for the biggest machines on earth to chew it. Everything about porphyry
mining - the terraced pit, the hundred-tonne truck, the grinding mill the size of a

cathedral - is an answer to the porphyry’s bargain: low grade, huge scale [C4].

The sedimentary machine works more subtly. In certain ancient basins, copper-
bearing brines migrated through permeable sediments until they met a chemical
wall - a layer rich in organic matter or sulphur - where the metal precipitated in
thin, continuous sheets. The results can be fabulously rich by modern standards,
several percent copper across mineable thicknesses, laterally continuous for tens
of kilometres. The Central African Copperbelt, running from Zambia’s old mining
towns into Congo’s Katanga, is the supreme example; the Kupferschiefer, a thin
black copper shale mined in Germany and Poland since the twelfth century, is the

European one [C4].

The third machine is the seafloor hot spring. Where volcanic heat drives seawater
circulation through ocean crust, metals are stripped from the rocks and dumped at
vents as mounds and chimneys of massive sulphide - black smokers, in the
modern idiom. Ancient versions of these deposits, lifted into mountain belts by the
slow collisions of the continents, gave Cyprus its classical wealth and the Iberian
pyrite belt its Roman one; they are compact, rich, and often carry zinc, lead, gold

and silver with the copper [C4].
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Rarer machines make outliers that matter anyway. The iron oxide-copper-gold
clan produced Olympic Dam in South Australia, a single orebody of almost
inconceivable size whose copper arrives with uranium, gold and silver. Magmatic
nickel sulphide systems like Norilsk in Siberia and Sudbury in Canada yield
copper as a byproduct of nickel. Skarns, where intrusions cook limestones, make
small rich deposits. And the weather itself, as chapter 2 described, rebuilds the
tops of sulphide orebodies into leached caps, oxide zones and enriched blankets -
a slow, free second concentration that desert climates preserve and that much of

the Andean industry was founded upon [C4].

The geology carries a quiet consequence for the chapters ahead. Porphyries are
creatures of volcanic arcs, and arcs run where plates collide - the Pacific rim
above all. The great sedimentary copper districts are where old continents kept
quiet basins. Copper’s geography is therefore plate tectonics’ geography, fixed a
hundred million years before the first miner: the Andes, the North American
cordillera, the African Copperbelt, the Tethyan belt from Spain to Pakistan, the
island arcs of the southwest Pacific. No government chose this map, and no cartel
has ever redrawn it - a fact the would-be copper OPEC of the 1970s learned
expensively [C13].

Each machine also signs its own metal. Porphyry copper arrives with
molybdenum and gold; sedimentary copper with cobalt; seafloor sulphides with
zinc; Olympic Dam’s clan with uranium. Those signatures decide more than
byproduct credits - they decide who wants the deposit, how it must be processed,
and what penalties its concentrate will pay. A miner reading a discovery
announcement reads the alteration minerals the way a doctor reads a scan, because

the machine that made the orebody dictates the next fifty years of its life [C4].

And the machines keep running. Copper orebodies are still forming today - under
the volcanic arcs, in the deep brines of rift basins, at the black smokers of the mid-
ocean ridges, where chimneys of copper-rich sulphide grow at measurable speed.
The metal the world mines is a snapshot, arrested by the shovel, of a planetary
circulation that has run for billions of years and will outlast every mine in this
book [C4].
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Chapter 9 - Where the copper is

A mine is an orebody plus a country, and the pairing writes the industry’s history.
Of the roughly 23 million tonnes of copper the world’s mines produced in 2025,
the map drawn by the United States Geological Survey runs like this: Chile first
by a wide margin at about 5.3 million tonnes - still nearly a quarter of world
supply after a century on top; then the Democratic Republic of Congo, which
overtook Peru for second place in 2024 [C9] and held it in 2025 at about 3.2
million tonnes; Peru at about 2.7 million [C1]; then a second rank of Russia,
China, Indonesia, Zambia and the United States at roughly a million tonnes each

or somewhat less; and a long tail [C1].

Chile’s position is geology with politics laid over it. The north of the country, the
Atacama desert, holds the richest cluster of porphyry deposits on earth: Escondida,
the largest copper mine in the world; Chuquicamata, worked for over a century
and once the largest open pit; Collahuasi, L.os Pelambres, and, far to the south, El
Teniente, the historic underground giant, and more. The Atacama’s dryness
preserved the enriched oxide and secondary-sulphide blankets that made these
ores cheap to treat, and the desert that preserves ore also starves the mines of
water - the tension that now drives Chilean copper to desalination plants on the

coast and pipelines a hundred kilometres uphill [C1][C10].

The Democratic Republic of Congo’s rise is the story of this century so far. The
Copperbelt’s Congolese half, in Katanga, was one of the world’s great copper
provinces under the Union Miniere of the colonial era, decayed through the
Mobutu years, and has been rebuilt since the 2000s largely by Chinese capital: the
Tenke Fungurume and KFM complexes of CMOC, the Kamoa-Kakula discovery
developed by Ivanhoe with Zijin, and a swarm of smaller operations. The ore is
rich - several percent copper where Chile works at a fraction of that - and much of
it amenable to the hydrometallurgical route, which is why Congo’s rise has also
been SX-EW’s vindication. With that rise has come the oldest Copperbelt
questions in modern dress: who owns the wealth, on what terms, and who carries
the risk [C1][C15].

Peru is Chile’s geological continuation - Andean porphyries at altitude, Cerro de
Pasco’s old polymetallic heartland, the newer giants of Toquepala, Cuajone, Cerro
Verde, Antamina, Las Bambas - and a reminder that the Andes’ copper comes with
the Andes’ conflicts: mines at four thousand metres, on land whose communities
predate the republic, negotiate their licence to operate community by community
[C1].
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The United States holds the historic second heartland: the porphyry districts of
Arizona, which still supplies some 70 percent of American mine output, Utah’s
Bingham Canyon - in continuous production since 1906 and one of the largest
excavations ever made - and the old sulphide and native-copper districts of
Montana and Michigan, now mostly memory [C1]. Zambia is the Copperbelt’s
other half, the country copper made and unmade, now climbing back toward a
million tonnes a year on new investment. Russia mines copper at Norilsk as
nickel’s partner and in the Urals; Indonesia’s copper is Grasberg, a single orebody
in the Papuan highlands so rich in gold that for years the copper was almost the
byproduct; Australia has Olympic Dam and the Mount Isa country; China, notably,

is modest as a miner - a fact whose consequences fill the refining chapters [C1].

Two features of this map will recur. First, concentration: a handful of provinces -
northern Chile, Katanga, the Peruvian Andes, Arizona - hold a large share of the
world’s output, and a single pit, Escondida, alone produces well over a million
tonnes a year, about five percent of world mine supply. Second, mismatch: the
mining map and the refining map are not the same map, and the distance between
them is a trade route, a freight bill and a political fault line. The biggest mismatch
is China - a middling miner that refines roughly half the world’s copper - and it is

the single most important structural fact in the modern industry [C1].

The regional sketch hides the corporate fact that a short list of single properties
carries the world’s supply. After Escondida, the ranking of 2024 ran through the
giants this book keeps meeting: Grasberg, Collahuasi, Kamoa-Kakula’s rapid
ascent, the Peruvian trio of Cerro Verde, Antamina and Las Bambas, and
Chuquicamata, still producing after more than a century [C26]. Concentration at
that scale means the copper market is hostage to single-mine events - a strike at
Escondida, a mud rush at Grasberg, a flooded pit wall at Kakula are not local news
but world supply events, and the price chapters show the market learning that
lesson repeatedly [C43][C44].

It also concentrates the politics. Roughly a third of the world’s mined copper
comes from the three Andean-and-Copperbelt countries that nationalized their
industries within living memory, and another large share from jurisdictions -
Mongolia, Panama, Indonesia, Russia - whose relationship with foreign mining
capital is renegotiated generation by generation. The security-of-supply anxiety of

chapter 35 is, in large part, anxiety about this map [C1].

26



Chapter 10 - The falling grade

In 1900 the copper mines of the world worked ore that commonly ran above two
percent copper; a rich mine ran at five or ten. In the 2020s, a large new porphyry
mine starts life at grades around half a percent, and the industry average keeps
sliding - the analyst Richard Schodde’s century-long series show the decline as
one of the steadiest trends in mining, interrupted but never reversed [C8]. The
arithmetic is merciless: at two percent, a tonne of copper is won from fifty tonnes
of ore; at half a percent, from two hundred. Everything the modern industry is - its
scale, its energy bill, its waste mountains, its water thirst - is a response to that
slide.

The decline is not the earth running out of copper; the resource chapters have
already shown that the crust holds billions of tonnes [C1]. It is the industry doing
the rational thing century after century: mining the best first. Rich oxide caps and
enriched blankets are skimmed early; the deep, lean, primary sulphide is
tomorrow’s ore. Every copper district has lived the sequence - Butte’s bonanzas
giving way to the Berkeley pit’s bulk mining, Bingham’s early rich ore to the
modern half-percent operation, Chile’s oxide bonanza to today’s porphyry staples.

Grade decline is depletion of the rich, not of the whole.

What has made the slide survivable is that technology has run ahead of it, at least
so far. Each generation of miners has answered falling grade with rising scale:
bigger shovels and trucks, grinding mills of ever more absurd diameter, flotation
cells the size of houses, and - the quiet revolution - the ability to make money at
grades that would have been waste to the previous generation. Cut-off grades, the
line between ore and rock, have fallen with costs. The pit that a 1906 engineer
would have dug at Bingham would be a hole a fraction of the size of today’s; the

difference is not that the mountain changed but that the economics did [C8].

There are, however, costs that scale cannot forever outrun, and the falling grade is
where copper’s environmental ledger begins. Leaner ore means more rock moved
per tonne of metal - more diesel, more grinding energy, more tailings to store
behind dams, more water to wet the mills. It means the footprint of a tonne of
copper has grown even as the metal inside the wall has not changed. It means the
industry’s social licence is decided in the tailings valley and the watershed more
than at the pit head. And it concentrates the mind wonderfully on the two escape
routes the later chapters examine: use less copper per function - thinner wire,
smaller motors, substitution where it works - and mine the stock already above
ground, the cities and their scrapyards, harder. Neither replaces the mine; both
bend the curve. The rest of this book is, in a sense, the working out of that tension:

the world’s appetite for copper growing as fast as the ore grows lean.
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The industry’s own numbers make the trend concrete. Analysts tracking head
grades at the major producers record the long slide from the multi-percent ores of
the early twentieth century to averages well under one percent across the large
porphyry producers of the 2020s, with the steepest falls at the oldest districts - and
with occasional upward blips when a rich new mine or a high-grading strategy
briefly lifts the average, before the underlying trend reasserts itself [C8]. Grade
decline is the single best-documented secular trend in the metal’s economics, and
it is why a copper price that would have seemed fabulous in 1990 is the industry’s

minimum requirement in 2026.

There is a subtler consequence for the chapters on society. Leaner ore means
bigger operations - and bigger operations concentrate their benefits and their
damages into fewer, larger footprints: one vast pit instead of ten small mines, one
impoundment the size of a town, one workforce bargaining unit of continental
importance. The scale that makes lean ore payable also makes every copper
decision - to open, to expand, to close - a regional event. The falling grade is thus
not only an engineering trend but a political one, and the communities and states
of Part X live inside it [C8].
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PART IV - MINING
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Chapter 11 - The open pit

Stand at the rim of Bingham Canyon, outside Salt Lake City, and the first thing to
understand is that the hole is not a hole. It is a city: terraced avenues wide enough
for buildings spiral four kilometres across and a kilometre deep, and what look
from the rim like beetles on the ramps are trucks carrying three hundred tonnes of
rock at a time. The pit has been in continuous production since 1906, has yielded
more copper than any other mine in history [C74], and swallowed the town that
stood in its way. It is the type specimen of the industry’s answer to the falling

grade: if each tonne of rock carries less metal, move more rock [C31].

The method is an exercise in applied geometry. A porphyry orebody is a vast low-
grade mass with no edges worth respecting, so the mine is designed as an inverted
cone of benches - working floors typically fifteen metres high - blasted, loaded
and hauled in a cycle that repeats around the clock, year after year. A blasthole
drill patterns the bench; the charge goes off in carefully sequenced milliseconds,
shattering thousands of tonnes into fragments a shovel can bite; the shovel - a rope
shovel whose bucket takes a hundred tonnes at a pass, or a hydraulic excavator -
fills a truck in three or four bites; the truck climbs out of the pit on ramps
engineered to the gentlest gradient its engines can work, and the next truck is
already spotting to take its place. The whole choreography is measured in tonnes
per hour, and its scale is set by arithmetic: a mine feeding a mill at 150,000 tonnes
of ore a day, at half a percent copper, is a river of rock that must never pause
[C31].

The economics of that river turn on a ratio: for every tonne of ore, the pit must
also yield its burden of barren waste - the stripping ratio - and in a large pit the
waste tonnes commonly match or exceed the ore tonnes. Every bench pushed
wider to reach deeper ore moves waste first, so a pit’s life is a sequence of costly
widenings, each justified by the metal beneath, each a bet on the copper price
years ahead. The pit’s final walls are engineered as steep as the ground will safely
stand, and when they move anyway - as Bingham’s northeast wall did in April
2013, when some 65 to 70 million cubic metres of slope came down in what
NASA’s Earth Observatory called the largest non-volcanic landslide in North
American history [C57] - the industry is reminded that its geometry is always

borrowed from the mountain, never owned [C31].
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For all the violence of its image, the open pit is also where copper mining is safest
and cleanest per tonne: no men underground, dust that can be watered down, a
footprint at least honest about its size. Its true costs are written elsewhere - in the
waste dumps marching up the valleys, the tailings behind their dams, the water
table drawn down around the pit - and those the book will meet in the environment

chapters.

Chapter 12 - Underground

Some orebodies will not pay for an open pit: too deep, too steep, or too small to
justify stripping a mountain. Against them the miner goes underground, and
underground copper mining has its own quiet genius - the art of making the ore

mine itself.

The classic underground methods cut stopes - excavated rooms - out of the
orebody and hold the void open with pillars of ore left in place or with backfill,
extracting the pillars, if at all, at the end. It is selective, surgical work. But the
industry’s defining underground method for copper is the opposite of surgical:
block caving, in which the orebody is undercut across its whole base and the rock
above, its support removed, is induced to collapse under its own weight into the
drawpoints, fracturing as it falls, so that the mountain crumbles itself into the
mine. Draw the broken ore from below and more descends from above; the cave
propagates upward through hundreds of metres of rock until the surface itself
subsides into a crater [C31]. It is the cheapest way known to move deep low-grade
rock, and it has made underground mines of open-pit scale: El Teniente in Chile,
the world’s largest underground copper mine, has worked by caving for a century;
Chuquicamata, its pit exhausted at depth, has been converted to a block cave
beneath its own floor; Grasberg’s future and Oyu Tolgoi’s in Mongolia ride on

caves sunk more than a kilometre down [C31].

Caving trades capital for risk. A block cave costs billions to build before it yields a
tonne - the undercut level, the drawbells, the crushers and conveyors in the rock
beneath - and once started it cannot be paused or easily steered; the cave is a
commitment to an orebody’s behaviour over decades, and a cave that stalls or
hangs up is a catastrophe measured in billions. Oyu Tolgoi’s troubled expansion,
years late and multiples over its early budgets, is the cautionary tale of the
generation. Depth adds its own physics: rock pressure rises, and so does heat - the
deep mines of the future will be air-conditioned workplaces where refrigeration is

a cost of production, as it already is in the deep gold mines of South Africa.
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Between the pit and the cave lies a third way that copper has long preferred where
it can: in-situ methods that leave the rock in place and dissolve the metal out - but
those belong to the chemistry chapters, and they remain, after decades of promise,

the industry’s great maybe.

Chapter 13 - Liberation: crushing, grinding, flotation

Ore as it leaves the mine is rock, and the copper in it is a dusting of sulphide
grains a fraction of a millimetre across, locked in worthless stone. Between the
shovel and the smelter stands the concentrator, whose whole purpose is liberation:
to break the rock until the copper minerals are free, then to persuade them to part
company with the rest. It is the least celebrated and most energy-hungry step in
copper’s journey - commonly half of a mine’s entire power bill goes into breaking
rock - and its centrepiece is one of the elegant inventions of industrial chemistry,
froth flotation [C31].

Breaking rock is done in stages, because physics rewards patience. Jaw and
gyratory crushers at the pit take metre-sized boulders down to fist-size; then the
grinding mills take over - rotating steel drums, the largest of them twelve metres
across, in which the ore tumbles with steel balls or with its own coarse lumps as
the grinding medium, in a slurry, until it is sand and finer. A modern concentrator
is a canyon of these mills, fed by conveyor, deafening in life, drawing tens of
megawatts; the largest grind several thousand tonnes an hour. The target is set by
the ore: grind fine enough to free the chalcopyrite grains, no finer - every micron

beyond liberation is wasted power and money [C31].

Flotation then performs a trick that still looks like conjuring. The ground slurry is
dosed with reagents measured in grams per tonne: collectors - xanthates and their
kin - whose molecules fasten one end to copper sulphide surfaces and leave the
other end water-repelling; frothers to make a stable foam; and modifiers to depress
the pyrite and the gangue. Air is blown through the cells in fine bubbles. The
water-repelling copper grains catch the bubbles and ride them to the surface,
where they overflow in a dark froth; the valueless silicates, water-loving, stay
down and go out the back as tailings. Row on row of cells repeat the selection -
rougher, scavenger, cleaner - until the froth, thickened and filtered, is a
concentrate of perhaps 25 to 30 percent copper: a grey-green powder that is to the
ore what flour is to wheat. The industry has run on this chemistry for a century,
and the great unsung fact of copper is that its modern abundance rests on a

molecule that sticks to sulphides [C31].
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The outputs define the trade. Concentrate is the world’s real copper commodity -
most ore never travels, but concentrate moves by rail, ship and truck from mine to
smelter across the world, and its quality, its penalty elements, its moisture, decide
its price. And the tailings - the other ninety-odd percent of the mined rock, ground
fine and wet - go to the impoundment, the industry’s permanent ward, whose
failures have written the worst chapters of mining’s environmental record. The
concentrator’s triumph is that it throws almost nothing of value away; its burden is

that it keeps almost everything of no value, forever.

Chapter 14 - The economics of a mine

A copper mine is a machine for converting geology into cash flow, and its
accounts have a structure every copper investor learns by heart. The industry’s
standard yardstick is the C1 cash cost - the direct cost of producing a unit of
payable copper: mining, milling, transport and treatment charges, net of byproduct
credits - the reference metric by which mines are compared across the industry
[C31]. Mines rich in gold or molybdenum, like Grasberg or many porphyries, can
post C1 costs near zero or below, their copper carried by its companions; the
leanest pure-copper operations live at the other end of the curve, and in the price

crashes it is the right-hand end of the cost curve that shuts [C31].

Above the cash cost sits the capital, and capital is where modern copper hurts. A
large new mine and concentrator now costs billions - five, eight, ten billion dollars
for a tier-one project is no longer remarkable - and the cheque is written years
before the first revenue, against a price that cannot be known. The build takes
longer than the financing: permits, community agreements, power and water
infrastructure, and then construction itself, routinely late and over budget, as Oyu
Tolgoi taught a generation of investors. A new greenfield copper mine is now,
typically, a decade and more from discovery to production; in much of the world
the permitting alone consumes most of that. The result is an industry whose supply
responds to price the way a supertanker answers its helm - the signal of the 2003-
2011 boom produced its mines a decade later, into the teeth of the next downturn
[C31].
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Water and energy complete the cost picture. Concentrators are thirsty - tonnes of
water per tonne of ore - and the great copper provinces are dry: Chile now builds
desalination plants to feed its mines, at a dollar cost and an energy cost that
compound. Comminution’s hunger for power makes electricity a first-order cost
line, and diesel moves the trucks; both tie the mine’s fortunes to the energy
markets, and both enter the carbon ledger that buyers increasingly audit. A modern
feasibility study is therefore as much about watersheds, power lines and tailings
valleys as about ore - and the projects that fail increasingly fail on those lines, not

on geology.

One last number disciplines them all: the price. Everything in this chapter - the
cut-off grade, the pit’s final wall, the decision to build at all - is a function of an
assumption about the copper price over decades, set against costs that are largely
in other currencies and other commodities. Mines are long bets priced daily. The
market that prints that daily price, and the very human institution that has printed
it since 1877, comes in the commodity chapters - but first, the metal must be won

from the concentrate: the fire and water of the next part.

The financial structure wraps around those costs. Copper projects are financed
with a mixture of equity, debt against long-term offtake contracts, and -
increasingly - streaming and royalty deals, in which a financier pays upfront for a
percentage of future byproduct gold and silver at a fixed low price, monetizing the
riders of chapter 23 to fund the mine. The trade-off is real: streaming raises capital
without dilution, but it mortgages the byproduct upside that often carries the cost
curve. Governments take their share through royalties and taxes that ratchet with
price - Chile’s royalty reform of the 2020s is the current exemplar - so the
project’s owners know from the first feasibility model that a windfall price is a
shared windfall [C31].

And the closure liability now prices in from the start. A modern mine plan carries
its own decommissioning - regrading the dumps, securing the impoundment,
treating drainage in perpetuity where the chemistry requires - as a line item
accrued over the mine’s life, a discipline written into law after a century of
orphaned sites. The Berkeley Pit of chapter 34 is, among other things, the reason
no major jurisdiction will now permit a mine without a funded plan for the day it
stops [C21].
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PART V - FIRE AND WATER
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Chapter 15 - Smelting

Concentrate is a quarter copper; cathode, the form in which the world buys its
metal, is 99.99 percent. The distance between them is travelled by two roads - fire
and water - and the fire road is the older by five thousand years. Modern smelting
is the Bronze Age chemistry of chapter 4, scaled and automated: burn away the

sulphur, slag off the iron, and collect the copper.

The modern furnace of choice is the flash smelter - a Finnish development first
fired at Harjavalta, whose seventieth anniversary the industry marked in 2019
[C60] - and it performs the ancient trick with a showman’s economy. Dried
concentrate is blown with oxygen-enriched air and flux into a hot reaction shaft;
the fine particles ignite in mid-flight, combining roasting and smelting in one step,
and the heat of their own burning sulphur does the work - the furnace largely feeds
itself, a point of pride in an energy-hungry industry [C32]. At the bottom of the
furnace the melt separates by density into two layers: a waste slag carrying the
iron and the gangue, skimmed and discarded, and matte, a molten sulphide of
copper and iron carrying 50 to 70 percent copper, the true intermediate of the fire
road [C32].

Matte goes molten to the converter, traditionally the great horizontal Pierce-Smith
barrel that has been the smelter’s emblem for a century. Air is blown through the
melt; the remaining iron oxidizes and is slagged off with added silica; the
remaining sulphur burns away as gas; and what is left is blister copper - about
98.5 to 99 percent pure, its surface puckered by the gases that escaped as it froze.
Blister is cast into anodes, flat plates of a few hundred kilograms with lugs for
hanging, and the anodes go to the refinery. A modern smelter complex runs this
train continuously, in buildings the size of aircraft hangars, under a canopy of gas
collection that is the difference between the modern industry and its poisonous
past: for the gas stream, rich in sulphur dioxide, is not waste but feedstock for the
acid plant, where it becomes sulphuric acid by the trainload - the smelter’s second
product and, in some places, the product that pays for the gas-cleaning that the law

requires [C32].

The fire road is fast, continuous, and handles the mainstay sulphide concentrates.
It is also capital-hungry, and it is where the world’s smelting capacity has

concentrated - which is a story of its own, told in chapter 18.
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The furnace family is broader than the flash furnace alone. Older reverberatory
and electric furnaces still smelt where concentrates suit them; bath smelting
processes - the Australian ISASMELT and Ausmelt lance furnaces, the Chinese
bottom-blown designs - have spread widely, especially where flexibility and
smaller scale matter; and the converter’s old Pierce-Smith barrel is giving way, at
the newest complexes, to continuous converting that smooths the gas flow to the
acid plant. The direction of a century of innovation is constant: more oxygen,
more continuity, tighter capture of the gas, less fuel - the flash smelter’s self-

feeding trick pushed ever further [C32].

Chapter 16 - Refining

Blister copper is nearly pure and nearly useless: the last one percent - iron,
arsenic, antimony, sulphur, and the precious metals that have ridden the whole
way from the ore - wrecks the conductivity that is copper’s whole value. The final
purification is done not by fire but by electricity, in the tankhouse, the quietest and

most exacting building in the industry.

The method is electrorefining, invented in principle in the 1870s and unchanged in
essence since. The anodes from the smelter are hung in rows in cells of warm
acidified copper sulphate solution, alternating with thin starting sheets of pure
copper as cathodes. A gentle current flows. At the anode, copper dissolves into the
solution; at the cathode, pure copper plates out, growing over ten days or so into
slabs of a hundred kilograms and more of 99.99-percent metal. The less noble
impurities - iron, nickel, arsenic - dissolve and stay in solution, which is
continuously bled and cleaned. The more noble passengers never dissolve at all:
gold, silver, platinum group metals, selenium and tellurium fall to the bottom of
the cell as anode slime, an insoluble residue that is, tonne for tonne, one of the
most valuable industrial materials on earth, and the reason every great refinery has

a precious-metals plant in its corner [C32].

The tankhouse disciplines the whole industry behind it. Cathode is the
commodity: the deliverable grade of the London Metal Exchange, the unit of the
trade, the form the wire-rod mills melt. Its purity is not pedantry - the drawability
of fine wire and the efficiency of every motor turn on it - and the tankhouse’s
other product, the slime, is a hidden hinge of the precious-metals market: a large
share of the world’s newly mined silver, and a significant slice of its gold, emerges

not from precious-metal mines but from the bottoms of copper cells [C32].
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Chapter 17 - The wet route

The fire road cannot take every ore. Oxide minerals will not make matte; low-
grade material will not pay for milling and smelting; and the enriched blankets of
the desert districts, though rich, often sit in small, scattered bodies no smelter will
ever see. For all of these the industry has a second road, and over the past half-
century it has grown from a backwater into about a sixth of world production:
hydrometallurgy, the wet route - leaching, solvent extraction, electrowinning, SX-
EW in the trade’s shorthand [C7].

Its chemistry is disarmingly simple at the front end. Pile the crushed oxide ore in
heaps on an impermeable pad - the heaps can hold millions of tonnes - and trickle
dilute sulphuric acid through them for months. The acid dissolves the copper
minerals; the liquor that drains from the heap, pregnant with a few grams of
copper per litre, is collected. What makes the trick industrial is the middle step,
solvent extraction, commercialized for copper in the 1960s: the dilute, dirty leach
liquor is mixed with an organic fluid carrying molecules that select copper ions
above all others and pull them into the organic phase; the loaded organic is then
stripped with strong acid, yielding a concentrated, clean copper electrolyte. The
last step, electrowinning, plates the copper onto permanent stainless-steel cathodes
from which it is stripped as finished metal - cathode of the same 99.99-percent

grade as the tankhouse makes, without any furnace at all [C7].

The wet route changed copper’s map. It made ore of material the old industry had
dumped - waste dumps of oxide were re-mined as resource; it let the desert Andes
work their oxide caps without smelters; and it fitted the Central African
Copperbelt’s rich oxide and mixed ores so well that the technology’s commercial
proving and Congo’s modern rise are parts of one story. From under one percent
of refined output in the late 1960s, hydrometallurgy reached about 16 percent by
2019 - some 3.9 million tonnes a year, one cathode in six born without fire [C7].
The route has limits - it cannot touch primary chalcopyrite economically at heap
scale, the industry’s longest-running research problem - but within its limits it is
one of mining’s few genuine transformations, and the reason the falling grade of

chapter 10 has not bitten deeper than it has.
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Chapter 18 - The smelting map

There is a hole in the middle of the world’s copper geography, and it is the single
most consequential fact about the modern industry. The mines are in Chile,
Congo, Peru; the smelters and refineries are in China. In 2025, Chinese refineries
produced about 14 million tonnes of copper - very nearly half of the world’s
refined output of some 29 million tonnes - from domestic mines that yielded only
about 1.8 million tonnes [C1]. The difference, one of the great commodity flows
of the age, arrives in Chinese ports as concentrate from half the world and as

blister, scrap and cathode from the rest.

The imbalance is deliberate on both sides. Mining countries have exported rock
rather than metal - smelters are capital-hungry, power-hungry and, historically,
dirty - while China chose to build the world’s processing base as a matter of
industrial policy, backing smelter construction with the same determination it
brought to steel and aluminium. The consequences run through everything.
Concentrate, once largely smelted near its mine, became a seaborne commodity
with its own market, its own traders and its own price mechanism: the treatment
charge, the fee miners pay smelters to convert concentrate to metal, quoted per
tonne of concentrate plus a refining charge per pound. When smelter capacity is
scarce relative to mine output, treatment charges are high and miners pay dearly;

when smelters overbuild, the charges collapse [C32].

Collapse they did. China’s smelting buildout ran so far ahead of the world’s mine
supply that by the mid-2020s spot treatment charges fell through zero into
negative territory - smelters, in effect, paying for concentrate against their own
fees, living on byproduct acid and precious-metal credits and the hope of
outlasting rivals. The industry had never seen sustained negative charges before
this cycle, and the squeeze became a running story of 2024 to 2026: idle capacity
in the older smelting countries, emergency discussions of coordinated output
restraint in China, and a stark illustration that the industry’s balance of power had

moved from the pit head to the furnace [C33].

The smelting map is also the emissions map. A smelter is a chemical plant burning
the sulphur out of rock, and where the gas is captured, it makes acid; where it is
not, it makes wastelands - the old smelter towns of the world, from Ducktown,
Tennessee to Sudbury, Ontario to the Russian north, carry scars a century deep.
The modern Chinese complexes, like their Chilean and Japanese counterparts,
capture their sulphur and sell their acid; the environmental question has moved to
the tailings, the energy source and the sheer scale. But the old smelter towns
remain in the environmental chapters as evidence of what the fire road does when

nobody makes it clean up after itself.
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PART VI - THE METAL AT WORK
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Chapter 19 - Wire

Copper’s destiny arrived in the 1830s and 40s in the form of a code. The first
practical telegraph lines - Cooke and Wheatstone’s in England, Morse’s in
America - were strung, in fact, on iron wire, iron being cheap and strong enough
for poles. But iron is a mediocre conductor, and as the networks lengthened the
physics of chapter 1 asserted itself: when the lines went underwater, insulated in
gutta-percha, the core had to be copper, and from the first successful international
cable of 1851 the submarine networks that stitched the continents together were
copper conductors at heart [C34]. Land lines followed to copper in time, and the
wire networks became copper’s first great electrical market - the industry the

cables created consumed the metal by the shipload.

The telephone multiplied the trick a hundredfold - every conversation a copper
pair - but the true deluge came with electric light and power. Edison’s Pearl Street
station of 1882, feeding a few hundred lamps in lower Manhattan, began a
buildout that has not stopped since: generators and the lines from them,
transformers stepping voltage up and down, and the motors that turned electricity
back into work. All of it ran on copper, because the physics of chapter 1 is
unforgiving: at any given size, copper wastes less power as heat than any
affordable conductor, and in an electrical system, waste is money every hour of
every day. By the early twentieth century electrical uses had taken the majority of
world copper demand, and they have never given it back: today something like
two-thirds of all copper goes into conducting electricity, from the winding of a

watch motor to the stator of a hydroelectric generator [C1][C28].

Wire is a product of copper’s workability as much as its conductivity. Rod mills
take cathode and cast it into continuous rod eight millimetres thick; drawing
machines pull the rod through successively smaller dies to any gauge down to
filaments finer than hair, annealing as they go; and the wire is enamelled for motor
windings, bunched for cables, stranded for flexibility. The industry’s measure of
quality is exactly the 1913 standard of chapter 1 - the International Annealed
Copper Standard, against which commercial copper routinely tests at a hundred
percent or a shade better - and the discipline is strict because the customer’s
physics is strict: a motor winding’s resistance is heat, a cable’s resistance is

voltage lost, and nobody buys either twice [C2].
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The grid that copper built is now being rebuilt, larger, and that is the demand story
of the coming chapters: every renewable generator far from its market, every
electric car and its charger, every data hall full of servers is, at bottom, another
order for wire. The International Energy Agency’s scenarios for the energy
transition read, from copper’s side, like a grid construction program - transmission
and distribution expansion on a scale the industry has not seen since electrification

itself, and grids are copper-intensive beyond any other use [C18].

Chapter 20 - Motors and transformers

If wire is copper’s quantity, the winding is its craft. An electric motor is,
mechanically, a simple thing - a rotor spun by magnetic fields - but its working
parts are copper: the coils of the stator and the bars or windings of the rotor,
kilograms to tonnes of enamelled wire or cast conductor packed into slots,
forming the fields. The same is true of the transformer, which is nothing but
copper windings on an iron core, and the generator, which is a motor run
backward. Between them, motors and the transformers that feed them account for
the largest single family of copper applications - motors alone consume a large
share of all electricity generated anywhere, and each motor’s appetite for copper
rises with its size: a fractional-horsepower appliance motor carries grams; a ship’s

propulsion motor or a mine-mill drive carries tonnes [C34].

Copper’s role here is a running calculation that every manufacturer performs and
re-performs as prices move: copper against aluminium, kilogram for kilogram.
Aluminium conducts, is lighter and usually cheaper per kilogram, and where bulk
is no obstacle - the high-voltage line slung between towers, the busbar in a
switchyard - it long ago took much of the market. But per unit of conductivity
aluminium needs a cross-section half again larger, and inside a machine, space is
cost: a copper-wound motor is smaller, runs cooler, and wastes less power over its
life than its aluminium equivalent. The International Copper Association’s surveys
of the substitution question found the actual decision driver to be not the ratio of
the metals’ prices but the absolute gap between them - a subtle and telling result,
because it means substitution arrives in waves when copper spikes, and partially
recedes when it falls back [C19]. The record prices of 2024 to 2026 pushed
another such wave through the motor and cable industries; how much of it sticks

is one of the open questions this book leaves open.
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The newcomer’s appetite deserves its own note. The electric vehicle is a
concentrated copper order: the motor windings, the inverter’s busbars, the
battery’s current collectors, the onboard wiring - several times the copper content
of a combustion car, before counting the charger and the grid behind it. Wind
turbines carry copper in their generators and their kilometres of internal cable,
offshore machines most of all; solar farms carry it in inverters and collection
wiring; the data centres of the artificial-intelligence buildout carry it in busbars,
power chains and cooling. Each is a fraction of world demand; together they are
the demand future of chapter 38, and they explain why a metal first wired into
service for the telegraph finds itself, two centuries on, at the centre of the next

energy system [C28][C18].

Chapter 21 - Copper in the building

For all the glamour of its electrical career, the single largest end-use for copper, in
the world’s largest market surveys, remains the building: in the United States, the
Copper Development Association’s breakdown runs building construction at about
42 percent of use, ahead of electrical and electronic products at 23 and
transportation at 18 [C1]. Some of that construction copper is wire - the building’s
nervous system - but much of it is plumbing: the copper tube that has been the
premium material for water supply since the early twentieth century, and whose

position tells a story about how copper loses markets as well as wins them.

Copper tube earned its place honestly. It does not rust - rust is iron’s failure, and
copper’s own slow weathering is the patina that protects it; it is rigid enough to
run straight and soft enough to bend; it solders in seconds into joints that outlive
the building; and it carries the antimicrobial credential of its base metal. For most
of a century, a quality building meant copper in the walls. The challengers arrived
from the plastics industry: first galvanised steel gave way, then in the late
twentieth century cross-linked polyethylene - PEX - and other plastics began
taking the market on price and installation speed, especially in housing. In
American new-home plumbing, the trackers who have measured piping materials
for two decades record copper fallen from its old first position to a minority share,
displaced above all by PEX [C35]. Copper’s defence has been durability, heat
tolerance, recyclability and the code-book inertia of the trades; its losses are a
standing reminder that no copper market is guaranteed, and that the metal’s share

of any application is a price decision remade by every builder on every job [C1].
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Above the plumbing, copper keeps its oldest architectural career: the roof. Copper
sheet and standing-seam roofing, flashing, gutters and downpipes are the prestige
weathering surfaces of European and American building - expensive to buy, cheap
by the century, and self-protecting through the patina that turns cathedrals and
capitols green. The roof is copper as the ancient world knew it: a material bought
once for generations. Between the tube in the wall and the patina overhead, the
building remains what it has been since electrification - the metal’s largest single

customer, and the most sensitive to the price cycles of the later chapters.

The building trade is also where copper’s price sensitivity is most visible at
ground level. Builders’ merchants watch the copper line in a quote the way bakers
watch wheat: when the metal doubles, theft follows - copper stolen from building
sites, substations and, in the worst years, from live railways and churches, a crime
wave that tracks the price chart with embarrassing fidelity. The 2024 to 2026
record prices revived the problem worldwide, and with it the countermeasures -
marked and traceable conductor, aluminium substitution in exposed cable, and
scrap-dealer regulation that the recycling chapter meets again. The stealing of
copper is a backhanded credential: no other common metal is so universally

convertible to cash [C20].

Chapter 22 - Bronze and brass: the alloy trades

The oldest uses of copper are the alloy uses, and they never went away. Roughly
speaking, a fifth or more of all copper enters service not as pure metal but in alloy
- as brass, bronze, cupronickel and the specialty families - a parallel industry of
foundries, brass mills and spring-makers with its own five-thousand-year pedigree
[C2].

Brass, copper with zinc, is the machinist’s metal. Its zinc content tunes it from the
red, ductile gliding metals through the yellow cartridge brass - seventy percent
copper, thirty zinc, the deep-drawing alloy that makes the world’s ammunition
cases - to the hard, cheap high-zinc brasses of hardware. Brass machines like
nothing else in its price class: it cuts clean, takes a thread, polishes to gold, resists
the sea in its admiralty and naval grades, and kills germs on the doorknobs and
push-plates it has furnished for centuries - a fact the hospital door-furniture market
has lately rediscovered with test certificates [C3]. The brass mill, turning out
sheet, strip, rod and tube, is one of the oldest continuous industrial forms in the
West, and the scrap loop of chapter 37 is at its tightest here: brass shops run on

their own turnings, remelted forever.
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Bronze, copper with tin, survives where hardness, spring and corrosion-fatigue
matter: bearings and bushings, worm gears, propellers and the bells that are
bronze’s voice. Its modern cousins extend the family - aluminium bronzes for
strength at sea, silicon bronzes, phosphor bronze for springs and electrical
contacts. Cupronickel, copper with a tenth to a third nickel, is the marine alloy par
excellence - condenser and desalination tubes, offshore splash-zone sheathing -
and, in its silvery disguise, the coinage of the modern world: the “silver” coins in
most pockets are cupronickel, copper doing money’s work as it has since the
Romans. Beryllium copper, a few percent beryllium, makes the springs,
connectors and non-sparking tools of the electronic and petrochemical worlds -
copper hardened to near-steel temper without losing all its conductivity or gaining

a spark’s menace [C2].

The alloy trades matter to this book beyond their tonnage because they show
copper’s second nature: the metal is not only a conductor but a base - a platform
other elements build on. That versatility is demand’s ballast. Wire demand swings
with construction and investment cycles; the alloy trades, embedded in machinery,
vehicles, ships and hardware, swing differently, and in the arithmetic of the

commodity chapters, ballast matters.
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PART VII - EVERYTHING
COPPER CARRIES
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Chapter 23 - The riders

Copper rarely travels alone, and some of its companions are worth more than their
weight in headlines. The porphyry systems of chapter 8 exhale more than copper:
their fluids carry molybdenum, gold, silver, rhenium and more, and the
sedimentary and volcanic deposits bring cobalt, zinc, lead and uranium to the
party. The result is an industry in which a mine’s identity is often a ledger entry:
Grasberg has been, in different years and by different measures, the world’s
second-largest copper mine and its largest gold mine - the gold in some years

carrying the costs, the copper in others [C43].

Molybdenum is copper’s most constant companion. Many porphyries - Climax-
type deposits aside - carry a few hundredths of a percent of molybdenite, and the
byproduct stream from copper concentrators supplies a large share of the world’s
molybdenum, the steel-hardening metal of pipelines and power stations. When
copper booms, molybdenum supply follows whether or not molybdenum’s own
market wants it - a coupling the molybdenum price has learned to resent.
Rhenium, rarer still, comes almost entirely from roasting molybdenite from
copper ores; a superalloy metal of jet engines, it is copper’s grandchild twice
removed [C32].

Silver and gold ride the whole fire road to the tankhouse floor. The anode slimes
of chapter 16 - the residue of every electrorefining cell - are gathered, smelted and
parted into doré, and the flows are material at world scale: the silver of the copper
refineries is a major artery of that market, and the gold of the copper-gold
porphyries, from Grasberg to Oyu Tolgoi to Cadia, is a pillar of mine economics
across the Pacific rim. The byproduct credit is not an accounting nicety: it decides
which mines post near-zero cash costs, which projects get built, and which
orebodies are copper mines at all. An orebody grading half a percent copper with a

tenth of a gram of gold is waste; the same rock with a gram is a mine [C31].

Cobalt is the Copperbelt’s rider, and its story is a cautionary one in miniature. The
Katanga ores that carry copper also carry the world’s richest cobalt, and the same
Chinese-financed complexes that rebuilt Congolese copper - Tenke Fungurume,
KFM, the hydrometallurgical plants of Kolwezi - made the DRC the dominant
cobalt source just as the battery boom arrived. The coupling has made cobalt’s
price the most volatile of the battery metals, whipsawed by copper-driven supply

decisions that ignore cobalt’s own market entirely [C15].
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Tellurium and selenium complete the list of the slimes’ rarer gifts: byproducts of
copper refining almost exclusively, they feed the solar and electronics industries in
quantities small by tonnage and large by consequence. A copper refinery is, in the
end, a polymetallic factory with one famous product, and the riders are why
’copper mine’ is a business-school simplification of something stranger and richer
[C32].

The riders also shape strategy. A company rich in copper-gold porphyries is, in
part, a gold company; molybdenum’s price can swing a quarter’s profit at a moly-
rich Andean mine; and the streaming industry of chapter 14 exists precisely
because investors will pay for the riders separately, sometimes valuing the gold in
the ground more predictably than the copper. When this book speaks of ’the

copper industry’, the riders are the asterisk on the phrase [C31].

Chapter 24 - Acid and gases

Every tonne of copper from sulphide ore carries roughly a tonne of sulphur to the
smelter, and the smelter’s choice about that sulphur is one of the industry’s
defining environmental facts. Burn it off to the sky, as the nineteenth and early
twentieth centuries did, and you make the dead hills of the old smelter towns - the
acid-rain wastelands around Ducktown, Sudbury, Anaconda and a hundred others,
where the smoke itself denuded the landscape and the rain finished the job.
Capture it, and you make sulphuric acid: in a modern smelter, the off-gases pass
through electrostatic dust collection and a contact acid plant, and emerge as the
world’s most bulk-produced industrial chemical, several tonnes of acid per tonne

of copper [C32].

That acid is a product with a geography problem. It is cheap, corrosive, and costly
to ship far, so the smelter needs a neighbour who wants it - a fertilizer plant, a
chemical works, a leaching operation. Around the smelters of Chile and Peru, the
natural customer is the SX-EW industry itself: heap leaching drinks acid by the
trainload, and the Andean copper industry now recycles its own sulphur, smelter
gas becoming leach reagent a province away. Where no such market exists, acid is
a disposal problem wearing a product’s clothes, and smelter economics quietly

include an acid line that can turn negative [C32].
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The gases carry more than sulphur. Arsenic, antimony, bismuth and mercury - the
penalty elements of the concentrate trade - report to the off-gas and the dusts, and
managing them is both an environmental obligation and a commercial one:
concentrates too rich in arsenic are penalized, blended, or refused outright, which
is why the blending yards of the trading houses of chapter 27 exist, and why the
rise of high-arsenic ores in the Andes is watched as a slow constraint on the
industry’s feed. The capture rates of the modern industry are high - a well-run
modern smelter fixes over 95 percent of its sulphur - but the legacy of the
uncaptured century is still in the ground under the old smelter towns, a ledger the

environment chapters will open [C32].

The scale of the acid stream is easily missed. A large modern smelter complex
produces sulphuric acid by the millions of tonnes a year, placing the copper
industry among the world’s largest sources of the chemical - an accident of
geology, since the sulphur arrives uninvited with the ore. In Chile and Peru the
acid market is a business in itself, with railways and pipelines built to move it
from smelter to leach pad; in China the acid flows into the fertilizer and chemical
industries; everywhere, the price of acid is a quiet line in smelter economics that

can matter as much as the treatment charge in tight years [C32][C33].
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PART VIII - THE BUSINESS
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Chapter 25 - The majors

The copper industry has no Exxon, no single company that dominates; its top tier
is a dozen firms, each a chapter of twentieth-century history wearing a modern
balance sheet. The largest producer of all is not a company in the ordinary sense
but a state: Codelco, the Corporacion Nacional del Cobre de Chile, created by
decree in 1976 to run the mines nationalized in 1971 [C72], remains the world’s
biggest single copper producer, with output in 2025 of about 1.33 million tonnes
from its own divisions by its own reporting - the company also reports a higher
total including its stakes in joint ventures, a definitional split that runs through all
its numbers - and the Chilean copper commission’s yearbook restates the own-
division figure somewhat lower, a statistical disagreement between the company
and the state that says much about the scrutiny Codelco lives under [C27][C46].
Codelco is Chile’s treasury in hard hats: by law it hands the state its profits and its
surplus, and its transfers to the treasury have run at about 11 percent of Chile’s
total fiscal revenue over the past two decades, a share that swells in the copper
booms [C73], which makes its long production decline - output hit a decades low
in 2023 amid delayed structural projects, and the mines are a century deep with
grades falling - a matter of national politics, not merely corporate concern [C11]
[C46].

Freeport-McMoRan, of Phoenix, is the largest listed copper company and the
operator of Grasberg, the Indonesian giant whose copper-gold orebody in the
Papuan highlands is one of the wonders of the mining world. Freeport’s history is
the industry’s in miniature: a sulphur company that bought a mountain of copper,
survived its own debt, and now runs a mine 51 percent owned by the Indonesian
state after the 2018 divestment that ended a generation of contract disputes -
resource nationalism concluded by negotiation rather than expropriation [C16]. In
September 2025 Grasberg supplied the decade’s starkest reminder of underground
risk: a mud rush of some 800,000 tonnes of wet material burst from the retired
open pit into the block-cave workings, killing seven workers and forcing a
declaration of force majeure; the phased restart brought mill throughput back to
about 140,000 tonnes of ore a day by the third quarter of 2026, roughly two-thirds
of normal rates, with full recovery targeted over 2027 and 2028 [C43][C52].
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The diversified giants - BHP and Rio Tinto, the Anglo-Australian pair - are
copper’s establishment. BHP operates Escondida, the largest copper mine on
earth, 1.28 million tonnes in 2024, owned 57.5 percent by BHP with Rio Tinto at
30 and a Japanese consortium the rest; a single property producing about five
percent of the world’s mined copper [C10][C26]. Rio Tinto’s copper future rides
on Oyu Tolgoi in Mongolia, whose troubled underground expansion has been the
industry’s standing lesson in block-cave execution risk. Around these sit the
specialists: Southern Copper, with the world’s largest copper reserves and
operations across Peru and Mexico; First Quantum, builder of Cobre Panama and
casualty of its closure; Antofagasta, the Chilean house whose name appears on the
benchmark treatment-charge negotiations of chapter 31; and the merchants-miners
Glencore and Anglo American, themselves no strangers to combination talk in an

industry that keeps consolidating for scale.

The fastest riser is Chinese. Zijin Mining has assembled, in little more than a
decade, a portfolio from Tibet to the Balkans to the Copperbelt; CMOC’s Tenke
Fungurume and KFM complexes made it the engine of Congo’s production surge,
with a stated ambition toward a million tonnes a year of Congolese copper by
2028; and Ivanhoe Mines’ Kamoa-Kakula - a discovery so rich it recalls the
Copperbelt of the colonial geologists - has been built with Zijin as partner into one
of the world’s largest mines in under a decade from first drill hole [C15]. The
geography of ownership has shifted as far as the geography of production: the
industry that was Anglo-American in 1970 is, in the 2020s, increasingly Chinese-
financed, while its largest single producer remains a Chilean state company born
of expropriating Americans. Copper’s corporate map is a palimpsest, and no layer

quite erases the last.

Beneath the top tier runs a second rank that matters more than its size suggests:
the mid-capitalization producers and the single-asset companies whose mines fill
the gap between the giants and the tail - Hudbay and Capstone in the Americas,
Lundin and KGHM across the Atlantic - KGHM being the Polish state-controlled
house whose copper comes from the ancient Kupferschiefer of chapter 8, making
it the direct heir of Europe’s oldest continuous copper district. And beyond them,
the project developers, whose business is not mining but permitting: assembling
the deposit, the studies, the consent and the financing, and selling the package to a
major when the risk has been tamed. In an industry where new mines are the
bottleneck of every forecast, the developers’ pipeline is watched like a weather
map [C31].
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The ownership question cuts across all tiers and will not settle. State-owned
producers - Codelco, KGHM, the Chinese houses with their state shareholders -
hold a large and rising share of world output; the investor-owned majors answer to
shareholders demanding both growth and discipline after a decade of cost
blowouts; and the host states of Part X increasingly insist on equity itself, from
Indonesia’s 51 percent of Grasberg to the carried interests written into new African
codes. Who should own a copper mine is copper’s oldest political question, and
the mid-2020s answer - everyone at once, in negotiated slices - would have baffled
both the nationalizers of 1971 and the privatizers of 1997 [C16][C46].

Chapter 26 - Nationalization and the state

No major commodity has a nationalization history as instructive as copper’s,
because copper did the experiment three times, in three countries, within five
years. Between 1967 and 1971 the three largest exporters outside North America -
Congo, Zambia and Chile - all took their copper industries into state hands,
founding in the same years the producers’ club CIPEC that was meant to do for
copper what OPEC did for oil. The results diverged so completely that they make

the cleanest natural experiment in the political economy of minerals [C12][C13].

Chile’s is the famous case. Frei’s “Chileanization” of the mid-1960s bought the
state into the American mines by agreement; Allende’s unanimous constitutional
amendment of 11 July 1971 took them outright, deducting “excess profits”
retroactively from compensation until Kennecott and Anaconda were offered
nothing at all. The American response - lawsuits chasing Codelco’s shipments
through European courts, and the economic pressure documented in the
declassified record of the Nixon years - bound copper into the cold war’s most
studied intervention. Yet the striking fact is what survived all of it: the industry.
Chile kept the engineers, kept the contracts, kept shipping copper, and under
Codelco the nationalized mines remained the backbone of national output for fifty
years. Pinochet’s dictatorship, which privatized much else, never sold Codelco;
the copper corporation outlasted the revolution that created it and the counter-

revolution that followed, an institution above the battle [C12].
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Zambia’s is the tragedy. Nationalized by Kaunda in 1969-70 into what became
ZCCM, the Copperbelt’s mines peaked around independence and then declined for
a quarter-century - starved of investment, run as employment and patronage
machines, caught between falling output and the price collapse of the 1970s and
80s. Privatization in the late 1990s, at fire-sale prices under donor pressure,
restored investment but seeded a permanent grievance: the sense that the country’s
patrimony had been sold cheap, a grievance that resurfaced in the tax battles and
the Konkola liquidation saga of the 2010s. Zambia’s lesson is not that state
ownership fails - Chile disproves that - but that a state which treats its mines as a

welfare system rather than an industry will, in time, have neither [C14].

Congo’s is the unfinished story. Mobutu nationalized the Union Miniere in 1967,
and Gecamines decayed with the state around it until the Copperbelt’s Congolese
half was nearly a museum. The reconstruction since the 2000s is real - the DRC is
again the world’s second copper province - but it is a private, largely Chinese
reconstruction, with the state as contract counterparty and sometime wrestler over
terms, not owner [C15][C47]. Three nationalizations, three outcomes: an
institution that endured, an industry that collapsed, a state that hollowed out. The
difference was never the word “nationalization”; it was whether the state acted as

owner or as spender.

And CIPEC, the copper OPEC? It never controlled anything. Founded in Lusaka
in 1967 by Chile, Zambia, Congo and Peru, it discovered what every metals cartel
discovers: its members needed revenue too badly to withhold supply, its share of
world production was never large enough, and copper - storable, recyclable,
substitutable, and produced by many countries that never joined - punishes
restraint with lost market share that never returns. CIPEC dwindled into a research
body. The cartel’s failure is one of copper’s structural facts, and the traders of the

next part trade on it still [C13].

Chapter 27 - The merchants

Between the mine gate and the smelter gate stands a business the public rarely
sees: the concentrate trade. Most of the world’s copper never moves as metal until
it is made; it moves as concentrate, the grey-green powder of chapter 13, in holds
and containers from the Andes and the Pacific to the smelters of China, Japan and
Korea - and moving it, blending it, financing it and pricing it is the business of the
great commodity merchants: Glencore, Trafigura, and their peers, alongside the

marketing arms of the miners themselves [C31].
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Concentrate trading is a metallurgist’s commerce. Every parcel is different: copper
grade, gold and silver credits, the penalty elements - arsenic, antimony, bismuth,
mercury, fluorine - that smelters will not take beyond limits, moisture that must
not freeze in a Russian winter or liquefy dangerously at sea. The merchant’s art is
blending: combining parcels so that a dirty concentrate from one mine is averaged
into acceptability by clean tonnage from another, capturing value the mines could
not realize alone. The trade’s price discovery runs through the treatment charges
of chapter 31, and its profitability through the traders’ reads on freight, grades and
the smelters’ desperation. In the negative-charge years of 2024 to 2026, when
smelters bid against one another for scarce concentrate, the merchants who

controlled tonnage sat in the strongest seat at the table [C42][C33].

The cathode trade downstream is simpler - cathode is cathode, LME-registered
brands interchangeable - but no less strategic. The flows of chapter 30, Chilean
and Congolese cathode to China and the world, pass through annual contracts,
premiums over the exchange price, and the quiet competition of the merchants for
the offtake of new mines: the right to market a mine’s life, often bought with the
financing that built it. In copper, the trader is not a parasite on the industry but part
of its circulatory system - and, as the Sumitomo affair of chapter 29 showed,

occasionally its fever.

The merchants’ own economics are built on volume and velocity rather than
margin: the trading houses turn their capital many times a year on thin per-tonne
returns, and their risk management - hedging every physical parcel against the
exchanges - makes them among the most sophisticated users of the LME and
COMEX systems of chapter 28. Their information edge is physical: they see the
cargoes, the port stocks, the blend recipes and the smelters’ order books before the
statistics do, which is why the market reads their moves as signals and why, when
the exchanges publish their stock reports, the question is always what the

merchants know that the numbers do not yet show [C31].

Their role in finance deserves equal weight. Prepayment structures - cash now
against concentrate or cathode over years - have made the traders lenders of first
resort to miners the banks will not touch, and offtake-linked financing has built
mines outright. In the tight concentrate market of the mid-2020s, the power this
gave the merchants over new supply became a talking point in the industry press
and a quiet anxiety in Beijing and Washington alike: the chokepoint of chapter 18
is physical, but access to it is increasingly negotiated in the trading houses’ offices
[C42][C33].
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Chapter 28 - The exchanges

Every working day, in a room in London, the world agrees on what copper costs.
The London Metal Exchange descends from the coffee houses where merchants
traded the metal of the Cornish mines, formally established in 1877, when the
expanding copper and tin trade of the industrial age needed a standard market
[C61]; its famous ring, and the custom of trading in short, furious sessions by
open outcry, survived into the electronic era. The LME’s genius was
standardization: copper became a contract - a grade, a form, a warehouse, a
delivery date - and a Chilean producer and a German fabricator could trade risk

without ever handling the same tonne [C53].

The mechanics matter because they make copper’s price unusually honest and
unusually excitable. LME contracts settle against metal in registered warehouses
around the world; the physical delivery at the end of the chain anchors paper
trading to real copper. Around the anchor swirl the hedges of producers fixing
their revenue and fabricators fixing their costs, the spread trades between dates,
and the speculative money that reads copper as a bet on the world’s economic
temperature - the “Doctor Copper” of market folklore, the metal that supposedly
diagnoses the global economy because it is bought by all of it [C17]. London’s
siblings complete the system: COMEX in New York, whose high-grade contract
prices the American market and whose premiums measure the pull of metal across
the Atlantic, and the Shanghai Futures Exchange, whose rise mirrors China’s share
of consumption and whose night sessions now move the price London wakes up to
[C53].

The warehouses are the system’s conscience and, occasionally, its theatre. Metal
flows into exchange warehouses when the market is glutted and out when it is
tight, and the stocks are read like scripture - with the caveat the 2020s wrote in red
ink: stocks can sit in the wrong place. By October 2026 some 70 percent of visible
exchange copper sat in American warehouses, drawn there by the tariff trade of
2025, leaving the rest of the world’s visible cover thin even as total inventories, at
about 1.04 million tonnes, stood 83 percent above the year before [C40]. A stock

number, it turns out, is geography as much as quantity.
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The LME’s institutions carry their history in their vocabulary. The official prices
are still discovered in ring sessions of five minutes per metal; the three-month
contract, whose term dates to the shipping times fixed in the late nineteenth
century, remains the industry’s benchmark forward [C62]; and the daily stocks
reports from the approved warehouse network - from Rotterdam to Singapore to
New Orleans - are the market’s morning ritual. The exchange has modernized
around the edges, surviving the nickel crisis of 2022 that tested its governance, but
its copper contract remains what it has been since the nineteenth century: the place
where the world’s surplus and shortage of a physical metal are balanced in public
[C53].

Around the exchanges grew the over-the-counter superstructure - the brokers, the
options desks, the index funds that hold copper as an asset class - and with it the
permanent argument about whether paper moves physical or merely forecasts it.
The honest answer from the price history of chapter 29 is both: speculation
amplifies, but the warehouse settles. Every great squeeze in copper’s history, from
the producer-price era to Sumitomo to May 2024, has ended the same way - with
metal, delivered or withheld [C17][C36].

Chapter 29 - The price story

Copper’s price history is the economic history of the twentieth and twenty-first
centuries written in one volatile line - and read closely, it is a story about who is

allowed to set the number.

Until the 1960s the American producers set it, posting fixed prices and holding
them with production discipline, while the LME reflected the margin of the
market. The arrangement broke in the mid-1960s, in the episode the CIA’s analysts
watched closely at the time: US producer prices held at 30, then 42 cents a pound
while the free market ran to 85, until in 1966 Chile ordered its producers to sell at
LME prices, and the two-tier system collapsed. Thereafter copper belonged to the

exchanges - to the ring, and to everyone who traded it [C29].
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The exchange era’s prices trace the century’s turns. The 1970s and 80s were the
long slide: new mines financed in the boom years met the recessions and the high
interest rates, and copper spent two decades cheap enough to starve investment -
the seedbed of every later shortage. In 1996 the market discovered what one
determined buyer could do: Yasuo Hamanaka, Sumitomo Corporation’s chief
copper trader, revealed as having run an unauthorized decade-long accumulation -
“Mr. Copper,” “Mr. Five Percent,” for his supposed share of world supply -
confessed to losses admitted at 1.8 billion dollars and eventually reckoned near
2.6 billion, then the largest trading loss in history. The metal dropped by a quarter
in weeks; the regulators fined and banned; and the affair entered the textbooks as
the limit case of cornering a market that is, in the end, supplied by the whole
world [C17].

The next era rewrote the demand side. China’s industrialization, from about 2003,
turned copper into the supercycle’s emblem: the price rose from under two
thousand dollars a tonne to records above ten thousand by February 2011 [C75],
and a generation of mines - the ones producing through the 2010s and 20s - was
financed on that signal. The bust followed as supply arrived and China’s buildout
cooled; then the 2020s brought the pandemic collapse and the recovery, and
behind it the new demand story of electrification that the final part of this book

examines.

The years 2024 to 2026 then supplied a chapter unto themselves. In May 2024 a
squeeze on COMEX shorts carried the LME to a then-record 11,104 dollars and
50 cents a tonne. In July 2025 politics took the pen: the announcement of a 50
percent American copper tariff sent COMEX to an all-time high of 5.8955 dollars
a pound - over 12,300 dollars a tonne - and dragged enormous tonnage into US
warehouses in anticipation; three weeks later, when the proclamation’s scope
emerged and refined copper was exempted, the COMEX premium collapsed,
futures falling 22 percent in a single session, the largest such reversal the market
had seen [C37][C38][C41]. And 2026 brought the fundamental bid: mine
disruptions, falling grades and delayed projects against the electrification demand
carried LME copper to an average of 13,395 dollars a tonne for the year to that
point, as the ICSG’s September 2026 release was reported at the industry’s LME
Week in October - 35 percent above the 2025 average - with a 2026 high of
14,850 dollars on 17 August and LME cash at 14,449 dollars a tonne on 30
October, cathode stocks rising on all three exchanges even so [C39][C24][C25].
Record prices and record visible stocks in the same year, most of the stocks in one

country: the market had never looked stranger, or more itself.
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Chapter 30 - Trade flows

Copper’s map in motion has three great arteries. The first is concentrate: from the
Andes and the Pacific to the smelters of Asia, above all China, which imports the
raw feed for the refining empire of chapter 18. The second is cathode: from Chile
and Congo and the SX-EW plants of the world to the fabricating centres - China
again the largest destination, Europe and the United States behind. The third is
scrap, the counter-flow from the rich consuming countries back into the furnaces

of whoever pays best [C1].

The flows are dominated by one relationship: the mining world sells, China buys.
China consumes well over half of the world’s refined copper and refines nearly
half itself, so every other country’s balance with copper runs through Chinese
demand - Chile’s exports, Congo’s rise, the concentrate trade’s geography all bend
to it. The political chapters have shown what mining countries think of that
dependence, and the demand chapters will show what it means for price; here the
point is simpler. A commodity whose largest buyer takes most of the growth is a
commodity whose price is, in large part, a reading of one economy. Doctor

Copper, for two decades, has taken China’s pulse first [C1][C18].

The flows of 2025 to 2026 added a lesson in how quickly policy can re-route
metal. The threatened American tariff pulled record tonnage into the United States
ahead of its imposition - refined imports into the US in 2025 ran at nearly double
the prior year’s pace in the USGS accounting - and the exemption of cathode then
stranded the stockpile, leaving the American market long of metal while the rest of
the world read tightness [C1][C40]. Trade flows are usually the slowest-moving

variables in the industry; 2025 showed they can move at the speed of a signature.

Chapter 31 - Treatment charges: the smelter squeeze

Hidden inside copper’s price is a second price that most of the world never sees:
the treatment charge, the fee a miner pays a smelter to turn concentrate into metal,
negotiated in annual benchmarks and quoted in dollars per tonne of concentrate
with a refining charge per pound beside it. For a century the convention embodied
the industry’s balance: smelting capacity was the scarce, capital-heavy stage, and
miners paid for access to it. The benchmark numbers of the mid-2020s record the

moment the convention inverted [C42].
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The sequence is stark. The 2024 benchmark stood at 80 dollars a tonne and 8 cents
a pound. The 2025 settlement between Antofagasta and Jiangxi Copper, agreed in
December 2024, crashed to 21 dollars and 25 cents - down 73 percent in one
negotiation. By mid-2025 the mid-year talks settled at zero. And the 2026
benchmark, after protracted talks, settled at zero again: the world’s miners and
smelters agreeing that the conversion of rock to metal would, for the benchmark
year, be charged at nothing, while spot business transacted at negative numbers -

smelters paying, in effect, for the privilege of feed [C42].

The cause is the imbalance of chapters 9 and 18. China’s smelting buildout created
more conversion capacity than the world’s mines can feed; concentrate, not
furnaces, became the scarce input; and the charge that prices scarcity fell to
nothing. The consequences ripple outward: Chinese smelters surviving on acid
and precious-metal credits and the hope of rivals’ closure; older smelters
elsewhere idled or threatened; miners, for once, holding the pricing power in the
midstream relationship; and the whole episode standing as the clearest sign that
the industry’s bottleneck has moved upstream - to the orebody, the permit and the
pit. When the fee for a century-old industrial service reaches zero, the market is
announcing, in the plainest terms available to it, where the next decade’s struggle
will be [C42][C33].
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PART X - COPPER AND SOCIETY
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Chapter 32 - Labour

Copper mining built one of the world’s archetypal industrial workforces, and its
labour history is written in three languages: the Cornish and later American hard-
rock tradition of the western mines; the Andean sindicato, the mine-union culture
of Chile and Peru that has bargained, struck and died in the Atacama for a century;
and the Copperbelt compounds of central Africa, where the mining companies
built whole towns of labour and the unions that grew in them eventually built
political parties - Zambia’s mine unions were the seedbed of its independence

movement, and a miners’ leader, Frederick Chiluba, became its president [C54].

That history’s American chapters are written in fire and deportation. In June 1917,
fire broke out in the Granite Mountain-Speculator mine above Butte, and 168 men
died in the smoke underground - the deadliest disaster in the annals of American
hard-rock mining, in the heart of the Anaconda company’s own town [C69]. Four
years earlier the Copper Country strike of 1913-14 had shown the pattern: months
of confrontation against Calumet and Hecla, and then, on Christmas Eve 1913, a
cry of fire in a hall with no fire - a strikers’ Christmas party at Calumet’s Italian
Hall - and seventy-three dead on the staircase, most of them children [C70]. At
Bisbee, Arizona, in July 1917, some 1,300 striking miners and their sympathizers
were rounded up at gunpoint, loaded into cattle cars and left in the New Mexico

desert [C71]. The leverage and the violence both ran deep.

The work itself has changed beyond recognition, and the danger has not left it.
The pit and the concentrator are machine workplaces now - a modern mine’s
headcount is a fraction of its grandfather’s for ten times the tonnage - but the
industry’s ledger of catastrophe still grows: seven workers killed in the Grasberg
mud rush of September 2025, six in the El Teniente collapse of July 2025, and
those in two of the best-capitalized operations on earth [C43][C46]. Mining’s

safety revolution is real and unfinished at once.
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The bargaining remains copper’s own. Because a mine cannot move and its ore is
wasting capital, the strike is copper labour’s ancient leverage, and the industry’s
calendar still pivots on the great contract negotiations - Escondida’s, above all,
whose union walked out for 44 days in 2017 and drove the world price up, and
whose pay talks are watched by the whole market as supply events [C54]. Wages
in the Chilean industry are the region’s benchmark; profit-sharing is written into
the contracts and the politics; and the pattern of boom-year militancy and slump-
year restraint is as old as the unions. Meanwhile the nature of the workforce drifts:
contractors replace payroll miners, automation empties the cab of the haul truck -
the first driverless fleets have run in the Pilbara iron country and their logic is
coming to copper - and the bargaining unit of the future may bargain over a

control room [C54].

Chapter 33 - The copper states

There is a small club of countries whose national accounts, currencies and politics
move with the copper price, and membership has been both fortune and affliction.
Chile is the exemplar: copper provides more than a tenth of GDP in good years
and over half of all exports [C76], Codelco’s surplus flows to the treasury, and the
finance ministry publishes its budget against a forecast copper price the way other
states publish against oil. Chile has managed the dependence better than most - a
stabilization fund, a structural-balance rule, sovereign savings - yet the
commodity’s hand is visible in every election and every constitution drafted in the

copper decades [C14].

Zambia is the warning. At independence in 1964 it was among Africa’s richest
countries per head, its Copperbelt one of the industrial wonders of the continent;
the long decline of chapter 26 made it a byword for the resource curse - the
economy that orbits one export until the export falls. The curse’s mechanics,
though, are institutional, not geological: copper did not impoverish Zambia; the
choices of spenders and borrowers did, against a price no one controlled.
Botswana managed diamonds, Chile manages copper, and the difference is policy,
which is why this book keeps its determinism for chemistry and gives politics to
people [C14].

The newest member is the Democratic Republic of Congo, whose copper exports
reached 3.4 million tonnes in 2025 by the provisional customs accounting - a
figure that measures shipments rather than mine output, but whose direction is
unmistakable. Congo’s version of the copper-state question is the rawest: whether
a state rebuilding from ruin can convert a foreign-financed mining boom into
public wealth, and on what terms it renegotiates the contracts signed in weaker
days [C47][C15].
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And there are would-be members at the door. Panama shut its one giant mine and
lost several points of GDP at a stroke - the Cobre Panama closure of November
2023 is the sharpest natural experiment in copper dependence ever run, and the
interministerial commission’s October 2026 report, recommending exploration of
a new contract with a restart designed around eventual closure, shows the country
feeling its way back toward the club [C45]. Mongolia’s budget rises and falls with
Oyu Tolgoi; Peru’s regions live on canon minero transfers. The copper state’s
dilemma is permanent: the metal is a windfall that behaves like an entitlement,
and every finance minister in the club knows the price will do the deciding in the

end.

Chapter 34 - Environment

Copper’s environmental ledger has four entries, and the honest way to read them

is in the order the industry meets them.

The first is the hole and the heap: the land itself. A great copper operation moves
more earth than almost any other human work, and it leaves the moved earth
behind - the pit, the waste dumps, and above all the tailings impoundment, where
the ground-up ninety-nine percent of the ore is stored wet behind dams that must
stand, in effect, forever. The tailings dam is the industry’s permanent liability and
the site of its worst modern failures; after the catastrophic iron-ore dam collapses
of the 2010s, the industry, the United Nations and the investors’ principles bodies
jointly wrote the Global Industry Standard on Tailings Management in 2020, and
every impoundment in the Andes and the Copperbelt is now engineered and
audited in its shadow [C55].

The second entry is the water. Copper processing is thirsty and its thirst lands in
dry places: the Atacama mines now run on desalinated seawater pumped a
hundred kilometres and two kilometres uphill; Andean and Copperbelt operations
negotiate their allocations against farmers and cities; and the chemistry of sulphide
rock adds the perennial hazard of acid drainage - exposed waste rock weathers to
sulphuric acid and dissolved metals, a leak that, once started, runs for centuries.
The Berkeley Pit in Butte, Montana, is the ledger’s monument: the great pit,
abandoned in 1982, filling forever with acidic, metal-laden water that must be
contained and, in time, treated in perpetuity to protect the groundwater of the
valley; a Superfund site where, in November 2016, several thousand snow geese

died after a storm grounded their migration on the toxic lake [C21][C49].
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The third entry is the air, which the smelting chapters have already opened: the
sulphur century of the old smelter towns, and the modern answer - capture,
convert, sell the acid - that made the modern smelter clean by the standards of its
ancestors while concentrating the question of where the acid and the arsenic end
up [C32].

The fourth entry is the newest and the most double-edged: carbon and the energy
transition. Copper mining and processing are energy-intensive - grinding above all
- and the industry’s carbon bill is real and audited by its customers now. But the
same metal is the indispensable material of decarbonization: the grid, the electric
car, the wind turbine all run on copper. The industry thus finds itself in the unusual
position of being both emitter and enabler, and its environmental argument - that a
tonne of copper’s emissions buy many tonnes of avoided emissions downstream -
is broadly true and carefully to be kept honest, mine by mine, grid by grid. The
balance is the subject of the demand chapters; the liabilities are permanent either

way.

Chapter 35 - Copper and power

Every strategic metal has its geopolitical decade, and copper’s has arrived. In
November 2025 the United States added copper to its official list of critical
minerals - a list copper had never been on, the metal having been for a century too
ordinary to be strategic. The designation formalized what the tariff battles of 2025
had already announced: copper is now read in Washington, Beijing and Brussels
as a security commodity, a bottleneck of the energy transition and the digital
buildout [C1][C41].

The geopolitics has a distinct shape because copper’s chain has distinct
chokepoints. Mine supply is concentrated in Chile, Congo and Peru; refining is
concentrated in China; and the West’s awakening consists of discovering that its
electrification plans run through both. The American Section 232 investigation
that produced the 2025 tariff was explicitly a supply-security instrument - its
proclamation aimed at rebuilding domestic semi-finished capacity - and its design,
taxing fabricated products while exempting cathode and concentrate, showed a
country trying to defend its manufacturing midstream without throttling its metal
supply [C41]. China’s position is the mirror: dominant in refining and fabrication,
import-dependent for ore, and securing the upstream the way it does everywhere -

with capital, offtakes and mine-building from Katanga to the Balkans [C15].
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Around the great powers, the resource states reprice. Panama’s commission,
Indonesia’s 2018 capture of Grasberg’s majority, the DRC’s contract reviews,
Chile’s royalty reforms: the pattern of the 2020s is hosts re-reading old bargains in
the light of record prices and strategic demand. The lesson of the nationalization
chapters stands over it all - ownership is negotiable, competence is not - and the
newest variable is the strategic buyer: governments now courting miners with the
ardour merchants once did, stockpiling, subsidizing, and writing copper into
industrial policy. Doctor Copper has been conscripted. Whether the metal’s new
strategic status accelerates the supply it celebrates - permitting the mines the
transition needs - or merely raises the walls around the supply that exists, is the

open question the final part of this book carries forward [C39][C18].
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PART XI - RIVALS AND FUTURE
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Chapter 36 - Substitution: the metal's rivals

Copper has never been the only way to conduct electricity or carry water, and its
markets live under permanent siege from cheaper alternatives. The siege is healthy
for buyers and sobering for forecasters: every projection of copper’s future has to

subtract what the rivals will take.

Aluminium is the principal rival, and its case is written in the properties of chapter
1. Per kilogram, aluminium conducts better than copper - it has a third the density
and nearly two-thirds the conductivity - so wherever weight rules and space is
free, aluminium wins: the high-voltage lines on towers are aluminium, almost
universally. Where space costs money - inside motors, transformers, building
walls - copper’s compactness has held the line. Between those poles lies a
contested margin that moves with prices: cable, busbar, air-conditioning tube, car
wiring and radiators have all changed hands, some more than once. The industry’s
own research adds a nuance worth keeping: the International Copper Association’s
substitution survey found the trigger to be the absolute price gap between the two
metals, not their ratio - substitution arrives when copper is expensive in dollars, at
whatever ratio - and it partly reverses when prices fall [C19]. The record run of
2024 to 2026 set off a fresh wave, with manufacturers from cable-makers to
carmakers qualifying aluminium designs; how much of that qualification becomes
permanent tonnage is one of the genuine unknowns in copper’s demand future

[C20].

The other rivals took their markets earlier and more completely. Optical fibre took
telecommunications: the copper pair that carried a voice for a century was
displaced in trunk routes from the 1980s and in the last mile thereafter, and the
great submarine cables are glass now, though they still carry copper for power.
Plastics took much of the plumbing market and the drainage trade wholesale -
PEX and PVC are the reason copper tube’s dominion is a memory in most new
housing. Stainless steel and titanium took slices of the heat-exchanger and
condenser business. Each displacement followed the same logic: a rival good

enough, cheap enough, and the copper tonnage gone for good [C35].

The lesson for the demand chapters is asymmetry. Substitution is mostly a one-
way ratchet working against copper, slow, price-gated, and bounded by physics -
you cannot substitute your way to a smaller motor - but camulative. The optimists’
copper forecasts all carry a substitution haircut, and the honest ones say how big

they think it is.
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Chapter 37 - The second mine

Above the world’s orebodies floats another copper reserve, already mined, already
refined, already paid for: the metal in use and the metal in the scrapyard. Copper’s
infinite recyclability - the metal loses nothing in remelting - makes this second
mine a permanent feature of supply, and its size is material: in the United States,
scrap has supplied about 30 percent of copper use for decades, and the world as a
whole draws a substantial and growing share of its refined metal from secondary
feed [C1][C7].

The second mine has two shafts. New scrap - the turnings, clippings and offcuts of
the fabricating industries - is clean, known, and barely leaves the loop: brass mills
and rod mills remelt their own waste continuously, and this is recycling at its most
efficient. Old scrap - the copper in demolished buildings, scrapped cars, dead
motors, obsolete cable - is the real prize and the real problem. It is dispersed,
contaminated, alloyed and entangled; recovering it means collection networks,
sorting, granulation, smelting in secondary furnaces, and refining to strip the tin,
lead and iron of a lifetime in service. The secondary smelter and the scrapyard are
old industries - the merchants of chapter 27 have traded scrap as long as
concentrate - but their economics are peculiar: scrap supply responds to price with
a speed mine supply can only envy, flooding out in booms as hoards are cashed,
drying up in slumps. Copper’s scrap elasticity is one of the market’s true shock
absorbers [C1].

The arithmetic of the future sets the second mine its limit. Recycling can only
return what was put into use a generation ago, and copper’s in-use stock is still
growing fast - which means tomorrow’s scrap flow, however efficiently collected,
is structurally smaller than tomorrow’s demand. The International Copper Study
Group’s accounting makes the point plainly: secondary refined production was
about 17 percent of world refined output in 2019, and even heroic collection
cannot close an electrification-scale gap on its own [C7]. The second mine will
grow, should grow, and cannot replace the first. That is not an argument against
recycling; it is the reason the supply question of the next chapter cannot be wished

away.
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Chapter 38 - The demand future: electrification

The case for copper’s next thirty years is usually told in one word - electrification
- and the word is doing real work. The energy transition is, materially, a
programme of replacing combustion with electricity, and electricity is copper’s
business. The International Energy Agency’s landmark study of critical minerals
put the grid at the centre: meeting announced climate pledges implies expanding
and modernizing the world’s electricity networks on a scale beyond anything since
their construction, with transmission and distribution growth implying a near-
doubling of annual copper demand from grids alone by 2040 in the Agency’s

sustainable-development scenario [C18].

The electric vehicle is the emblem. Where a combustion car carries some 23
kilograms of copper, the industry’s reference figures give a battery-electric car
about 83 - the motor windings, the battery’s current collectors, the busbars, the
wiring, before counting the charger and the grid reinforcement behind it; electric
buses run to several hundred kilograms. Those per-vehicle numbers come from the
International Copper Association’s reference studies and date from the late 2010s;
real vehicles vary, thrift engineering is shaving grams constantly, and the
association is an interested party - but the direction and rough magnitude are
corroborated by every independent teardown, and even halved they would be

material at the scale of tens of millions of vehicles a year [C48].

Generation and the digital buildout complete the triad. Wind turbines are copper-
intensive - offshore machines carry tonnes in their generators, cables and
substations; solar farms less so per megawatt but at vast scale; and the data centres
of the artificial-intelligence boom have emerged as a demand category nobody
forecast a decade ago - power chains, busbars, backup systems and the grid
connections to feed them. Against all this stands the arithmetic of thrift and
substitution of the previous chapters, and the honest forecaster’s humility: copper
demand has been confidently projected before, and the projections have been
wrong in both directions. What can be said without prophecy is structural: the uses
being added are electrical, the electrical uses are copper’s home ground, and the
world’s stock of copper in service per person is still rising - fastest in exactly the

countries where most people live [C18][C20].
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Chapter 39 - The supply question

Set against that demand is a supply pipeline with a lengthening shadow. The
industry’s reserve base is ample - 980 million tonnes in the USGS reckoning, with
billions more in identified and undiscovered resources - but reserves are not
projects, and the project’s path to production has grown longer and harder in every

dimension at once [C1].

Discovery has thinned. The great easy orebodies were found long ago - Escondida
in 1981, the Copperbelt a century before - and the exploration of the past two
decades, though technologically sophisticated, has yielded few tier-one
discoveries; Kamoa-Kakula stands out precisely because it is so exceptional.
Grades fall, depths increase, the next orebodies hide under cover that drilling must
reach through, and the discovery drought of the 2010s - years of slashed
exploration budgets after the bust - is now arriving as a project drought [C8][C15].

Development has slowed. The Oyu Tolgoi lesson - billions over budget, years late
- is joined by a universal permitting stretch: environmental review, community
consent, water rights, power and infrastructure now routinely consume a decade in
the established mining countries. The great producing regions add their own
constraints: Chile’s water and grades, Peru’s community conflicts, the DRC’s
governance, and everywhere the capital intensity of chapter 14 - eight, ten, fifteen
billion dollars for a tier-one mine is no longer remarkable, committed against an

unknowable price [C31][C45].

The result is visible in the market’s own arithmetic. The treatment-charge collapse
of chapter 31 is the smelters’ signal that mine supply is the bottleneck; the price of
2024 to 2026 is the metal market’s; and the forecasts, for once, largely agree - the
ICSG’s September 2026 assessment, reported at LME Week, framed the market’s
tightness against electrification demand, while the longer-range projections of the
energy agencies warn of mine supply falling materially short of transition needs in
the 2030s unless projects move [C39][C18]. The gap will be filled, as gaps always
are - by price, by substitution, by recycling, by projects today’s sceptics say
cannot be permitted - but the mix in which it is filled is the copper story of the

next twenty years.

Chapter 40 - Frontiers

When an industry’s known ground grows lean, it pushes at three frontiers, and

copper is pushing at all three.
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The technological frontier is processing. The industry’s longest-running research
problem is chalcopyrite leaching: the wet route of chapter 17 handles oxides and
secondary sulphides but balks at the primary chalcopyrite that constitutes most of
the world’s remaining copper, because a passive layer forms on the mineral’s
surface and strangles the chemistry. The passivation layer that strangles the
chemistry has its own research literature by now; solving it - economically, at
scale, in a heap - would unlock enormous low-grade resources currently economic
only by milling and smelting, and several contenders have reached demonstration
scale with proprietary chemistries [C56]. Alongside it run the adjuncts: coarse-
particle flotation to grind less, ore sorting to reject waste before the mill, in-situ
recovery - dissolving copper underground and pumping it out, proven at a handful
of Arizona sites and promised, for decades, to revolutionize everything - and the

automation and electrification of the mine itself [C56].

The geographic frontier is the deep sea, and it is the frontier the industry watches
with most ambivalence. The abyssal plains carry trillions of tonnes of polymetallic
nodules rich in nickel, cobalt, manganese - and copper; the seafloor massive
sulphides at the vents of chapter 8 are copper-rich by nature. The technology to lift
nodules has been demonstrated; the environmental case against disturbing
ecosystems science has barely begun to map is formidable; the legal regime, under
the International Seabed Authority, was still being negotiated at its sessions in
2026, with exploration contracts long granted but mining rules unfinished; and the
economics, against land ore that keeps being found, have never quite closed
[C56]. Deep-sea copper may arrive this century; it has been twenty years away for
fifty years [C56].

The third frontier is the oldest: the ground itself, looked at with new eyes. The
same geological machines that made the Andes and the Copperbelt run
underexplored elsewhere - beneath the gravel plains, under the ice margins, in the
jurisdictions that history kept closed. The discovery drought of chapter 39 is partly
a budget drought, and the exploration dollar, following the price of 2024 to 2026,
has begun to flow again. Copper’s frontiers have a way of being conquered just as
they are declared unreachable; the honest position is that nobody knows whether
the next Escondida is under cover in Chile or under the ice in Greenland, and the
drill will decide.

Chapter 41 - Bottlenecks

A book that has followed copper from the orebody to the wire can end its survey
of constraints with a list that is short because it is fundamental. Five bottlenecks
govern copper’s next decades, and none is the one the headlines reach for - the

crust running out.
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The first is the orebody itself, not in quantity but in quality: grade, depth, arsenic,
the geometry of the next generation of deposits, and the discovery pipeline of
chapter 39. The second is permission: the decade of permitting and consent that
stands between discovery and production in the countries with the rule of law, and
the governance risk that stands there in the countries without - the supply the
transition wants fastest is slowest to license [C31][C45]. The third is water and
energy, the physical inputs that dry provinces and strained grids must find for
mines that are, per tonne of copper, thirstier and hungrier every decade as grades
fall [C55]. The fourth is capital: the tens of billions that must flow annually into a
cyclical industry from investors who have been burned by every bust and are
courted now by every strategic government [C39]. The fifth is the midstream
balance, the mismatch of mines and smelters that the treatment-charge zero made
visible - a bottleneck that moves, and moves prices with it, depending on who
overbuilds next [C42].

None of these is insurmountable; all of them are slow. Copper’s future will be

decided less by any breakthrough than by how fast the slow things move.

Chapter 42 - Conclusion: the metal that conducts

This book began behind a painted wall, with the wire nobody thinks about, and it
can end there, because the wall now contains the book. The wire is chemistry - the
single loose electron of the group-11 atom that carries current with almost no
resistance. It is geology - the porphyry plumbing of a dead volcano that gathered
the metal into ore. It is history - the first metal won from rock by fire, the alloy
that named an age, the coin of Rome, the conductor of the telegraph. It is industry
- the pit and the concentrator, the flash furnace and the tankhouse, the merchants
and the ring. And it is politics - nationalized in three countries in five years,

cartelized never, tariffed and listed as critical in the strategic 2020s.

Three threads run through every chapter and tie the book together. The first is
concentration: nature scattered copper through the crust and then gathered it into a
few provinces, a few orebody types, a few giant mines - and human institutions
added their own concentrations, of refining in China, of demand in construction
and electrification, of pricing in one London room. Concentration makes
efficiency and vulnerability in the same act, and copper’s history is the working

out of both.
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The second thread is the bargain with the earth. On average, each tonne of copper
is won from more rock than the last generation’s tonne, at more cost in energy,
water, waste and negotiation - and every generation has so far answered with scale
and ingenuity enough to keep the metal abundant and, across the long cycles,
affordable. The falling grade is the book’s clock: it measures not the exhaustion of
copper but the rising price of ease, and it guarantees that the industry’s future

belongs to whoever masters the hard tonnes - deep, lean, dry, remote, contested.

The third thread is the mirror. Copper has no use of its own; it has the uses of the
civilization that buys it, and its fortunes have shadowed each of that civilization’s
enthusiasms - bronze weapons, Roman coin, cathedral roofs, telegraph wire, the
grid, the electric car. The metal now being called critical is the same metal that
hammered out beads at Cayonu nine thousand years ago; what changed is us, and
the book of copper is, in the end, a book about the demand for copper - which is to
say, about what the world is building. The world is building electrical things,
faster than it is building the mines to wire them. That tension, above all, is the

copper market of the coming decades.

Chapter 43 - A copper glossary

Anode. The impure copper plate, cast from blister copper at about 99 percent
purity, that dissolves in the refinery cell; also the raw traded form of unrefined

smelter output.

Anode slime. The mud of precious and rare metals - gold, silver, platinum group,
selenium, tellurium - that falls to the bottom of the electrorefining cell and feeds

the refinery’s precious-metals plant.

Blister copper. The product of converting, 98.5 to 99 percent pure, named for the

gas-blistered surface of the cast metal; the feed of the refinery.

Block caving. The underground bulk method in which an orebody is undercut and
induced to collapse under its own weight into drawpoints; the cheap way to mine

deep low-grade rock, and a commitment that cannot be paused.

C1 cash cost. The industry’s standard measure of direct production cost per pound
of payable copper at the mine gate, net of byproduct credits; the basis of the cost

curve that decides which mines shut in a slump.

Cathode. The finished product of refining, plates of 99.99-percent copper; the

deliverable form of the exchanges and the unit of the metal trade.

Chalcopyrite. CuFeS2, the most widespread copper mineral and the principal ore
of the great porphyry mines; about 34.5 percent copper when pure, and the

mineral whose resistance to leaching is the industry’s oldest research problem.
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Concentrate. The product of the mill: ground ore from which flotation has
separated a powder of 25 to 30 percent copper, the main traded intermediate of the

industry.

Cut-off grade. The copper content below which rock is treated as waste; the line

between ore and dump, redrawn by every change in costs and price.

Electrorefining. The final purification of blister copper by electrolysis, anodes
dissolving and pure copper plating onto cathodes over days; the source of the

anode slime.

Electrowinning. The plating of copper from leach solutions onto permanent

cathodes; the refinery step of the hydrometallurgical route.

Flotation. The concentration process in which reagent-coated copper mineral
grains attach to air bubbles and overflow as froth while waste sinks; the trick the

modern industry runs on.

Gossan. The rusted, leached, iron-stained cap over a weathered sulphide orebody;

the surface sign prospectors have read since antiquity.

Matte. The molten copper-iron sulphide, 50 to 70 percent copper, that is the

intermediate product of smelting and the feed of the converter.

Porphyry. The dominant class of copper deposit: a vast, low-grade, disseminated
mineralization formed in the plumbing of ancient volcanoes; source of most of the

world’s copper.

Porphyry’s rider. Informal for the byproduct metals - molybdenum, gold, silver,

rhenium - that porphyry deposits carry and that decide their economics.

Smelting. The pyrometallurgical reduction of concentrate through matte to blister

copper, burning off sulphur and slagging iron; the fire road.

SX-EW. Solvent extraction and electrowinning: the hydrometallurgical route -
heap leaching, organic extraction of the copper, and electrowinning to cathode -

that produces roughly a sixth of the world’s refined metal.

Supergene enrichment. The natural reconcentration of copper just below the
surface of a weathering sulphide orebody, forming a rich secondary blanket; the

desert districts’ geological gift.

Tailings. The finely ground, barren residue of the mill, stored wet in

impoundments; the industry’s permanent environmental liability.
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Treatment charge (TC/RC). The fee miners pay smelters to convert concentrate to
metal, quoted per tonne of concentrate and per pound of refined copper; the price
of the midstream, whose collapse to zero in 2025-26 marked the shortage of

concentrate.

Verdigris. The green corrosion products - basic copper carbonates and acetates - of

weathered copper; pigment, patina and protection in one.

77



