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Preface

We have quietly entered a new era, the Rare Metal Age. Th e 
products we use every day, from smartphones to cars, require 
a great number of hard- to- come-by metals, combined in in-
creasingly complicated amalgamations. Th is book shows where 
the ingredients that underpin our society come from, how they 
get to us, and how they impact the environment. I wrote this 
book in the hope that you, the reader, will consider the scope 
of our dependence on these metals and will recognize that our 
technology, as well as our economic and climate security, comes 
at a cost. How we plan to pay will aff ect our  future in ways many 
of us have not previously understood.

To develop this understanding, I’ve tracked the trail of 
these rare metals from mine to gadget and from gadget to re-
cycled aft erlife. I chatted with Japa nese salarymen in smoke- 
fi lled, back- alley restaurants in Tokyo; feasted on lamb and 
beer with Chinese offi  cials in Mongolian- style yurts; waded in 
the muck with miners off  the coast of Sumatra, Indonesia; and 
visited factories in a formerly secret Soviet town that once re-
fi ned uranium for nuclear weapons. Yet, although I traveled 
to some of the most rugged spots on the planet, my formal re-
search started at a far more genteel place: Japan’s Ministry of 
Economy, Trade and Industry in .
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At the time, I was a foreign researcher with the Council 
on Foreign Relations working from an internal cubicle on the 
ministry’s eleventh fl oor. While my perch lacked a view, I had a 
ringside seat to one of the greatest Asian resource battles of the 
past generation. China cut off  exports to Japan of a set of rare 
metals, called rare earth elements, during a territorial skirmish 
in the East China Sea. As I witnessed Japan’s rapid capitulation 
to many of China’s demands, I saw a new geopo liti cal trump 
card. Th e  battle over resources, which started when the fi rst 
person learned how to coax metal from stone, had expanded 
into a larger  battle— a war over the periodic  table.

My interest in rare metals was initially geopo liti cal. I 
spent years examining the nexus of natu ral resources and geo-
politics at an energy trading com pany, a Wall Street fi rm, and 
the natu ral resource division of the White House Offi  ce of 
Management and Bud get. I also managed a nonprofi t focused 
on  water in Africa. But I looked at commodities consumed in 
large quantities, and I learned that the small rare metal world 
is far more complex and removed from the scrutiny of com-
modities like oil, gas, and coal.

Th rough my research in a dozen countries and my meet-
ings with hundreds of miners, traders, scientists, and policy-
makers, I soon realized that geopo liti cal tensions  were only one 
of the impediments to meeting a country’s resource needs. Our 
rare metal supply lines— which ensure that the right metal of 
the right grade reaches the right location at the right time and 
at the right price— have become a marvel of modern effi  ciency. 
But these supply lines are precarious, and our increasing global 
demands will soon stress them further. Our high- tech, green 
society is built on a wobbly foundation.

Many have written about the economic and social eff ects 
of our international supply lines. Articles on abuse and mis-
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treatment of workers in sweatshops and factories now abound 
in the press. Business journals examine which countries profi t 
from the globalized supply chain of our electronic gadgets. 
Even coverage of the world’s electronic waste, burned in Af-
rica and Asia, has now entered the global discussion.

Th is book builds on those reports by examining the sup-
ply chain of the hidden rare metals that make modern life 
possi ble. Th ese metals permeate our lives, allowing buildings 
to soar and our tele vi sions to show vibrant colors. And because 
these metals are critical in green technology as well, they are the 
seeds of our sustainable futures, but, as a society, we know 
very  little about them. Th ey are buried deeply in our products 
and are indistinguishable to us from more well- known metals 
like aluminum and iron. Every age has its resources: iron pro-
vided weapons; coal, oil, and natu ral gas give light and power. 
Now ingredients like rare earth elements, indium and tungsten 
are critical in ways many of us have failed to grasp. Indeed, 
these rare metals may well be one of the most underreported 
areas of research  today, despite, as we will see, the increasingly 
economic and geopo liti cal advantage they confer.

It’s not just the metals themselves that remain mired in 
obscurity and secrecy; companies that use these materials of-
ten conceal their use,  behind the veil of patents and trade se-
crets. Even those working in se nior positions in many high- tech 
fi rms are not aware of the materials on which their operations 
are built.

Although I found unsavory aspects of the industry— 
illegal trade, unscrupulous mining, and environmentally nox-
ious metal processing— most  people in the business are decent. 
Th ey are striving to make a comfortable life for themselves 
and their families. But, compared to other industries with 
which I’m familiar, the rare metal world has an air of secrecy, 
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leading to a low level of trust. While the mining and trading 
of these metals is not a lawless realm, one would do well in 
this arena to abide by the Rus sian axiom, “trust, but verify.”

For this reason, one of the greatest challenges to writing 
this book was the lack of reliable statistics. Verifi able facts are 
hard to come by and oft en turn out not to be facts  aft er all, but 
someone’s guess that was repeated enough times to  etch itself 
into the industry as truth. Information reported in pop u lar 
media can be far from accurate. Statistics on market size vary 
wildly between industry sources. Even government trade fi g-
ures fall short; for example, China’s rare earth exports to Japan 
and Japan’s rare earth import statistics rarely align. In this situ-
ation, the absence of statistics can be as telling as the statistics 
themselves. Interviews with knowledgeable sources and time 
spent at mining sites globally  were invaluable to fi ll in gaps in 
my knowledge, but they inherently carry the risk of my seeing 
only a certain perspective.

In my quest to get to the inner circle of truth, I have done 
my best to be true to the sentiment I’ve heard in the market 
and have attempted to fi lter the information through an un-
biased lens. Figures, though, may be more estimates than ac-
tuals. And verifying black market data and activities relies 
heavily on the participants themselves and so data can be bi-
ased. Th e assumptions I make are my own. I have tried to make 
things  simple, for example, by standardizing terms when possi-
ble; I have used metric tonnes for the weight mea sure ment, 
but employed the U.S. spelling of the word “tons.” I also tried 
to use mea sure ments standard for the context; metals are sold 
by the ounce, fl ask, pound, and kilogram. Statistics in the book 
are as current as what was available at the time of writing, but 
since the industry publishes statistics infrequently, they may 
be less current than desirable.



Preface xiii

Th roughout the book, I use the term “rare metal” to refer 
to a set of metals mined in small quantities, oft en less than 
thousands of tons annually. Th eir use is, well, rare. However, 
there are also those metals that are geo graph i cally rare (such 
as tellurium) and another group of metals called “rare earth 
metals,” which, although not synonymous with the term “rare 
metals,” are a subset of them. Th e challenge was to use a term 
that conveyed limited use of these metals in relation to the use 
of other metals but also to emphasize their importance.

I also use the term “minor metal,” which is an industry 
standard description for metals in limited production and a re-
cently coined phrase “critical material” synonymously with 
“rare metal.” I take solace in the fact that the metal industry is 
not actually very good at labeling metals. Th e term “precious 
metal” refers to silver, but not to metals that can actually be 
more precious such as germanium or terbium. I also use “acids” 
as shorthand to refer to the complex chemicals used in metal 
pro cessing, but this also includes emulsifi ers, fl occulants, and 
other agents.

Th e book remains a work in progress; my time with it 
ended in early . Th ere is much more to write about recy-
cling, pro cessing, and the scientifi c properties of rare metals. 
As an observer, writer, and someone who dabbled in econom-
ics, the focus of the book may be short on scientifi c details for 
some readers. To be sure,  people spend their entire careers un-
derstanding the properties of just one ele ment, the mineral-
ogy  behind one ore, and the refi ning pro cess of a single metal 
powder.

My hope is that this book introduces you not only to the 
hidden ingredients in our high- tech, green, and military lives 
but also to the characters and stories  behind them, and that it 
explains the role of rare metals, including rare earth elements, 
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in our products and describes how  future demand for these re-
sources can shape the global economy and geopolitics. Th is 
book comes at a defi ning time when rare metals are increas-
ingly critical for high- tech, green, and military applications. 
Yet despite their prevalence, they are not understood. Just as 
cars made oil a staple of modern society, many of  today’s un-
heralded metals are likewise transformative to the products 
they fi nd themselves in. Th is means that the rare metal mar-
ket is one that demands far more scrutiny.

As you read this book I also hope you will refl ect on these 
elements’ power and promise, and the extent to which they are 
already embedded in your life. I hope you will see that the abil-
ity to harness the power of rare metals to make smartphones, 
for example, is as impressive as the phones themselves. It’s not 
hyperbole to state that the fate of the planet and our ability to 
live a sustainable  future in which technology can freely fl ow 
to the billions who do not yet have access depends on our un-
derstanding and production of rare metals and our avoidance 
of confl ict over them.



I
Metals, Metals Everywhere

Microsoft  CEO Steve Ballmer was incredulous. 
“Th ere’s no chance that the iPhone is  going to 
get any signifi cant market share. No chance,” 
Ballmer prophesied during a CEO Forum 

before Steve Jobs released the iPhone in June . But, by the 
end of the fi rst week of sales, most storeroom shelves  were 
bare; Apple and its AT&T partner sold hundreds of thou-
sands of phones. Th e com pany was fast on its way to taking 
more than   percent of the smartphone market within just a 
few months.

To those who waited in line outside Apple stores for a day 
or two to snap up the fi rst phones—or paid  others hundreds 
of dollars to wait for them— the iPhone was a revolution, the 
stuff  of dreams. Although smartphones had been out for a few 
years, Jobs’s phone, they believed, was set to be the smartest. 
Some in the media labeled it the “Jesus Phone” because of the 
religious fervor surrounding its launch and the blind faith that 
Jobs’s new gadget would create not just a better phone, but a 
product that would reshape  everything that followed it.
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As is now legend, the phone banished number buttons 
and the physical keyboard. Instead the iPhone became the fi rst 
mainstream product to rely on a “multi- touch” glass screen— a 
highly functional screen that allows the tapping, sliding, and 
pinching that are now second nature for writing e- mails, de-
termining directions, and hailing a cab. Jobs himself com-
mented, “It works like magic.”

While Jobs’s creative genius is beyond mythical, some-
thing greater was at play. Lost in the hubbub of new features 
and beyond the phone’s power ful yet  simple design was the 
most remarkable characteristic of iPhone— the reason why a 
power ful device can sit comfortably in the palm of your hand—
it relies on nearly half the elements on the planet.

Th ese metals are the reason that devices are getting 
smaller and more power ful. For Jobs, the “magic” in his glass 
is due to a dash of the rare metal indium, which serves as the 
invisible link, a transparent conductor between the phone and 
your fi n ger. A dusting of europium and terbium provides bril-
liant red and green hues on the screen, specks of tantalum reg-
ulate power within the phone, and lithium stores the power that 
makes the phone mobile. Rare metals are also crucial to man-
ufacturing the iPhone’s components: cerium buff s the glass 
smooth to the molecular level.

To be sure, the iPhone was far from the fi rst or only prod-
uct to rely on rare metals. In fact, the increasing use of rare 
metals correlates well with the sale of Apple and other com-
puter products, which began some thirty years earlier. But 
Jobs’s drive for smaller, more power ful gadgets led his com-
pany to increasingly harvest the complete palate of materials 
on the periodic  table and deliver them to the masses. What’s 
more, the iPhone’s commercial success transformed our ex-
pectations of our gadgets. It spurred new industries, including 
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mobile apps and tablets, making the power of rare metals in-
dispensable not just in smartphones but in a myriad of new 
technologies. Jobs not only lived up to his word of reinventing 
the phone, he helped reinvent the world’s resource supply lines. 
In the pro cess, he also helped bring forth the dawn of a new 
era: the Rare Metal Age.

Rare metals are everywhere— really everywhere— from soar-
ing bridges to earphone buds. Th ey are in couches, camera 
lenses, computers, and cars. But they are rarely used alone or 
as the primary material. In essence they fi ll a role similar to 
that of yeast in pizza. While they are only used in small 
amounts, they’re essential. Without yeast there’s no pizza, and 
without rare metals there’s no high- tech world.

We lack awareness of them because we never directly buy 
them as we do other commodities such as gas or corn. Rare 
metals are buried away in components that are essential to 
almost every gadget we use, like the rare earth permanent 
magnet. While the production of permanent magnets is ap-
proximately a mere $ billion market  today, if we  were to add 
together the value of all industries that rely on these magnets— 
automobile, medical, and military— the sum would reach tril-
lions of dollars.

To paraphrase a slogan of the chemical corporation 
BASF, rare metals don’t make the products we buy; they make 
the products we buy smaller, faster, and more power ful. Th ey 
made Jobs’s iPhone thinner, more functional, and more mo-
bile. Th is is because each rare metal has its own characteris-
tics that serve very specifi c functions. For example, it can be 
malleable (indium), ductile (niobium), toxic (cadmium), radio-
active (thorium), or magnetic (cobalt), or it can melt in your 
hand (gallium). And like characters in the X- Men comics, they 
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all have their own superpowers. Terbium produces more 
 vibrant light in tele vi sion; dysprosium and neodymium 
make incredibly strong magnets possi ble; antimony helps 
resist fi re. 

Among the elements in the periodic  table, roughly two- thirds 
are metals or metalloids, elements like silicon that share some 
characteristics of metals and nonmetals, and are most valuable 
because of their semiconducting properties. Of these, mines 
produce millions of tons each year of the best- known metals, 
like copper and zinc, which are called “base metals.”  Others, 
like gold and silver, have retained value for centuries, hence 
their name “precious metals.”

Rare metals are in an umbrella category for almost all 
other metals. Th eir defi ning feature is that they’re consumed 
in small quantities, hence “rare” when compared to base met-
als. On average, the world consumes individual rare metals 
in the hundreds or thousands of tons annually— the annual 
production of each can fi t into just a few rail cars. By com-
parison, miners produce about . million tons of copper an-
nually. According to data from the U.S. Geological Survey, if 
you add up the annual consumption of all materials that are 
considered rare, the amount would be substantially less than 
the quantity of copper consumed every year. Th e label “rare” 
does not mean that these metals are all geologically scarce. 
Indeed, some are plentiful.  Others are abundant but seldom 
found in concentrations high enough to be mined profi tably. 
To complicate labeling matters further, some in the industry 
call them “advanced” or “technology” metals because of their 
prevalence in electronic applications.  Others call them “strate-
gic” or “critical” because of their irreplaceability in their ap-
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plications. Th ose who trade these materials alternatively call 
them “minor.” Th roughout the book I use these previous 
words interchangeably. (I also use the term “materials” instead 
of “metals” because in many cases it’s not the pure metal that’s 
traded, but a less- refi ned derivative of it.)

Rare metals also encompasses rare earth elements, a set 
of seventeen atomically similar metals, which gained interna-
tional attention in , when fears of Chinese monopolistic 
control of production and export restrictions drove prices up 
nearly tenfold. Rare earth elements are a mere subset of rare 
metals but they share many of the same market dynamics. For 
example, many rare metals, like rare earths, must undergo 
challenging refi ning techniques. Th ey are also traded in back-
room deals rather than on open exchanges like other commod-
ities such as oil.

If naming them is a challenge, classifying which metals 
are “rare” is even more problematic. Even the Minor Metals 
Trade Association, the or ga ni za tion that trades these  metals, 
lacks a standard defi nition. By its count, members now trade 
forty- nine rare metals as in Figure , up from eight just three 
de cades ago when manufacturers bought only a handful of 
them. (Many insiders  can’t even agree as to what is a rare metal 
and quibble about  whether a specifi c metal should be labeled 
as such.)

But don’t let the lack of an encompassing term or the 
small production levels fool you into underestimating their 
economic and geopo liti cal importance. Th ese tiny quantities 
of metal have fostered incredible technological change. Rare 
metals are the base of our modern high- tech, green, and mili-
tary industries. Rare metals are no less transformative than 
oil or coal. Th ey will increasingly deserve the same attention 
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Figure . Minor Metals Trade Association’s list of minor metals. 
Courtesy of Minor Metals Trade Association (MMTA).

we aff ord fossil fuels, meaning those who control and manage 
their production and trade will increasingly reap outsized 
economic and geopo liti cal fortune. And yet, unlike oil or 
coal, they are oft en more limited in supply and far more com-
plex to produce, and they originate from just a few places 
on earth. Many have such unique properties and uses that 
they cannot be switched out for cheaper or more abundant 
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alternatives. Our reliance on rare metals is not just an ab-
stract geopo liti cal issue or a topic of concern only to material 
scientists. It is a potential source of confl ict. But it was not al-
ways this way.

Only some  years ago, nearly all of the materials in a 
person’s home originated from a nearby forest or quarry. By 
the s, with more developed supply lines and an increased 
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demand for consumer appliances, the average American home 
used around twenty elements. Since then, material scientists 
have led a quiet revolution transforming the products we use 
and the materials that allow them to work. In the s Intel 
used only fi ft een elements to build its computer chips. Now the 
com pany demands close to sixty elements.

Th e transformations in the products we use appear sub-
tle to the untrained eye. Modern lights, for example, emanate 
a hue slightly  diff erent from that of their pre de ces sors. But 
these slight changes in tone mask a profound change in re-
sources. Whereas Edison’s lightbulb contained a  simple metal 
fi lament, the resources in  today’s LED lights are more akin to 
computer hardware, powered by gallium, indium, and rare 
earth elements. Th is new set of elements and the applications 
that sprang from them, makes the products of  today far more 
sleek than those of a generation ago. In the s, when Maya 
Lin, the designer of the Vietnam Memorial in Washington, 
DC, asked Steve Jobs why he made clunky computers instead 
of thinner ones, he responded that he was waiting for the tech-
nology to build them. What he  really waited for was the time 
when material scientists would unlock the properties of rare 
metals and bring forth the fl at screen.

Today, our daily individual purchasing decisions and the 
technology we use have signifi cant ramifi cations on our rare 
metal supplies. Unfortunately, we have thought  little about that 
connection between ourselves and these resources. While rare 
metals have been around since the beginnings of time, most 
 were just discovered in the past few hundred years, and some 
just in the past  century.  Today, companies are using elements 
that scientists dismissed as mere impurities de cades ago. 
Over the past thirty-fi ve years, mining companies have pro-
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duced four times more of many, if not all, rare metals than 
they produced from the dawn of civilization  until .

It is the properties of rare metals like neodymium and 
dysprosium in the hardware of our gadgets that form the bed-
rock of new ser vices that have revolutionized our lives. Th e 
media shower praise on the Silicon Valley innovators but the 
credit for our tech existence must be shared. What makes tech-
nologies from Google to Alibaba work is the proliferation of 
rare metal– laden technologies in our pockets. Th at so many 
 people have smartphones generates new markets. But without 
de cades of work by nameless mining engineers, metallurgists, 
and material scientists, Uber and Facebook would never have 
become  house hold names. (Th erefore, it’s hardly ironic that, 
in the s, Jobs bought the  house of a mining and metallur-
gical engineer who had earned his wealth more than fi ft y years 
before him.)

Th ese rare metal digital technologies have transformed 
not only the ways we travel, communicate, and shop but also 
our expectations. We have come to demand that technologies 
will become cheaper, more accessible, and more advanced each 
year— and that they do far more than many once thought 
possi ble. Although the multiple functions of our new gad-
gets appear to come with the opportunity to use fewer raw 
materials— aft er all, the iPhone is a computer, book, and  music 
player— the reality is we use far more total resources. We don’t 
realize this dynamic because we pay  little attention to the in-
creasing complexity inside our gadgets. Nor do we understand 
the tenuous supply lines that support our habits. Many of us 
simply wait for the next version of the iPhone and line up to 
buy it. Few understand the wondrous properties of rare met-
als that have made small, power ful devices inexpensive enough 
that billions of  people can aff ord them. Rare metals now 
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 underpin our lifestyle. Indeed entire industries, like apps, and 
the foundation of many economies, are built on them.

Look at the infl uence of Jobs’s phone: iPhone sales are 
now so large that analysts state that they increase the GDP of 
the United States and Taiwan, where many of the parts are 
made, as much as half of a  percent. And they have resurrected 
Apple’s fortunes. By , sales of the iPhone totaled more than 
half the com pany’s revenue. Add in its sibling, the iPad, and 
around three- quarters of the com pany’s revenue springs from 
the iPhone technology. Th e invention transformed Apple from 
the eighty- fi ft h biggest com pany in the world, to the largest, the 
very largest, in just fi ve years, overtaking ExxonMobil. Apple’s 
ascendancy over Exxon refl ects a new reality: the world is fast 
becoming as dependent on rare metals as it is on oil.

Society was once bifurcated: the wealthiest   percent histori-
cally consumed more than   percent of the resources. Or as 
the anthropologist Jared Diamond put it in , each person 
living in a developed country consumed thirty- two times more 
material than one in a developing country. When most of the 
world lived in developing countries, seemingly endless re-
sources fl owed to wealthiest ones. But that is changing— not 
because the wealthy are consuming less, but because everyone 
is consuming more. Th is is in part because wealthy countries 
have adapted to a high- tech, yet disposable lifestyle. Th ey have 
paved the way for the entire world to live similarly without 
considering the global resource implications.

When research took me to Jakarta, Indonesia, I was 
struck by the number of cranes dangling over towering, hol-
low concrete shells. Th ese budding high- rises peered over 
slightly shorter ones constructed just a few years before. Th ese 
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new buildings will provide homes for increasingly wealthy, 
upwardly mobile Indonesians who are striving to live the 
technological- advanced dream, with all its attendant accoutre-
ments. Th e  people of Indonesia will be no  diff erent from the 
billions of  others in the developing world, from South Ame rica 
to China, who are heading  toward the same resource- intense 
existence. Th is means the global demand for metals, especially 
rare ones, will increase as countries follow a well- worn eco-
nomic path. As  people move from farms to better- paying jobs 
in cities, which necessitates the building of bridges, subways, 
and more power plants to supply electricity to charge  people’s 
smartphones and laptops, metal demand skyrockets.

How much more is needed? No one is sure. But the 
growth of steel consumption may be a relevant proxy. In South 
 Korea, steel demand per person grew more than fi vefold as 
the income of individual Koreans increased from $, to 
$,. Likewise in China, the country consumed about one 
kilogram of steel per person when   percent of the popula-
tion lived in cities, but jumped to more than fi ve kilograms 
per person when    percent lived in urban areas, much of 
this for infrastructure. Because China plans for   percent 
of its  people to live in cities by , this means China will 
need even more steel. While this infrastructure needs more 
rare metals, the wealthier city can aff ord more gadgets which 
will compound demand for rare metals.

Based on our current rate of rare metal resource produc-
tion and our consumption patterns, we won’t have the dys-
prosium necessary to build magnetic resonant imaging (MRI) 
machines; yttrium critical for military radar; or the tungsten 
for oil exploration drill bits. New high- tech inventions will 
only add urgency to expand our limited supply chains, mean-
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ing the  future supply of materials for our gadgets is at stake. 
Numerous recent government and think tank studies highlight 
the risk of shortages over the next de cade and some even lon-
ger. Th e American Chemical Society fi nds that over the next 
 century, forty- four of the ninety- four naturally occurring 
elements face supply risks. While production levels of many 
elements will rise to meet demand, their report highlights a 
real concern.

Th e  future of our high- tech goods may lie not in the lim-
itations of our minds, but in our ability to secure the ingredi-
ents to produce them. In previous eras, such as the Iron Age and 
the Bronze Age, the discovery of new elements brought forth 
seemingly unending numbers of new inventions. Now the com-
binations may truly be unending. We are now witnessing a fun-
damental shift  in our resource demands. At no point in  human 
history have we used more elements, in more combinations, and 
in increasingly refi ned amounts. Our ingenuity will soon out-
pace our material supplies.

Th is situation comes at a defi ning moment when the 
world is struggling to reduce its reliance on fossil fuels. For-
tunately, rare metals are key ingredients in green technolo-
gies such as electric cars, wind turbines, and solar panels. 
Th ey help to convert  free natu ral resources like the sun and 
wind into the power that fuels our lives. But without increas-
ing  today’s limited supplies, we have no chance of developing 
the alternative green technologies we need to slow climate 
change.

Our demands are now pushing against the bounds of 
what we can sustainably produce. Fluctuations in the com-
plex supply line will aff ect society in unpredictable ways. 
New supplies of dysprosium could speed the development of 
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highly effi  cient wind turbines, and conversely, a lack of it could 
drive up the cost of hybrid vehicles. It’s no understatement to 
say that our use of rare metals will determine the fate of the 
planet.

Back in the Iron Age, a new set of strong iron weapons enabled 
those who mastered the art of turning stone into metal to con-
quer their neighbors.  Today, although the weapons have 
changed, the situation is much the same: those who can master 
the elements make stronger foes. Th e diff erence is that whereas 
throughout history  people have relied on metals to make weap-
ons such as swords stronger and harder,  today rare metals 
make weaponry smarter. Consider, for example, new missile 
weapon systems like Israel’s Iron Dome, which gives a glimpse 
of what may be possi ble over time.

When a rocket fl ies  toward an Israeli town, the system’s 
computers and sensors decide within milliseconds when and 
where to launch a precision- guided missile to intercept it. By 
, the Iron Dome had reportedly knocked out upward 
of   percent of the rockets headed  toward Israeli cities, sav-
ing an untold number of lives and altering the nature of 
warfare.

A few de cades ago, a system like the Iron Dome, as well 
as any precision- guided missiles systems and even drones,  were 
the stuff  of science fi ction.  Today’s technology relies on ad-
vances in radar, computers, and guidance systems. And at the 
core of each component lies rare metals. While the exact com-
ponents of the Iron Dome are classifi ed, the system, as any 
such sophisticated system  today, must make abundant use of 
rare metals. Its computer screens use indium; rare earths are 
in the fi n actuators that guide the missiles; and microchips full 
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of rare metals drive their computers. Th ese metals underpin 
complex weapons systems and ultimately a country’s national 
defense.

For years, companies and countries took their rare metal 
supply lines for granted, unaware of the material makeup of 
their products. In fact, in , Congress forced the U.S. military 
to research its supply chains because the Pentagon was having 
diffi  culty determining which advanced metals it needed. As 
the materials that make up product components have become 
more varied and complex, those who rely on sophisticated 
hardware can no longer aff ord to remain in the dark.

Now, corporate and government leaders are realizing 
how im por tant rare metals are. Indeed, eff orts to secure rare 
metals have sparked a war over the periodic  table. In offi  ces 
from Tokyo to DC, in research and development labs from 
Cambridge, Mas sa chu setts, to Baotou, China, and in strategic 
command centers the world over, new policies and the launch-
ing of research programs are ensuring that nations have access. 
Th e strug gle for minor metals isn’t imminent; it’s already  here 
and is shaping the relationship between countries as confl icts 
over other resources did in the past.

Just as the Cold War split the world along ideological 
lines, this new strug gle will create fi ssures between those who 
have access to rare metal resources and those who do not. Be-
cause  whole industries are built on just a few rare metals, dis-
ruptions to their supply can have profound global implications 
and give countries tremendous leverage. Billion- dollar com-
panies are oft en beholden to just one country such as Congo 
or Kazakhstan—or even one par tic u lar mine— for a vital ad-
vanced metal. For most companies it’s “diffi  cult, if not impos-
sible, to trace the minerals’ origins,” as the computer 
manufacturer Dell notes. Such lack of transparency is hardly 
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a fail- safe situation when companies oft en need hundreds or 
thousands of components or more.

Th is book is the fi rst of its kind to explain what rare metals are, 
where they come from, and how they are used. We will meet 
miners, investors, and material scientists as we explore these 
metals and the seemingly unlimited opportunities they off er 
us. You will understand minor metals’ complex supply web 
that begins on a hillside in Chile or on the edges of a Congo 
jungle, where  people toil with  simple shovels and picks, and 
ends on your desktop, in your pocket, or on a military base.

We will see the increasing importance of rare metals 
through the past  century. Just as dependence on oil forced 
many countries into uneasy relationships with oil- rich regimes, 
now metal- rich countries like Rus sia and China have a new 
hold on trading partners. And some have begun to fl ex their 
muscles as China did in , when it restricted the export of 
rare earth elements to Japan. In fact, the role of China and its 
control over rare metals is an im por tant theme that plays 
throughout this book.

We will track the journey of these materials from rock 
to metal and come to understand how rare metal supply lines, 
which may appear similar to those of iron or oil, are far more 
complex. Th ey are oft en dominated by a few entrenched sup-
pliers and can take more than a de cade to establish. Th is means 
that although higher prices will oft en bring on new supply, the 
principles of supply and demand do not work in a timely fash-
ion. Inventions of new high- tech products can create resource 
demands far more quickly than suppliers can increase supplies, 
leading to price spikes.

What’s more, because the cost of starting new projects is 
exorbitant, ju nior mining companies oft en spend more time 
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looking for fi nancial resources than for mineral ones. But those 
are just the fi rst obstacles. Receiving regulatory approvals, cre-
ating the refi ning techniques to coax the metal from the min-
erals, and predicting demand can vex even the savviest mining 
com pany executive.

When companies can overcome those hurdles and pro-
duce rare metals, their material enters a channel of small 
trading shops where secrecy reigns and a reliable delivery is 
prized. A transparent market benefi ts those who produce the 
metals and those who buy them because it establishes clear 
prices, but it hurts the trading business. Traders’ profi t comes 
not only from the metals they peddle but also from their mono-
poly of information. Th ere are profi ts in obscurity.

Th e  future market looks bright for these traders, as we 
will see, because high- tech goods are getting cheaper, green 
products are more in demand, and countries are spending 
more on defense. Th e proliferation of cheaper rare metal– laden 
technology is colliding head-on with the increasing purchas-
ing power of  people in even the poorest communities. Th is can 
create surreal scenes—in places that have no clean  water or 
paved roads,  people have phones and TVs— but it also sows the 
seeds of a high- tech lifestyle in new lands.

As demand for these rare metals grows, it is im por tant 
to understand the environmental and geopo liti cal eff ects of in-
creased production. Whereas the total environmental impact 
of producing rare metals is small in comparison to producing 
traditional commodities, the impact per kilogram (or pound) 
is far greater because of the quantity of chemicals and energy 
needed to refi ne the metals. And with  little oversight of oper-
ations in some countries, the production of rare metals can be 
ruinous to the surrounding communities. Despite the envi-
ronmental challenges, it’s a risk that countries like China take 
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because rare metal production will confer economic and 
geopo liti cal benefi ts that  were previously reserved for more tra-
ditional commodities. As we will see, some countries, such as 
Japan and Germany, are realigning their relationships to en-
sure a reliable supply of rare metals.

Th e challenge is to produce and use rare metals effi  ciently 
while at the same time developing a sustainable supply chain. 
It is something we can do only if we both understand our use 
and dedicate ourselves to thinking about solutions, as this book 
does in its fi nal pages. Other wise we will repeat past mistakes: 
we once averted our eyes from the challenges of relying on 
fossil fuels, and now we are at risk of ignoring the dangers of 
relying too much on too  little. And there are glimpses of the 
challenges that lie ahead, especially when the world relies on 
very rare metals from very remote places.



II
National Struggles

Mineral Veins and  Battle Lines

During his thirty- one years as Zaire’s president, 
Mobutu Sese Seko plundered the country’s re-
sources. He amassed billions of dollars to fund a 
lavish lifestyle and to dole out to supporters. In 

, almost thirteen years  aft er coming to power, when Soviet- 
backed rebels from Angola seized the Katanga region, known 
for its rich cobalt deposits, and challenged his control, Mobutu 
was quick to send in the military.

Th e ensuing  battle choked off  cobalt supplies to much of 
the world. Th e price of the rare metal— essential for permanent 
magnets in electric motors and heat- resistant alloys in jet 
engines— spiked to more than $ per pound from $ per 
pound in less than a year. Manufacturers scrambled for sup-
plies. With the price so high, in fact, producers found it prof-
itable to transport the silver- blue metal by air from the metal 
pro cessors, when traditionally they had shipped it by boat.

Rumors spread about greater geopo liti cal battles at play 
beyond the jungles of Africa. A few months before the rebels 
seized Katanga, the Soviet Union bought massive quantities of 
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cobalt from Congo for its military- industrial needs. Th is move 
surprised many metal traders and si mul ta neously raised fears 
in government circles, especially in the United States, which 
relied on Zaire for    percent of its cobalt. Other rumors 
swelled that the Soviets wanted to take over the global cobalt 
market, hoarding supplies and crippling U.S. industries. A few 
years  later, the secretary of state, Alexander Haig, said he 
thought the Soviet Union had started a resource war, and Zaire 
was the fi rst  battle.

Some industries, such as paint manufacturing which 
used cobalt for pigment, shift ed away from using it because 
substitutes  were easy to fi nd.  Others tried to reengineer their 
products to eliminate cobalt, a strategy that oft en meant using 
less eff ective materials and led to higher prices for inferior 
products. Th e shortage spooked military planners and aviation 
executives since they had no substitute for cobalt alloys in new 
jet engines and other military applications. But it may have 
been cobalt’s use in permanent magnets that created some of 
the greatest challenges.

First used in the s, cobalt permanent magnets quickly 
found their way into military applications such as micro wave 
communication systems. Over the next de cade, they made 
their way into small motors because they  were tiny and could 
be formed into a variety of shapes. Permanent magnets are use-
ful to system designers because they sustain a strong fi xed 
charge over an indefi nite period of time while expending no 
energy in the pro cess. At the time, no one knew  whether co-
balt magnets could be replaced, and if so, with what.

Th e fact that war disrupted mineral trade is neither sur-
prising nor new. But it was new that a small insurgency, in a 
far- off  land wreaked havoc upon the world’s largest companies 
by cutting off  most of their supply of a seemingly trivial metal. 
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Th e cobalt fi ght highlighted the tenuousness of vital military 
supply lines, which had come to rely on rare metals. Fortu-
nately for those who relied on cobalt, Mobutu regained control 
of the mines, and si mul ta neously a global recession reduced 
demand for cobalt and reduced its price. But the confl ict had 
started a scramble to replace cobalt.

Th e widespread use of a rare metal whose production comes 
from an unstable source, as in the case of Zaire, may seem 
shortsighted, but what is myopic to the diplomat can be genius 
to the material scientist. Th e decisions about which ingredi-
ents to use in our devices come down to which materials can 
solve technical challenges, not which metals are in abundant 
supply.

Th is was the case when Masato Sagawa began work as a 
ju nior research scientist at the Japa nese electronics  giant Fu-
jitsu, about fi ve years before the Congo confl ict. Although he 
had never taken much interest in magnets during his doctoral 
studies, let alone cobalt, his task at Fujitsu was to strengthen a 
samarium- cobalt magnet that kept chipping. Over the course 
of the pro ject, the young scientist grew enamored with magnets, 
staying late at the lab to better understand their composition.

He knew cobalt alone  couldn’t create a permanent mag-
net, but mixing it with the rare earth ele ment samarium could. 
Samarium helps form a unique crystalline atomic structure 
that assists in aligning smaller magnetic fi elds of individual 
atoms. Th is creates a strong, permanent magnet.

Sagawa thought that he could apply the same theory to 
make a permanent magnet out of iron and a more abundant 
rare earth, neodymium. Th is new magnet  wouldn’t face the 
price and supply limitations of cobalt and samarium. He be-
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lieved it might even be stronger than existing magnets because 
iron had a more power ful magnetic disposition than cobalt. 
Sagawa started working on his neodymium- iron magnet in 
, spending weekends and nights at work and rarely seeing 
his newborn child. But by January , he still had no suc-
cess and the obstacles appeared formidable.

Masaaki Hamano, a leading permanent magnet re-
searcher of the day, commented during a conference Sagawa 
attended that the iron–rare earth magnet, like the one Sagawa 
was working on, was impossible because the distance between 
the iron atoms was too small to allow for proper spacing to 
form a magnet. But this presumed impossibility inspired 
Sagawa’s solution—he would create more space between the 
iron atoms by adding boron to the rare earth–iron mix. With 
its smaller atomic size, boron increased the molecular distance 
between atoms by shoehorning itself in the spaces between 
them.

As the war raged in the Congo, the newly inspired Sagawa 
continued his eff orts while unbeknownst to him, materials sci-
entists in corporate and military labs  were blazing a similar 
trail to reduce the world’s reliance on Zaire’s cobalt. But Saga-
wa’s concern at the time was more parochial: not competi-
tion, but temperature.

Magnets are fi nicky—if they get too warm, beyond what 
is known as the Curie temperature, they lose their magnetism. 
Sagawa’s magnets  were losing their magnetic properties at such 
a low temperature that it would preclude their use in (hot) 
motors. Sagawa quickly discovered that removing a  little neo-
dymium and adding dysprosium helped his magnet to retain 
its magnetism over a wider range of temperatures—up to  
degrees Celsius. Th is was high enough to allow for a broad 
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range of potential applications. He’d done it: created a strong, 
permanent magnet without using cobalt or samarium. Th ere 
was just one prob lem.

Dysprosium was a rare earth ele ment, geologically 
scarcer than even samarium or cobalt, and with far more sig-
nifi cant supply- chain problems of its own. Few places produced 
the material. Sagawa told me its addition to the mixture was 
meant to be temporary. Relying on such a rare metal produced 
in large part in China, he thought, would be problematic. He 
was right.

A  little past : on the morning of September , , a Japa-
nese Coast Guard vessel in the East China Sea spots a large 
Chinese fi shing trawler off  the coast of islands, known as Sen-
kaku in Japa nese and Diaoyu in Chinese. Th is was not the fi rst 
time Chinese boats had entered an area governed by Japan. In 
fact, this was slowly becoming a common occurrence that 
stretched back to , when thirty- eight Chinese fi shing boats, 
some outfi tted with automatic weapons, sailed into the dis-
puted area.

Th e Japa nese have  little tolerance for incursions in the 
Senkakus as their claim to the islands goes back to  when 
the country annexed them following the Sino- Japanese War. 
When you ask Japa nese offi  cials about the territorial dispute, 
they will look at you askew; for them, there is no territorial 
dispute. “It’s our land,” one government offi  cial told me. It 
was almost insulting for him to answer my question, similar to 
asking an American diplomat  whether Hawaii is part of the 
United States.

But more recently China has asserted claims to these is-
lands extending hundreds of years earlier. Both countries 
support their assertions with  diff erent maps and nationalist 



National Struggles 

zeal that allow  little wiggle room for a diplomatic solution. Th e 
dispute is wrapped up in a morass of misunderstanding, one- 
upmanship, and an eye  toward resource security due to the 
rich resources nearby.

On that morning, the Japa nese vessel named the Yon-
akuni pulls alongside the thirty- seven- meter Chinese trawler 
blaring messages to the crew in Chinese from loudspeakers, 
“You are inside Japa nese territorial waters. Leave these waters.” 
As videos  later leaked by a naval offi  cer that day show, instead 
of leaving, the Chinese boat bends  toward the stern of the 
larger Japa nese cutter, hitting it and sailing on. Forty minutes 
 later, another Japa nese boat pulls beside the Chinese trawler 
to fi nd a handful of  people on deck and the forty- one- year old 
shirtless captain standing outside the bridge with a cigarette 
dangling from his lips. Th e drone of sirens, the demand for the 
boat to leave the area, and a rolling video camera onboard 
the Japa nese vessel had no eff ect. Th e captain enters the bridge 
and once again veered the trawler into the Japa nese ship, caus-
ing a larger collision.

Since World War II, the Japa nese government has at-
tempted to balance diplomatic sensitivities with fi rm defense 
of its territory. Tokyo has been able to manage these incursions 
with  little fanfare. In previous cases, Japan  either escorted the 
ships away from the island or took the off enders into custody 
and quickly deported them. But, in , the Japa nese re-
sponse was  diff erent. Th e Demo cratic Party of Japan had re-
cently come to power and was not well versed in international 
protocols. While the previous ruling party, the Liberal Demo-
cratic Party had, over the years, ruffl  ed the feathers of Chinese 
leadership with provocative actions, it had avoided high- 
stakes territorial brinkmanship during its fi ft y- fi ve years of 
virtually uninterrupted rule.
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Th e new leadership initially detained the trawler’s crew 
and captain. Authorities released the crew  aft er a few days, but 
planned to put the captain on trial. Chinese leadership de-
manded the immediate release of the captain and, in retali-
ation, detained four Japa nese citizens in China, and cut off  
diplomatic discussions. Th e throngs of Chinese tourists who 
usually visited Japan every week started to dwindle. Th e con-
fl ict was escalating.

On September , Japa nese trading  houses informed au-
thorities at Japan’s Ministry of Economy, Trade and Industry 
that China was refusing to fi ll Japa nese companies’  orders for 
rare earth elements, including neodymium and dysprosium. 
Th ese metals— the essential materials in Japan’s high- tech 
industry, well known for its high-quality components— were 
virtually all produced in China.

Beijing never acknowledged an export ban or said that it 
would use rare metals trade as a po liti cal weapon. But no other 
country reported such delays in receiving rare earth shipments. 
And the Chinese offi  cials never explained why all thirty- two 
of the country’s exporters of rare earth elements halted trade 
on the same day. Restricting rare earth exports was an astute 
move if Beijing’s goal was to escalate the po liti cal confl ict 
between the two countries without the use of force. Because 
Japan receives more than half of all Chinese rare earth exports, 
a supply cutoff  was far more im por tant to Japan than it was to 
any other country. Tokyo feared that a prolonged ban would 
have dire economic consequences for their companies. Offi  -
cials worried that rare earths  were just the beginning of what 
China might withhold because China is also the leading global 
producer of twenty- eight advanced metals also vital to  Japa nese 
industry.
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Bowing to Beijing’s pressure, Tokyo released the Chinese 
captain a few days  aft er China cut rare earth exports. But the 
damage to Japan and the rare earth market had just begun. 
Prices for rare earths started to climb, some as much as , 
 percent over the next year and a half. Th e tensions revealed that 
despite Japan’s economic prowess, the country was still suscep-
tible to the restriction of a handful of metals few had heard of, 
as was the case three de cades earlier when cobalt was in short 
supply. Th e events also laid bare the design shortcoming in 
Sagawa’s magnet, which he told me was a great regret— relying 
on one of the least produced rare earth metals, dysprosium, to 
make permanent magnets.

De cades  aft er Sagawa’s magnets fi rst made their way out 
of the lab, it is now clear that rather than shoring up supply 
lines and increasing the country’s economic security, his in-
vention merely switched Japan’s resource de pen dency from 
Congo to China and from cobalt to rare earth elements.

To understand the link between rare metals themselves 
and the products that consumers use, I set out to meet Sagawa. 
As I approach his  house at : on a Saturday morning in July, 
I see him waiting. And although we have never met, he greets 
me with a warm smile, recognizing that this ’” Westerner, 
navigating the twisting roads in the foothills of Kyoto—an area 
in which he has lived for nearly thirty years—is his visitor. He 
guides me up a small path to his  house and into his living 
room. He off ers me a small plastic  bottle of a pink berry juice 
as I sit down. My eyes dart around the room catching sight of 
a glass cabinet holding several awards, including the Japan 
Prize, the country’s highest award for international scientists.

Th is seventy- year- old scientist has a waft  of thick jet- 
black hair and projects a professorial air, but has the enthusiasm 
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of someone de cades younger. He speaks En glish with a heavy 
Japa nese accent, though he  doesn’t miss a word. Sagawa tells 
me that I am only the second foreigner to interview him for 
his story, a sign that the world has overlooked his achieve-
ment. Indeed, he felt it was so im por tant to explain his work 
that he scheduled our meeting just several hours before one 
of the most momentous events in his life: his only dau gh ter’s 
wedding.

Sagawa lays down a green handkerchief on the dining 
room  table between us. He peels back the corners to reveal his 
invention: a two- centimeter square shiny metal block— a per-
manent magnet, made from iron, boron, and two rare earth 
elements, dysprosium and neodymium. And they reveal their 
powers quickly.

He tries to separate the metal block into two pieces, but 
it clasps back together, pinching the fl eshy piece of his skin be-
tween his thumb and forefi nger. Like a beekeeper who has 
just been stung, Sagawa laughs off  the pain— a part of the job— 
but a dangerous one. His are no ordinary refrigerator mag-
nets. Th ey are more than forty times stronger. Th e pull of these 
magnets can break bones. Th ey can hold more than a thousand 
times their own weight, the same strength a newborn baby 
would need to lift  an elephant.

Sagawa tries again to separate them, placing one silver 
block on  either side of his hand. He fl ips his hand back and 
forth— the magnets never move. He gives them to me to look 
over; it’s not one block but approximately six individual shiny 
silver slices, each roughly a quarter centimeter thick. As I set 
the block down, it skitters across the  table  toward my iPhone. 
Sagawa looks concerned as I separate the two and asks if the 
phone is still working. Fortunately, it is. He tells me I am lucky 
because these magnets can erase memory from electronic 
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devices within ten centimeters of them, which highlights not 
only their power but also the challenge of shipping them.

Staring at this silver block, I ponder its power. Just frac-
tions of a gram of this rare earth magnetic material provide 
the spark that vibrates my phone. Th e rare earths are also the 
linchpin of its sound system. An electromagnet produces a 
magnetic fi eld that changes in intensity to rapidly attract and 
repel a permanent magnet inside the speaker. Th is creates vi-
brations that the speaker helps to turn into audible sounds such 
as a ringtone or my mom’s voice.

Th e beauty of Sagawa’s rare earth magnet is that it effi  -
ciently converts electrical energy to motion in motors, which 
has allowed for the miniaturization of electronics, the creation 
of cleaner, greener motors and more accurate weapon sys-
tems. Its effi  ciency means that these magnets and the rare met-
als in them are nearly everywhere. Th ey perform varied tasks 
that may appear to the layman to have nothing to do with 
magnetism, but they do. Rare earth magnets help computer 
hard drives to retain information, increase energy effi  ciency in 
air conditioners, and propel our hybrid vehicles. As Sagawa’s 
invention plays a hidden but essential role in modern society, 
this makes him one of the most signifi cant inventors of mod-
ern times. Yet, this unassuming man and his invention are 
known in only a limited circle of scientists. It turns out that 
Sagawa, like the rare metals and components he toys with, lan-
guishes in obscurity. But that changed in .

Japa nese offi  cials are now more concerned about these 
dependencies and a loss of manufacturing operations as com-
panies leave for China to secure resources.  Aft er the scare of 
being cut off  from Chinese rare metals, Tokyo gave Sagawa 
more than $ million to remove dysprosium from his mag-
net. By , Sagawa had reduced the amount of dysprosium 
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in his magnet from   percent to roughly   percent, but get-
ting the new magnet into the real world will require several 
more years of testing. Reducing the amount of dysprosium per 
magnet has yet to be a long- term solution to dysprosium short-
ages because the modest reductions have been dwarfed by the 
increasing number of magnets that the world needs.

Ideally, Japan would love to create a dysprosium- free 
permanent magnet, but that’s a goal that Sagawa and other 
researchers see as unlikely. Perfect substitutes for natu ral 
products are not easy to fi nd. Iowa State University material 
scientist Karl Gschneidner— also known as “Mr. Rare Earth” 
because of his lifelong study of those elements— points out that 
the world has looked for alternatives to these permanent mag-
nets for more than thirty years, but with  little success.

And of course, reducing de pen dency on Chinese rare 
earths won’t solve the fundamental resource concerns that Ja-
pan and the rest of the world are facing. Just as rare earths re-
placed cobalt, any new scientifi c breakthrough to replace a 
minor metal in one application will merely shift  demand to an-
other one with its own po liti cal sensitivities and vulnerabili-
ties. New technologies mean the world is bound to use more 
and more minor metals— aft er all, cobalt demand has tripled 
globally since the late s— which in part makes these mi-
nor metals increasingly im por tant in geopolitics.

As the rift  between China and Japan demonstrates, a coun-
try’s resource security is not just about oil and gas anymore. 
Global resource needs have broadened, which raises the 
specter that minor metals will increasingly be at the heart of 
confl ict between individual resource- rich and resource- poor 
countries, and will drag in manufacturers and producers. U.S. 
senator Duncan Hunter is very concerned about the geopo-
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liti cal leverage that rare metal– rich countries can apply. Th ey 
“may be able to exert enormous leverage over [a resource- 
poor] country, not by attacking those tanks and trucks and 
ships and planes, but by attacking the supply of his compo-
nents.” It’s a lesson that the United States learned well a 
 century ago.

Before the onset of World War I, most countries paid 
 little attention to the crucial role that resource supply lines 
played in battlefi eld success. But as the nature of fi ghting 
changed— becoming more mechanical and relying on heavy 
artillery and armaments rather than on the number of soldiers 
and their hand- to- hand combat skills— resources took their 
place on the front line. Th e new weapons required base metals 
like iron, but they also increasingly required rare and once 
obscure metals like tungsten and molybdenum to make weap-
ons stronger and more heat resistant. During World War I, 
tungsten, a steel strengthener, became so central to the war 
eff ort that the United States deemed it treasonous to export it 
to  enemy countries.

 Aft er the war, a scarcity of many minor metals and other 
resource materials led Major General James Harbord to create 
a list of forty- two strategic materials, including the rare met-
als vanadium, tungsten, and chrome that the War Depart-
ment deemed critical in war. Meanwhile, Germany, smarting 
from its loss, expanded its metallurgical capacity by refi n-
ing copper and other metals, developing synthetic alternatives 
for materials, and signing long- term contracts with mining 
companies.

As countries slipped into World War II, Charles Merrill, 
supervising engineer of the U.S. Bureau of Mines, warned, “In 
time of war, victory or defeat may hinge on the availability of 
strategic materials.” Th e United States deci ded it had to fi ght 
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on the resource front as well. Th e government also beefed up 
domestic funding for research and development of mining 
sites and plant construction, and it bought domestic resources 
for the war eff ort and eventually stockpiled nearly fi  fty  diff erent 
minerals.

To thwart Japan’s growing militarism in the late s, 
U.S. president Franklin Delano Roo se velt stepped up a “moral 
embargo.” He encouraged  U.S. manufacturers to restrict 
exports of airplane components and a number of rare metals 
such as molybdenum, tungsten, and vanadium to Japan. As 
the war took shape, Washington pressured its Latin Ameri-
can neighbors not to sell their resources to enemies, and 
used U.S. oil exports as leverage to encourage Spain and Por-
tugal to cease trading tungsten with Germany. At the same 
time, the United States spent about $ billion to buy minor 
metals globally, oft en engaging in bidding wars with Germany 
that pushed the price of some materials ten to twenty times 
higher than their peacetime levels. By the end of the war, the 
Allies had been able to cut off  the Nazis from chrome and 
tungsten, among other metals, a feat that, as a Defense Depart-
ment offi  cial in the Reagan administration  later commented, 
“halted the Nazi war machine.”

Having learned the importance of shoring up access to 
critical materials during the war, President Truman established 
the Material Policy Commission in . It developed a frame-
work to ensure that U.S. military businesses had the resources 
to compete in an increasingly global marketplace, which 
constituted one of the largest reports in the nation’s history—if 
you stack the twelve volumes of the fi ndings they extend over a 
foot from end to end. Internationally, U.S. diplomats served 
tours of duty in a newly created offi  ce of nonferrous materials 
policy.



National Struggles 

Interest in critical materials remained high in policy cir-
cles through the s, and the oil shock of the s sparked 
concern once again about critical resources. But fears and con-
cerns over critical materials dampened with the recession of 
the early s as it ushered in an era of relative price decline, 
and in the case of some commodities, like oil, far lower prices. 
Western governments started to feel that natu ral resource 
security, especially critical material supply, was yesterday’s 
issue. Both  U.S. president Ronald Reagan and  U.K. prime 
minister Margaret Th atcher believed if markets  were left  alone, 
businesses would allocate resources appropriately. Despite re-
source shortages early in his term and concerns about Soviet 
control over critical materials, the Reagan administration re-
jected the need for governments to subsidize mineral produc-
tion even for defense purposes.

At the same time, U.S. government research into rare 
metal supply lines slowed; resource security policies stagnated; 
and in some cases, the government even purposefully weak-
ened its safeguards. Between  and  , the Defense 
Department sold more than   percent of its stockpile, under-
scoring the country’s faith in commodity markets.

Th is drive to  free markets was at the root of increased de-
mand for natu ral resources. Millions of consumers in China 
and former Soviet states became unhinged from the con-
straints of a controlled market and started to consume like 
those in the Western world did. Th is laid the seeds for greater 
use of minor metals and with it, the price increases of the mid-
s. Th is change marked the end of an uneasy price decline 
that had started de cades earlier.

With more global consumers and global manufacturing 
now relying on more rare metals, resource- rich countries have 
become keenly aware of the geopo liti cal and economic power 
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that rare metals aff ord. Countries such as Japan that are un-
able to meet resource demands  either through their own min-
ing and production or through secure stable trade, will fi nd 
companies leaving their shores and taking thousands of jobs 
with them. When it comes to rare earth and other rare metals, 
this is a migration that China is counting on.

Th e importance of rare metals and specifi cally rare earth ele-
ments in China’s development goes back to the country’s rev-
olutionary leader, Deng Xiaoping. In  he said, “Th ere is 
oil in the  Middle East; there is rare earth in China.” By then, 
China, out of necessity, had begun to mine its rare metal re-
source deposits. Fift een years earlier, the country had started 
developing its manufacturing and construction sectors, which 
led to a growing reliance on imported material supplies. To 
reduce that dependence, China increased its investment in 
primary products it found domestically— including mined 
commodities, mostly minor metals.

China was oft en able to produce many rare metals at a 
–  percent discount due to lower  labor costs and environ-
mental standards. Th is quickly opened international markets 
and produced hard currency from exports as well as stable 
metal supplies for domestic manufacturers. To increase ex-
ports, China introduced value- added tax rebates to its ex-
porters to further undercut foreign prices. Companies outside 
China could not compete with the lower costs. Tungsten mines 
in Germany and France shuttered in the s, likewise rare 
earth producers in the United States in the s. Soon man-
ufacturers came to rely on those low prices as the new normal. 
And China became the only seller of many of these critical 
metals including rare earths.
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Beijing’s policies soon became more sophisticated. Th ey 
realized that selling ore abroad was a lost opportunity. With 
near monopolistic control over most rare earth mining, Chi-
nese industrial policy promoted the development of making 
material and components from rare earth elements. Over 
time, the rare earth supply chain was at the heart of a strategy 
to build high- tech companies that create jobs at home. In-
stead of exporting rare earths to help create jobs in Japan, 
China wanted to build high- tech manufacturing plants to use 
its own resources and employ its own citizens.

To achieve these goals, China reversed its export incen-
tives for rare earths and other metals during the beginning of 
the fi rst de cade of the s and began export restrictions, in-
cluding quotas, to stem the overseas fl ow of resources. Lower 
domestic prices enticed foreign companies to bring their op-
erations to China for unrestricted access to its abundant rare 
metal resources base. Echoing Deng Xiaoping, Gan Yong, the 
head of the China Society of Rare Earths put into words what 
had long been Chinese policy in : “Th e real value of rare 
earths is realized in the fi nal product.”

China’s unabashed attempt to control the entire high- 
tech supply chain, from rare earths to fi nished products, wor-
ries many. But no one has outlined the risks quite the way 
Gerald van den Boogaart has.

If one  were to call central casting for a German mathe-
matician, it would likely send you Boogaart from the Helm-
holtz Institute Freiberg for Resource Technology. He has 
salt- and- pepper black hair with fl oppy black bangs that extend 
unevenly to his silver wire- rimmed glasses. He speaks with a 
strong German accent, and appears slightly frazzled, although 
he conveys an air of confi dence.
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As a mathematician, not a rare metal expert, he makes 
for an unlikely speaker at the Society for Mining, Metallurgy 
and Exploration’s  Critical Minerals Conference in Den-
ver. In a pre sen ta tion titled, “How Forward Integration along 
the Rare Earth Value Chain Th reatens the Global Economy,” 
Boogaart argues that China will soon dominate the produc-
tion of high- tech goods from computers to trains as well as 
their components. At the heart of his argument is a graph 
containing four parallel upward- sloping s- curves. Th e fi rst 
two s- curves of Figure   track the historical progression of 
China’s share of global rare earth mining from the late s, 
when the country produced a fraction of the world’s rare earths, 
to  aft er the turn of the  century, when China monopolized pro-

China’s market share on steps of REE value chain
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duction. Th e second line followed a similar trajectory several 
years  later for China’s rare earth material production, which 
also increased.

Th e next two s- curves are Boogaart’s ideas of the  future; 
one demonstrates China’s increasing global share of rare earth 
component manufacturing, and the other, products that will 
rely on them, including cars, wind turbines, and magnetic res-
onance imaging machines.

From a strictly economic standpoint, Boogaart is con-
cerned: while the rare earth industry, in his estimation, pro-
duced revenues of $ billion annually, the materials, high- tech 
component, and user systems industries  were each larger, by 
a  factor of ten— meaning that the production of these sys-
tems is worth about $ trillion in total. For him the Chinese 
authorities have a  simple calculus: If they could reap trillions 
in the  future by investing billions now, why  wouldn’t they 
do it?

He predicts that over the next several de cades, every 
high- tech system— from cars to solar panels— could very well 
be produced in China, thus sucking up the manufacturing base 
of other countries, just as it has done with the production of 
rare metals.

A shift  is already  under way. Over the past de cade, indus-
tries in Japan, which  were the biggest export market for Chi-
nese rare earths, quietly moved operations that rely on rare 
earths to China. Michael Silver, chief executive offi  cer of the 
California- based American Elements, tells me, “We have wit-
nessed in my business a huge number of our customers fi nally 
building facilities in China to access elements.” He adds that 
historically the United States supplied all of the cerium and 
neodymium for General Electric’s lightbulbs. “All of that 
is done in China now. Similarly, every major wind turbine 
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manufacturer has moved operations over to China.” Japa-
nese offi  cials relay similar stories.

It’s not a story that China is hiding. In , when Chi-
na’s vice premier Li Keqiang went to Japan, he asked the Japa-
nese to bring their technologies to his country. “Japan has 
advanced technology to develop and use rare earths,” Li said. 
“I hope both countries’ companies can promote cooperation.”

China is not unique in using its own resources for its own 
development— the United States banned the export of certain 
petroleum products, and other resource- rich countries includ-
ing Indonesia, Chad, and Zimbabwe restricted exports. But 
China is the dominant rare metal player, so its policies raise 
global concerns. Th e real prob lem for China is that their ex-
port controls  were illegal, at least according to the World Trade 
Or ga ni za tion (WTO). Th e export restrictions create an unfair 
advantage for domestic producers and, as the Eu ro pean Union 
claimed, “put pressure on foreign producers to move their op-
erations and technologies to China.” For example, in April 
, rare earths prices  were   percent lower in China than 
overseas. Th e United States, Japan, and the Eu ro pean Union 
pressed their case at the WTO in  and won roughly two 
years  later, handing China its second loss involving rare metal 
policy at the World Trade Or ga ni za tion in less than three 
years.

Many economists believe that the  battle for rare earth el-
ements is over. China lost the case and adjusted trade policies 
while rare earth prices are well off  their peaks. But this war 
over the periodic  table is a long- term strug gle, and it is far more 
likely that any of China’s losses at the WTO will only change 
the country’s policies, not its strategy. Since China controls 
an increasing percentage of rare metal production— about 
  percent of all minor metals in , up from   percent in 
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— the risk remains for those who rely on the rare earth 
elements and, indeed, for all rare metals that China produces. 
Even if companies and countries shift  away from certain rare 
metals, as the world once did with cobalt, they are still setting 
themselves up to relearn the lesson that substitution might not 
make them any more resource secure, as an  under lying insta-
bility in the market will remain.

Th e real challenge for our resource  future may be more 
than geopo liti cal battles. Because even if a country is willing to 
trade, other obstacles to ensuring rare metal supply will be far 
greater.



III
Corporate Hurdles

Monopolies and Investment Incentives

For centuries, the small Brazilian town of Araxá wel-
comed visitors to explore the region’s green rolling 
hills and thermal, but slightly radioactive, spas. A few 
miles from the city center, just below some of the 

most lush, verdant terrain outside of a rain forest, sits the 
$- a- night  Hotel e Termas de Araxá— a gem of colonial- style 
architecture, built by a former Brazilian president in the s 
to attract a well- to-do domestic and international clientele. Th e 
complex is stately; with the exception of government state 
 houses, few places boast a three- story rotunda with a stained- 
glass ceiling and a white and black marble fl oor. But for all its 
grandeur, the resort’s  free- wheeling casino days are  behind 
it. Seventy years  aft er its founding it has lost some of its luster: 
grass rises up between the cracks in the cement- blocked side-
walk. I doubt if more than  of the  rooms  were occupied 
when I visited in .

Other than the  hotel, Araxá has lost much of its tourist 
appeal. A  woman from the region’s capital city, Belo Horizonte, 
who befriended me when I had diffi  culty checking into the 
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 hotel, complained about the lack of sophisticated nightlife. She 
told me she prefers to stay in her room when she comes  here 
on business every other week.

Th e truth is that tourism, despite a longer, more roman-
tic hold on the region, lost top billing to mining de cades 
ago. As a local geologist told me when I asked what was more 
valuable, the  hotel or the minerals beneath, “the minerals, of 
course.” Above the resort are terraced, carved, unnaturally 
beautiful hills. Th eir lines gracefully cut through the hillsides 
providing a life- size topographical map of hills long gone, 
sheared off  during the mining pro cess over de cades. Th e gran-
deur of the  hotel now looks misplaced. Despite the inherent 
contradiction of tourism and mining existing side by side, they 
are both in Araxá for the same reason: a caldera.

A former volcano that produced the town’s hot springs 
also left  a mineral- rich legacy. Magma seeping through the 
continental crust formed a mineral complex rich in niobium, 
rare earth elements, and phosphate. Since , Araxá has been 
home to Companhia Brasileira de Metalurgia e Mineração 
(CBMM), the world’s largest miner of the soft , granite- gray 
metal niobium, and to its smaller- producing neighbor, Vale 
Fertilizantes, a subsidiary of the mining  giant Vale, which 
mines phosphates for use in fertilizers. Araxá is also one of the 
few places I have visited where ecotourism and mining seem 
to coexist in harmony. Many times the relationship between 
environmentalists and miners can be, at best, testy.

Across the parking lot from the resort is a well- built, 
cream- and- pink stucco building of fi ve stories. Despite the 
“ Hotel Colombo” sign above the entrance, there are no rooms 
to reserve. With dwindling tourists, the town turned the  hotel 
into a city offi  ce a few years back. Th e government, seeking to 
capitalize on the region’s wealth of resources, plans to use the 
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building as a technological hub to attract research scientists 
and manufacturers. A forward- thinking mayor wants to dou-
ble down on the region’s mining  future, and few in the tourist 
town seem to protest openly. Th e town’s employment and eco-
nomic base is now built on the mines, not the  hotel— the town 
earns about   percent of its income from mining. CBMM is 
fortunate; the com pany faces  little acrimony.

However, elsewhere mining faces greater opposition. 
Even in Colorado mining country, where tourists now visit old 
mines, opening new mines, especially radioactive ones, pre-
sents great obstacles. CBMM is fortunate that its mine is older 
than most  people in the town and grew with it. It’s a time ad-
vantage that new mines lack. Addressing environmental con-
cerns is just one of the many hurdles new mining companies 
face. Th ey also must navigate government regulations, unfor-
giving climates, and stingy fi nancial markets. But it is some-
times the most basic hurdle that stumps them: you can only 
mine where there are resources to dig up.

Although supplies of most minor metals exist in the world’s 
crust to meet demand for hundreds of years, they are rarely 
found in high enough concentrations to be mined profi tably. 
Like oil, some regions are blessed with rich concentrations, 
which gives them infl uence over the market. Oil analysts point 
out that Saudi Arabia’s position, with   percent of reserves 
and a bit over   percent of global production, is so dominant 
that the country historically has had control over oil prices. 
But most production concentrations in the rare metal sector 
are far higher and therefore so is their control. For example, 
the local government in Lengshuijiang in China’s Hunan 
Province controls about    percent of the world’s antimony 
production.
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Relying on one country and one mine in par tic u lar is a 
risky proposition. A natu ral disaster, po liti cal changes, or 
confl ict such as we have seen in Congo can quickly create 
shortages. Concentration of supply in one mine is why some 
in the industry are concerned about CBMM’s dominance in 
the market. It produces   percent of the world’s niobium. In 
fact, the mine is so critical to the global trading system that 
the United States places CBMM’s Araxá mine on its list of 
critical infrastructure abroad.

While CBMM is one of the most upstanding and well- 
run mining companies I have seen and has certifi cations to 
back up its effi  ciencies, I sensed that a level of secrecy pervades 
the com pany. CBMM employees whom I e- mailed or called did 
not respond or they referred me to one man, the chief execu-
tive offi  cer (CEO) Tadeu Carneiro. Th ere are incentives to be 
loyal. Th eir children receive education subsidies through their 
university years; the fi rm covers medical and housing costs; 
and the pay is great, they tell me. Out of , employees fewer 
than  leave in a given year.

In , the National Materials Advisory Board of 
the U.S. National Research Council summed up the com pany’s 
market position, “CBMM not only has the largest capacity . . .  
but by far the lowest costs. Th us, CBMM could at any time cut 
prices and eff ectively drive its competitors out of business. 
However, its current strategy is to let its competitors survive 
and to integrate downstream.” Not much has changed.

What’s good for CBMM is not necessarily good for 
the market. Th e com pany produces niobium from a reserve 
that can meet the world’s needs for two hundred years and is 
effi  cient and extremely profi table. Th e com pany’s owner, the 
Moreira Salles  family, has an estimated $ billion in assets, 
around half of which comes from this mine. According to 
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Bloomberg News, the mine runs a   percent net- income profi t 
margin and earns more than $ million in profi ts annually.

Some consumers feel that the market could benefi t from 
more competition. CBMM had become so successful that its 
customers deci ded to become  owners. Concerned with the 
reliability of their supplies, Japa nese and Korean companies, 
some of CBMM’s biggest customers, bought a combined 
  percent stake in the fi rm in March  for $. billion, with 
support from their governments. China followed suit acquir-
ing a   percent share six months  later for $. billion. But 
even with own ership, the Asian minority shareholders  were 
forbidden to carry out technical due diligence research, Bloom-
berg News reported. You sense the level of secrecy once you 
arrive at the mine’s main gate.

Even with the mayor of Araxá, Jeová Moreira da Costa, in the 
car with me, my car has to pull into the parking lot next to the 
CBMM guard house. A neatly dressed guard asks for my pass-
port. He dutifully checks it along with the other passengers’ 
identifi cations. I look back at the main gate and see another 
security guard searching through the trunk of a car waiting 
on the other side of a closed exit, likely looking for items that 
shouldn’t leave the mine.

As we enter the site I’m struck by the incongruity of the 
immaculately trimmed grounds, a cross between a leafy coun-
try club and an industrial technology park, and the area of 
stripped earth in the distance. It’s hardly a ste reo typical mine: 
palm- tree- lined streets, green manicured lawns, and match-
ing khaki and blue buildings, some with smokestacks. As I 
admire the identical jumpsuits of the workers waiting at a bus 
stop inside the mine site, the mayor leans over and says, “Th e 
city is happy for a beautiful com pany.”
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We arrive at a visitor center where a spotless white door-
mat greets me. As I set my footprint on it, I look up to see 
 Tadeu Carneiro, CBMM’s CEO. He is sporting blue jeans and 
a blue button- down with a lapel pin of his alma mater, the 
University of Pittsburgh. Carneiro has dark black hair, prom-
inent eyebrows, and a gravelly voice. He is innately charming; 
his Portuguese- tinged En glish, his mea sured speaking pace, 
and a penchant for slipping your name into his speech convey 
warmth and connection.

Shortly into his introduction to the mine he declares, 
“We’re a technology com pany, David, no doubt about it.” Th e 
phrase is a cliché that mining executives use to change the 
focus on the com pany from the digging itself to the applica-
tions that the digging helps to create. Carneiro explains that 
the mining is just one of the com pany’s fi ft een technological 
steps. Turning rock into metal, or at least a material rich in 
metal that can be used in  today’s products, is a technological 
feat separate from mining.

CBMM is fortunate in that their soil is loose and they 
don’t need to use the most expensive blasting procedures to 
break up a rocky base. Its mine is also aboveground, which 
makes production far cheaper than digging tens or hundreds 
of meters beneath the surface. CBMM uses a combination of 
trucks and a  conveyor  belt to dig up and move the ore contain-
ing .  percent niobium from the mine to the pro cessing fac-
ility. And because of the loose soils, they also don’t need to 
spend as much as other miners to grind up and sift  the ore. 
(Crushing and grinding consumes nearly half the energy used 
at a mine, so less grinding means higher profi ts.)

CBMM then removes waste— anything that does not 
contain niobium— from the ore with the help of fi lters and 
magnets and eventually  water, heat, and acid. Th e goal is to 
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further isolate the minerals it wants by separating out the ones 
it  doesn’t. Aft er the niobium- rich ore is crushed, it is placed 
in a bubbling, oily acid brew. Th e niobium material sticks to 
the bubbles, which separates it from the rest of the waste. 
CBMM’s refi ning produces a concentrated niobium mate-
rial that is about –  percent niobium. Th e com pany then 
 refi nes it further, mixing it to meet the demands of custom-
ers, most of whom are steel pro cessors. Adding just a pinch of 
niobium per ton can reduce the amount of steel needed in 
its most pop u lar applications: pipelines, bridges, and tur-
bines. When Gustave Eiff el started constructing the tower that 
would eventually bear his name, he needed , tons of steel; 
 today if you wanted to build a replica Eiff el Tower, you would 
only need , tons of steel because of CBMM’s niobium.

“Forty years ago, niobium was just a theoretical possibility, a 
dream in a laboratory,” Carneiro tells me. Based on his rhyth-
mic intonations this seems to be a story he has told many times 
before. As I listen to him speak about the development of the 
niobium market, he could have been speaking about the de-
velopment of the market for nearly all rare metals over the past 
sixty years— from dysprosium to titanium. Th ey once served 
 little purpose, but as new uses have developed, the metals have 
become irreplaceable.

In the s, when CBMM started operations, niobium 
had  little market use although research from Britain and the 
United States had discovered that it strengthens steel, while si-
mul ta neously lightening it and raising its heat re sis tance. 
Th ese are im por tant attributes because British steel warships 
literally cracked in the cold waters of the Atlantic during World 
War II and three airplanes broke apart in fl ight. Material sci-
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ence had not caught up with the dreams of naval and aerospace 
engineers of the time. Unable to develop profi table mining 
locations and having a diffi  cult extraction pro cess, few focused 
on researching how to use niobium. Enter CBMM.

Since CBMM was selling a material that no one knew 
they needed, unlike copper and iron, the com pany had to 
create a market. Its sales strategy was to increase demand by 
fi nding uses for niobium while si mul ta neously improving met-
allurgical pro cesses to drive prices down to convince skeptical 
customers to try it out. By the s, CBMM had lowered pro-
duction costs, leading to a fourfold drop in prices.

Beginning in the same de cade, com pany research led to 
advancements that signifi cantly increased steel’s toughness 
and strength by refi ning the grain structure in the niobium- 
infused steel. By the s, steel manufacturers began taking 
note of CBMM’s advancements. During that de cade, CBMM 
grew almost   percent annually. CBMM was shaping the steel-
making market, and its material found its way into buildings 
and pipelines. In the s and s, niobium seeped into 
more construction materials, shipbuilding, and off shore oil-
rigs. Carmakers also used more niobium in an eff ort to build 
lighter cars and thus to reduce fuel use.

Seeking greater sales, the com pany researched ways to in-
crease the amount of niobium per ton of steel. It was a chal-
lenge. Raising the concentration of niobium in liquid steel 
makes the liquid thicker and pulpier. And as would happen if 
one added too much fl our to a pancake batter, it  wouldn’t pour 
easily. Th e mixture  wouldn’t produce high- quality steel. Over 
time, CBMM scientists unlocked the secret of alloying steel 
with more niobium and sales took off , increasing by a  factor 
of four between   and .
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Twenty- fi ve years ago Brazil, the leading consumer of nio-
bium per ton of steel, used  grams per ton. Now -grams- 
per- ton steel— the amount that China uses in its domestic 
market—is considered low quality. High- grade steel can absorb 
 grams per ton and, with it, achieve higher levels of strength. 
For specialty steel, such as pipeline steel, CBMM has found 
ways to use even more.

“We never worried about fi ghting our direct competi-
tors,” Carneiro says, referring to CBMM’s growth period. 
Th is is perhaps understandable when one has established 
a dominant market position with some of the lowest- cost re-
sources. “If  people want to develop them,” referring to the 
roughly three hundred other similar niobium deposits around 
the world, “that’s fi ne.” But Carneiro makes a point that might 
be disheartening to potential challengers, “we will continue to 
increase manufacturing pro cesses  here.”

Th is certainty and security that it can keep digging gives 
CBMM an undeniable edge in its industry. While  future tech-
nologies can help make the excavation and pro cessing of ores 
cheaper, mining companies without po liti cally secure, techno-
logically feasible, and geo graph i cally accessible deposits like 
Araxá’s niobium must now go to more and more remote loca-
tions and dig deeper and deeper. Most of the easy- to- access, 
high- grade, inexpensive mineral deposits have been mined.

For many smaller, struggling mining companies, CBMM and 
its success exists in a parallel universe. To understand the chal-
lenges that new mining companies must confront, look no 
further than Tiomin Resources. In , J. C. Potvin, CEO of 
the Canadian- based fi rm, thought he had found a goldmine, 
so to speak, a rich titanium- producing deposit, forty kilome-
ters south of  Kenya’s port city of Mombasa.
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Potvin began the pro cess of securing government li-
censes and geological information, hoping to begin  commercial 
development in . Over the next four years, his com pany 
completed a feasibility study, a com pany- funded report to de-
termine the economic viability of the pro ject, as well as the 
fi rst of what  were to be many environmental assessments. 
Potvin was convinced that the pro ject would be successful. 
Despite boasting of “excellent cooperation and support” from 
the  Kenya government, operating in  Kenya, as in many devel-
oping countries, is not straightforward.

Environmentalists slowed the pro ject because of fear that 
mine pollution would upset the surrounding lands, and farm-
ers complained that the compensation the com pany off ered 
for their land was too low. Th e  Kenyan government, which ini-
tially tried to take an own ership stake in the mine, soured on 
the deal  aft er the  election brought in a new government 
with a more cautious view of the pro ject. For the next several 
years, the government, the courts, and the com pany could 
not come to terms about resettling approximately  families 
who had to leave their land or about addressing environmental 
concerns.

 Aft er almost a de cade of wrangling, Tiomin signed a 
twenty- one- year land lease with the government in  and 
worked out a royalty payment scheme. By then, the price of the 
stalled pro ject had begun to creep up from an initial $ mil-
lion to nearly $ million while the  legal battles continued. 
On December , , the court fi nally ruled on the last court 
cases in Tiomin’s  favor; its stock soared   percent as the com-
pany appeared set to begin construction. But the market was 
overly optimistic because Tiomin’s plans quickly fell apart. Th e 
com pany could not remove all the villagers from the land. 
Seven families held out, demanding fi ft y times the land value.
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Th e com pany’s big investors— wanting government as-
surances that the pro ject would go forward— soon backed 
out. Election vio lence in  and  made working with 
the government impossible because authorities  were focused 
elsewhere. In , an exasperated com pany board sold out to 
Australia’s Base Resources. With greater fi nancial backing, 
government stability, and better timing, Base completed the 
mine at a cost of $ million. It was producing for its fi rst 
commercial sale in , close to two de cades  aft er initial 
 exploration.

Despite the challenges Tiomin faced in  Kenya, our high- 
tech  future relies on mining in far more chaotic places. Re-
sources supply lines are stretching longer not only through 
more inhospitable environmental terrains but also increasingly 
through areas fraught with po liti cal turmoil. In Colombia, 
FARC rebels, who have been fi ghting an insurgency against the 
government since , produce tungsten from the depths of 
the Amazon jungle. In Demo cratic Republic of Congo, anti-
government forces and rebel gangs make millions producing 
tungsten, tin, and tantalum. In , about   percent of the 
world’s tantalum supply came from regions in confl ict, and al-
most all of it was pro cessed in China. On the twin Indonesian 
islands of Bangka and Belitung, bands of small- scale illegal 
miners dig up more than a third of the world’s tin from jet- 
black cassiterite minerals, and unknown amounts of other 
minerals like xenotime and monazite, which hold rare earth 
elements.

Countries that are growing wealthy are starting to pose 
more challenges to metal operations because as their citizens 
become wealthier and buy  houses with backyards, they are 
less willing to accept pollution in them. Th ese citizens have 
more time and resources to fi ght mining projects and they want 
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just compensation for any environmental damage. In , in 
Malaysia alone, citizens  were fi ghting against three large 
mining- related projects including a “light” rare earth pro cessing 
fac ility built specifi cally to reduce the world’s reliance on 
Chinese production. Meanwhile, demonstrations in Sichuan 
Province in China shuttered a proposed molyb denum pro-
cessing fac ility on the heels of similar protests in Dalian and 
Xiamen.

Th e concern now— due to the paucity of investment since 
the fi nancial crisis and the long lead time needed to develop 
rare metal projects—is that sooner or  later, our visions of a 
high- tech  future will collide with the reality that we didn’t in-
vest enough in ensuring an adequate supply of critical materi-
als. Th e challenge is that the pace of innovation and therefore 
our demand for rare metals will increase at a far faster pace 
than those planning and building mines can supply.

In this sense the production of rare metals from scratch 
is akin to the distilling of Johnnie Walker Scotch Whisky or 
fi ne cheddar. You need a long lead time of years from when you 
start producing to when you can enjoy them. Rare metal mines 
(and supply chains) can take up to fi ft een years from invest-
ment to production according to the U.S. government and 
as experiences like Tiomin’s show. Th at means the rare metals 
coming out of some mines  today  were made in . Th at is a 
lifetime ago for the tech fi eld where many of these metals go. 
It’s hard to imagine that the executives who  were producing 
material for  had any concept of the smartphone or many 
of the products their materials are used in. At the time, they 
 were focused on the potential fallout from the YK bug.  Today, 
we are asking for tremendous technological foresight of our 
mining executives, especially those of ju nior mining compa-
nies, because they identify and evaluate new mineral deposits. 
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Th ey are the ones who should know where their materials will 
be sold in fi ft een years.

Th e challenge is that ju nior mining companies are like 
biotech start- ups; most, even those with the most promising 
projects, will fail. But without biotech, the next great cancer 
drug won’t be developed; without these ju nior miners, the 
world won’t have the ingredients for the next green power 
source. And just like biotech companies, these companies 
won’t get anywhere without investors.

Just before : on an early Sunday morning in April , Ron 
MacDonald, the plenary speaker at the InvestorIntel Technol-
ogy Metals Summit, walks up to a three- foot- high stage at the 
Sheraton Centre Toronto  Hotel conference hall. MacDonald, 
the former Canadian secretary of international trade, is now 
an executive at a vanadium mining fi rm and a rare metal evan-
gelist. In this role, he faced a formidable challenge before a 
crowd of mostly rare earth exploration executives. His goal was 
to raise the spirits of ju nior mining executives who have 
watched the price of rare earths (along with their companies’ 
share prices) plummet by –   percent over the previous 
eigh teen months.

Funding for mining companies had been hard to fi nd 
since the fi nancial crisis, and in , the situation was getting 
worse. For the fi rst time in almost ten years, there  were no 
mining IPOs (initial public off erings) on the mining- heavy 
Toronto Stock Exchange during the fi rst quarter of . 
What  little money was coming into the sector was  going to 
larger companies the size of CBMM, not to the  people in this 
room, who have spent their careers fi nding new rare metal 
deposits.
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During the fi rst three months of the year, ju nior mining 
companies raised less than   percent of all mining funding; 
that’s less than $, for each ju nior com pany globally. 
Because most of these companies don’t yet sell metals, they 
survive on investment alone. No investment means no jobs. 
And the  future looked even more dire.

Before the Toronto conference, IntierraRMG, a lead-
ing data provider to mining companies, pronounced, “Th e 
industry is in for a bleak year.” Th e consultancy PwC (Price-
waterhouseCoopers) was even less sanguine, blunting stating, 
“You have a perfect storm for the demise of many entities which 
play a critical role in exploration. . . .  Th is will have a dramatic 
impact on the pipeline of new reserves.” For the world to de-
velop reliable sources of critical materials, these companies 
needed money,  today. Some exploration companies  were so des-
perate that they took to Twitter, LinkedIn, and Facebook to 
troll for dollars. Th e mood was so gloomy that conference orga-
nizers had even scheduled a lunchtime motivational speaker.

As the opening speaker on the fi rst day of the conference, 
MacDonald picks up on the room’s downbeat vibe and is de-
termined to turn it around. He speaks with conviction and in 
catchphrases: “Forget what’s  going on in the market.” “We are 
feeling a new wave.” “We are talking about a trillion- dollar- a- 
year industry that is  going to come out of the doldrums!” But 
he must have also noticed the key prob lem I saw. Although I 
spotted several con sul tants, a government offi  cial, and indus-
try analysts in addition to ju nior mining com pany executives, 
the investor conference was awfully short on its most essential 
participants: investors.

Instead of an air of excitement about deal making, the 
event had a Th anksgiving- at- the- in- laws vibe. Everyone knew 
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everyone  else’s business and they all appeared to be attending 
out of obligation rather than desire.

Even in the best of economic times, rare metals can be a 
tough sell. Take MacDonald’s vanadium mine. Before he can 
convince investors to hand over the cash, he has to explain— 
over and over again— what vanadium is. It’s hard to give an el-
evator pitch for something no one has heard of.

MacDonald could boast about vanadium’s primary ap-
plication: by adding less than .  percent of vanadium to steel, 
steel’s strength doubles and its weight falls by    percent. 
(Vanadium is excellent for strengthening construction tools, 
where niobium is better for oil pipeline construction. Some-
times they are used together.) He could also talk about va-
nadium’s crucial role in our society. In , Henry Ford 
discovered that French carmakers used a vanadium steel al-
loy that was lighter, harder, and stronger than what he found 
in Ame rica. He imported the technology and used the alloy 
in the gears, axles, and shaft s of the fi  fteen million Model T 
cars he produced. Th e material was so critical that Ford de-
clared, “But for vanadium there would be no automobiles!”

For MacDonald, all that’s history. Like Carneiro, he’s 
focused on his metal’s  future, which he tends to speak of in 
hyperbolic terms. MacDonald’s com pany, American Vana-
dium, refers to its material as “Th e Holy Grail” because of 
another potential use: high- capacity battery- storage systems. 
MacDonald says that by storing power produced from inter-
mittent energy sources such as wind and the sun, his vanadium 
power packs will become the central component in a global 
green power network.

 Running an early stage mining com pany is more oft en 
about salesmanship— convincing  others to invest in your 
ideas— than geology. Executives spend all their time looking 
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for resources, but more oft en they’re fi nancial rather than min-
eral. Even those like MacDonald who have been more suc-
cessful in securing investment are facing far more obstacles 
than previous generations of mining executives did: increas-
ing environmental regulations, the higher cost of mining op-
erations and royalties, and more complex geologic formations. 
Th ese all lead to greater costs. And as these costs rise, inves-
tors grow skittish.

But investors are right to be skittish: investment in criti-
cal materials is a massive bet. Is the resource the com pany 
plans to mine actually in the ground? Can the com pany de-
velop the pro cesses to separate the metals from the ore? Can 
material scientists fi nd new uses for the extracted resources? 
And what metals will component manufacturers select to put 
in their new products?

While ju nior mining companies speak of becoming the 
next producing mine, most have smaller aspirations— such as 
raising enough money to get to the next stage of development. 
Assessing the geologic formation of a site, receiving the nec-
essary government approvals, and proving the capability to 
produce a reliable product are preconstruction tasks that can 
cost tens of millions of dollars. If a com pany can show inves-
tors that it has a  viable mine to bring to production, a high 
bar indeed, the com pany needs to fi nd deeper- pocketed inves-
tors and banks to provide the hundreds of millions or billions 
of dollars— depending on the size of the resource—to con-
struct it, buy pro cessing equipment, build roads, and lay power 
lines.

Raising money as a public com pany means close market 
scrutiny and distractions. CEOs must fi eld countless investor 
and analyst queries, time that comes at the expense of devel-
oping the mineral deposit. Such distractions are nuisances that 
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Carneiro at CBMM, a private com pany, does not have to worry 
about, admitting that setting up CBMM as a public com pany 
 today would be far more challenging if he had to answer a bar-
rage of investor calls.

What’s more, given the long lead time needed to  establish 
mines, mining companies are trying to predict  future de-
mand to determine if there is even a market for their resource. 
Conversely CBMM had the rare good fortune of long- term 
support to invest in research and to fi nd new uses. Establishing 
a mine with only a handful of scientists and engineers while 
constantly raising funds is a daunting task. Developing the 
equivalent of a CBMM  today is a tremendous challenge, espe-
cially for public companies. Th e reality is that many ju nior 
exploration outfi ts are still trying to fi gure out what they even 
have or how they can get it out of the ground.

It’s far harder for a new mine to enter the market against 
an established mine than it is for an established mine to pro-
duce more. But for resilient supply lines and cost- eff ective re-
sources new mines and greater production are essential. Many 
of these upstarts, of course, want to reach the levels of success 
found at CBMM. But, if the past is any indication, most will 
 either end up like Tiomin, having to abandon their dream, or 
face challenges like those of Avalon Rare Metal in northern 
Canada— caught with a plan, but not enough money.

Avalon Rare Metal’s Th or Lake mine is emblematic of the high 
costs of starting and maintaining production. A fi ve- hour 
fl ight or nearly fi ve thousand kilometers’ drive northwest of 
Toronto, the lake sits about fi ve hundred kilometers shy of 
the Arctic Circle, adding new layers of complexity and cost 
because digging through tundra and refi ning minerals with 
 water in freezing temperatures is more time consuming. Be-
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tween  and  mining costs outpaced general infl ation, 
nearly doubling, in large part due to increasing energy costs. 
And the costs have continued to rise. But their prob lem is rep-
resentative of rare earth projects as well as mining in general, 
because the days of easy mining are over. Ore grades have 
been dropping steadily over the past one hundred years, and 
in the case of some metals, like copper, by   percent from 
 to . In addition, according to Pat Taylor, a chemical 
metallurgist at Colorado School of Mines, many newer depos-
its contain “problematic elements” such as arsenic or radioac-
tive uranium. Finding a way to safely dispose of them adds 
greater complexity and cost.  Today’s new projects need more 
expensive infrastructure, which increases the costs of starting 
projects, creates higher operating costs, and ultimately leads 
to the production of more expensive metal.

Avalon’s extensive mining proposal is costly, and increas-
ing. Th e com pany plans to dig up rare earth minerals on one 
side of a pristine lake, and then ship the ore containing traces 
of radioactive elements to a pro cessing fac ility on the other 
shore. From there, Avalon will send the minerals roughly , 
miles to Louisiana for fi nal refi ning. Even though production 
is years away, the price tag keeps increasing: in , it stood 
at $ million. Just a few years  later it jumped to $. billion. 
Fortunately for Don Bubar, Avalon’s CEO, if its current rare 
earth pro ject  doesn’t work out, his com pany has other loca-
tions to mine. As with most prudent ju nior mining compa-
nies, Avalon  doesn’t focus solely on one property.

In , when the fi rst miners explored around Th or Lake 
in Canada’s Northwest Territories they found a deposit they 
hoped would produce beryllium.  Later developers hoped it 
would produce niobium. But due to its remoteness, challenging 
geology, and low market prices for those par tic u lar resources, 
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no previous com pany had successfully developed the site. 
Bubar is trying to change that.

But to be sure Avalon, which exemplifi es what start- ups 
face, is not alone in initial low cost estimates and rosy outlooks. 
No doubt it is hard for CEOs to keep investors around for the 
long term, especially with countless cost overruns and delays.

Many rare earth companies are struggling with bank-
ruptcy even though rare earth metal prices are higher now 
than they  were when they estimated their revenue. Th e com-
panies in production should be profi table based on their own 
previous assumptions. Many rare earth exploration companies 
as late as  expected to raise hundreds of millions of dol-
lars or more and to be in production by , but those same 
companies are still years away. Some always will be.

“Most of the executives are mining the market,” says Jeff  Phil-
lips, president of Global Market Development and himself a 
successful minor- metals investor. Part of the reason is that 
instead of determining which metals their deposit is best suited 
to produce, they identify the “hot” metal in the market— that 
is, the one that is most likely to attract funding to keep the 
com pany in operation. For example, Quantum Rare Earth 
Developments in Nebraska became NioCorp when its  owners 
deci ded to mine niobium.

Dudley Kingsnorth, a former mining executive and the 
sought- aft er expert for rare earth elements, told me that a 
chairman of a vermiculite mining pro ject referred to his de-
posit as an “Aladdin’s cave” from which he would pick which-
ever metal in the ground he thought would get investors to give 
him funds.

To understand why companies can develop mines for 
 diff erent metals on the same land, he says, you need to under-
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stand the mineralogy. Mineral deposits, like those at Th or 
Lake,  were formed over millions of years. Magma, a liquid cre-
ated by the melting of the planet’s mantle and crust,  rose from 
beneath the earth’s surface, which allowed minerals to form. 
Th e unique composition of the magma and the conditions each 
pool of liquid encountered determined which metals formed— 
where on the earth’s surface the magma arose, how long it 
remained hot, at what depth and  under what pressure, and 
what substances it encountered along the way such as carbon 
dioxide or  water. Resource- rich areas oft en have a panoply 
of minerals; so where you fi nd rare earth elements, for exam-
ple, you will also fi nd thorium, iron, or niobium. And since 
mining companies face expenses to develop each metal, they 
oft en select the potentially most lucrative ones.

Th ere is an incentive to be optimistic; CEOs face a  simple 
fi nancial calculus that encourages them to keep every pro ject 
alive. Th ey can return money to investors and spend years de-
veloping a new site or keep at the current pro ject even if pros-
pects are poor. Returning the cash rarely happens. Faced with 
such challenges, some mining companies can take their sales-
manship too far. Some use guarded language to describe their 
eff orts in a positive light.

In , Avalon stated in a press release that “an opti-
mized hydrometallurgical pro cess has been identifi ed to crack 
all the minerals in the fl otation concentrate with potential to 
improve heavy rare earth recoveries to over   percent along 
with improved zirconium, tantalum and niobium recoveries.” 
My interpretation: com pany scientists have an idea of how to 
extract many rare earths from the ore along with other min-
erals, but they still have a lot of work to do to fi gure out if that 
idea works. Relying on unclear industry jargon, many in-
vestors are oft en in the dark regarding the risks.



 Corporate Hurdles

To reassure investors during this long pro cess, many 
CEOs frame most news as good news.  Aft er all, the executives 
are all chasing the same limited funds and trying to stay one 
step ahead of the competition. Relentlessly positive sentiments 
make it challenging to distinguish the companies with realis-
tic opportunities of success from those that are just struggling 
to stay afl oat. Th e prob lem is partly of the investors own mak-
ing because they are constantly clamoring for good news to 
raise the com pany’s stock price.

Oft en the fi rst casualty of this pro cess is objectivity. 
“You need to separate the optimistic from the devious,” John 
Sykes, an industry researcher at Australia’s Curtin Univer-
sity, tells me. But that is hard for the average investor. Some 
companies play down the environmental, metallurgical, or 
economic challenges to bring a mine to production and play 
up the prices they plan to charge for their fi nished product. 
Com pany releases are subject to biases. According to Graham 
Lumley, author of the study “Mine Planners Lie with Num-
bers,” quips, “If you do fi nd objectivity in mine developments, 
can you see if my pet unicorn is there as well?” 

Studies, including Lumley’s, argue that mining compa-
nies overpromise and  under deliver; projects exceed their cost 
estimates and take longer than projected. Ernst & Young 
found that of the companies that actually reported cost 
overruns publicly, the average projects went over bud get by 
an average of   percent. Lumley found that returns are –
  percent lower than com pany estimates. Th e mining  giant, 
BHP Billiton, found that of the amount of steel that companies 
promised in  to ship in two years, less than half actually 
reached the market.

Although outright fraud is very rare, ju nior mining com-
panies have a history of playing fast and loose with their busi-
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ness plans, a practice that has seeded a legacy of mistrust. In 
the mid-s, Bre- X, a small exploration fi rm founded by 
David Walsh in  and initially run out of his basement, 
claimed to have access to some of the largest gold deposits in 
the world. Th e value of the com pany soared from $. a share 
to $ in just a few years, before investors realized that the 
deposits  were a fraud.  Aft er the story broke, Toronto Stock Ex-
change president Rowland Fleming commented, “If someone 
is simply lying, in a huge and stupendous fashion, as appears 
to be the case with Bre- X, all the disclosure rules in the world 
will not protect  either the gullible investor or, it seems, even 
the most sophisticated one.” 

A few months  aft er the conference in Toronto where Ron Mac-
Donald was speaking, I am at another investor conference 
in New York City, fi ve blocks from my old fi rm, Lehman Bro-
th ers, where I was an analyst. As the moribund investment 
market lingers, the rhe toric continues to soar as the executives 
boast about the success of products that use their metals and 
the potential demand for them that this implies. Th e graph-
ite producer raves about the Tesla electric car, winner of the 
 Motor Trend Car of the Year; the rare earth miner points 
to advanced missile systems; and the vanadium producer her-
alds his metal’s great promise in storing solar power. Instead of 
fi nding Hugo Boss– wearing, well- groomed investment bank-
ers, most attendees seemed combination of older hangers-on 
hoping for one last- ditch eff ort to make a name for themselves 
and a younger generation of thirty- two- year- olds hoping to 
turn a $, investment into an early retirement nest egg.

One late eve ning  aft er a conference in China, I sit down 
with a  couple of industry analysts to talk about the individual 
investor who backs these ju nior mining companies. We decide 
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it’s a wide variety of folks, but there are a few main groups. 
To protect the reputation of investors I use caricatures: the 
German dentist, the Glenn Beck devotee, the weekend gam-
bler. Th ey all have visions of striking it rich, but their reasons 
for investing are  diff erent. Th e “German dentist,” one analyst 
explains, just fi nished reading in Th e Economist how rare 
earth elements are crucial to numerous green- tech applica-
tions. He knows of a few rare earth elements such as thulium 
and holmium because they are in his dental tools.  Aft er 
some research, he grows enamored with a specifi c mining 
fi rm’s leadership and passion. He has a habit of repeating the 
same mantra that CEOs like Carneiro of CBMM voice: “Th ese 
are technology companies, not mining companies.”

We call another the “Glenn Beck devotee,” who is mostly 
a gold investor, but dabbles in other commodities. He feels that 
the U.S. currency is facing a day of reckoning and that the only 
safe way to store wealth is in metals. He invests in resource 
companies because their stock values hinge on the prices of the 
metals in the ground. No market movements, not even the fall 
of gold’s value from near $, per ounce in August  to 
below $, per ounce less than two years  later, will deter his 
investment dogma. He may well be proved right in time.

Finally there is the “gambler.” He is a risk taker who 
knows that most of his bets will fail; but he feels if he invests 
in enough losers, the odds are that he will win one or two. And 
that’s all he needs. A $, investment in a $. stock that 
jumps to $ will erase the loss of forty other bad bets. Th e savvy 
gamblers diversify their investments in other industries so the 
losses don’t mount. Th ey chat with mining com pany execu-
tives, visit end users, and develop an investment thesis. Th ey 
are not necessarily wiser than the other potential investors, just 
more informed of the risks.
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Most of the big- moneyed Wall Street fi rms shy away from 
investing in rare metals; the market is just too volatile, the com-
panies too small, and the management challenges of bringing 
a mine into production, too daunting. Consider the various 
price spikes of rare earth elements indium and rhenium over 
the past fi ft een years. Within roughly two- year spans, prices of 
each jumped more than tenfold before quickly losing much of 
their value.

A Wall Street investment banker at one large fi rm told 
me that less than   percent of his entire mining portfolio was 
minor metals. With volatile pricing a hallmark of the rare metal 
markets, he would rather deal with larger fi rms like CBMM 
with experience and proven technologies and base metals 
than with a ten- man shop having aspirations and a rocky out-
cropping in the Arctic Tundra. Moreover, investing in these 
markets is guesswork: the market for these metals is small and 
opaque, demand for them is reliant on emerging technologies, 
and supply is oft en  behind a corporate or state veil of secrecy.

“It’s  really just Las Vegas,” Jeff  Phillips, the rare metal in-
vestor, says. He did well in  and  as he tells me when 
his investments soared, some by ,  percent, as his rare earth 
mines’ value skyrocketed on the theoretical value of the re-
sources they had in the ground. But then the number of rare 
earth projects proliferated, by some counts to more than four 
hundred sites. “Th ey  were never  going to work,” Phillips tells 
me. It would be problematic if even   percent did; they would 
fl ood the market, reduce prices, and eventually bankrupt all 
producers.

Because the risk- averse stay away, the seeds of our  future 
technology are in the hands of investors who provide the 
millions, or tens of millions, of dollars to early stage mining 
companies. Phillips’s money does not build the mine, but 
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rather provides short- term— which he defi nes as around two 
years— capital to fund exploratory work. During that time, he 
provides management advice on how to prove the com pany’s 
viability to deeper- pocketed investors, who are more willing to 
invest in mining projects with a higher probability of success.

Few investors seem to hold on to investments for the long 
term— they are looking for a good quick return. Th e prob lem 
in ensuring rare metal supply for our high- tech  future is that 
the system for fi nancing critical materials in much of the world 
essentially rests on a market that shuns risk and focuses on im-
mediate gain. CBMM had long- term, deep- pocketed support, 
the kind rarely found in capital markets  today and increasingly 
only available from governments. Although these resources are 
crucial for the  future, investing successfully in any one pro-
ject for the long term takes an understanding of technology, 
mining, and geopolitics along with patience that few investors 
outside governments possess.

Bringing a minor- metal mine to production takes time, espe-
cially for more complex projects such as rare earth elements, 
as investor Jeff  Phillips well knows. Th e steps required to prove 
that a com pany can get a resource out of the ground and sell 
it are daunting. Most companies fail.

Th e fi rst step in bringing a complex rare earth com pany to 
production, the one Phillips oft en supports, is assessing the rare 
earth resources in the ground— a pro cess that can take two 
to fi ve years. What is im por tant is not just the prevalence of 
an ele ment in the ground, but a concentration that is high 
enough for companies to be able to mine it profi tably.

Once a com pany fi nds a resource, it develops a feasibil-
ity study to show investors that it understands the mineralogy 
of the deposit and has a framework to produce the end- stage 
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material. Th e research to put this kind of study together can 
take more than fi ve years and cost millions of dollars. Next, 
the com pany builds a demonstration plant, a challenge in re-
gard to many rare metals, but especially rare earths, due to the 
complex chemistry needed to produce them. Th e com pany 
must also show that it can produce rare earth material profi t-
ably on a large scale and it seeks pro ject partners, usually end- 
use customers like high- tech companies that will agree to buy 
the metals the com pany produces. At the same time, the com-
pany assesses the pro ject’s environmental impact and seeks 
government approvals. Th e total cost for these steps can be 
near $ million and this is even before construction.

When I started attending rare metal conferences, I ad-
mired many executives for their attempts to pull off  what 
seemed to be impossible. But I also felt sad for them. At con-
ference  aft er conference, they gave the same pitch to nearly 
the same group of  people, most of them their peers, hoping 
that some new investor would throw a few dollars their way. 
As one representative commented to me, they knew each 
other’s projects so well they could likely deliver each other’s 
pre sen ta tions.

But many in the industry feel CEOs need  little pity. De-
spite the precariousness of the industry in , many individ-
ual executives  were making money— some, a lot of it— just for 
coming to these conferences year  aft er year. Th ey needed only 
a few investors to bankroll their dreams. “Th eir business is 
to sell their share price,” Danny Lehrman of the metal- trading 
fi rm, Hudson Metals, tells me. “Th ey get more money with 
minerals in the ground than in production.” 

Bubar has run his com pany, Avalon, for nearly two de-
cades and has yet to produce commercially salable metal. But in 
, he made $,  in base salary, not including the 
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nearly $, in stock options, according to com pany fi l-
ings, which would be a boon if the com pany’s stock  were to 
rise. Because ju nior mining companies like Avalon don’t earn 
revenue as they don’t yet sell anything, any dollar spent comes 
directly from an investor’s pockets. Th is is why investors might 
be pleased that Avalon did not off er him a $, bonus as 
they did in  when the stock soared on the back of high rare 
earth prices. But you could argue that the real boon for CEOs 
like Bubar is not the salary but being able to cash in on his . 
million shares of Avalon stock when Avalon’s fortunes change. 
He is set to do well even if the fi rm lets him go; his golden para-
chute would net him $. million.

While Bubar has to convince the market every day that he is 
on track, it’s a concern that CBMM’s Carneiro  doesn’t have to 
worry about. Carneiro focuses on the business of maintaining 
market share. As China and India continue to urbanize and 
upgrade the quality of their steel, CBMM’s fortunes, along with 
the niobium market, are set to grow. Th e demand for new 
buildings along with explosion of construction over the past 
de cades in countries like China has led to shoddy quality 
buildings, which necessitates rebuilding. Tragically, weak steel 
contributed to building collapses such as in the Sichuan earth-
quake in .

When Carneiro explains how using his com pany’s ma-
terial can strengthen steel to prevent death from earthquakes 
and lead to a greener environment, you are almost cheering for 
him. But he needs  little support. One competitor explained it 
is keenly aware that it cannot impinge too much on CBMM’s 
market, because CBMM has the capacity to lower prices, in-
crease market share, and put the competition out of business. 
Even with the advantage of a low cost mine, effi  cient opera-
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tions, and the ability to dominate an even larger share of the 
market, there are benefi ts to keeping competitors around: 
they provide CBMM the room to match competitors’ higher 
prices without raising the ire of its customers.

Th is kind of talk seems to irritate Carneiro. He tells me 
that he shuns those who create “myths,” but he is loath to open 
up his com pany to more scrutiny to dispel them. “We don’t 
need to be in the newspaper. We always thought that those who 
need to know us, know,” he tells me. One of the main barriers 
to a reliable resource supply is opacity. To ensure a continu-
ous stream of investment and a supply at fair prices, market 
information is needed. And when one private or ga ni za tion 
dominates the market as CBMM does for niobium, crucial 
market data are missing for the world’s supplies of critical ma-
terials deterring would-be investors.

My conversation ends abruptly. Carneiro’s next guests are  here. 
I step out of the visitor center onto a new welcome mat, whiter 
than the one where I left  my previous footprint. I hop into the 
car expecting a tour of the mine— oft en the next step  aft er such 
a discussion. But we aren’t authorized for a visit that day.

On our way out, I notice a series of a hundred or so white 
fl agpoles that line the entrance road. Brazil’s fl ag waves at the 
entrance, but fl apping just up the hill is the fl ag of China fol-
lowed by the fl ags of Japan and then  Korea. I  couldn’t tell 
 whether the order signifi ed the size of country’s own ership 
stake or the number of  orders from each country. My guess was 
that it didn’t  matter. CBMM has become so successful that the 
line between customer and owner is now blurred.

CBMM has an incumbency advantage that no one can 
beat because its market is so small, its resource so rich, and its 
operating costs so low. But as I leave CBMM, my mind wanders 
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to an upstart com pany named NioCorp, a former rare earth 
com pany that once claimed to be the largest rare earth mine 
 until a few months earlier. It is trying to take on CBMM.

NioCorp  can’t compete on price. Th e com pany plans to 
open an underground mine, which is far more expensive than 
CBMM’s open- pit mine. In addition, NioCorp must essentially 
embed the cost of setting up the pro ject in each ton of niobium 
it sells. To overcome the lower margins and prove itself as 
 viable, the com pany markets itself as the only U.S. domestic 
source. Th e implicit assumption is that relying solely on CBMM 
is risky. Only time will tell  whether the argument— American 
niobium for American Steel— will win with the market. But 
one thing seems certain: NioCorp will keep the dreams of 
some investors alive and an income stream  going for manage-
ment as well.

As we drive back into Araxá, I look out from above the 
 Hotel e Termas de Araxá  toward the rolling hills of the state 
of Minas Gerais, or “general mines” in Portuguese, named 
because of its rich ore deposits. Off  in the distance, another 
mine, like CBMM, is producing a rich concentrate of miner-
als, but instead of pro cessing it locally, it sends its concentrated 
elements off  somewhere far more remote, to a frozen town 
where thousands of  people lived but for de cades it never pub-
licly existed. And that’s where the real metal- production chal-
lenges begin.



IV
Production Diffi  culties
Acid Washes and Talent Drains

Unlike other Soviet citizens, those living in Silla-
mäe, Estonia, never longed for bananas. Th e priv-
ileged Sillamäe residents also had the rare benefi t 
of owning cars, but, because of travel restrictions, 

most went no farther than their jobs at Silmet, or Factory 
Number , the town’s metal refi nery at the end of Central 
Street. Nearly all the residents of the town, just thirty kilome-
ters from the Rus sian border,  were Russian- speaking, some 
from republics as far away as Uzbekistan. Less than   percent 
of the town population was native. Th e town lacked a local 
identity, but it had a purpose. Th e scientists who worked at the 
fac ility  were engaged in top- secret metallurgical pro cesses, 
refi ning uranium, rare earths, niobium, and tantalum.

Joseph Stalin built the city in the late s to be the pride 
of the Baltic region. When I visited in , it still retained a ve-
neer of its grandeur, but it showed its seventy years of wear. Th e 
city’s architecture was bold and commanding: tree- lined bou-
levards; two-  and four- story neoclassical buildings with stately, 



 Production Diffi  culties

well- worn facades; and plenty of green space, including a park 
with a cascading staircase adorned with urns and gargoyles.

Sillamäe has stunning vistas overlooking the Gulf of Fin-
land. But for de cades, visiting it was impossible. Once con-
struction of the town was complete— a feat that took up to 
eigh teen thousand  people roughly fi ve years— Stalin erased it 
from offi  cial maps. Supplied with its own dedicated  water and 
electricity systems, the town and its metal- processing fac ility 
became a state secret. Stalin chose to build the pro cessing fac-
ility in Sillamäe because geologists had reported that the town 
was rich in uranium; some of it was used to make the coun-
try’s fi rst atomic bomb. But, despite the Soviets’ meticulous 
planning, Factory Number , now known as Silmet, was built 
in the wrong spot. Sillamäe ran out of uranium not long  aft er 
the mining started. Rumor in town had it that scientists had 
overestimated the resource buried in the region’s vast oil shale 
reserves. One wonders  whether some unlucky souls spent years 
in Siberia contemplating this misjudgment.

 Aft er the town’s ore ran out, Silmet started importing it. 
Th is imported uranium ore contained contaminants, other 
metals that complicated the refi ning pro cess. Instead of dis-
carding these impurities, notably niobium and tantalum, the 
Soviets set up two more pro cessing lines to extract them. When 
alloyed with other metals, niobium and tantalum strengthen 
them to withstand extreme temperatures, which prevents them 
from cracking in places like plane turbines. At the time that 
Silmet built its new lines, tantalum was also emerging as a cru-
cial component in capacitors for vari ous electronic and de-
fense applications because of its unique ability to store an 
electric charge.

Unfortunately for the workers at Silmet, rare metals don’t 
neatly separate out of the soil like pebbles from sand. Mining 
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companies need to fi nd ways to turn sand and crushed rocks 
into metals because few appear in the ground in their elemen-
tal state. (Gold is a notable exception.) Enter benefi ciation, con-
centration, cracking, extracting, refi ning, and metallurgy, the 
pro cess of turning ore into metal through a combination of 
steps that include fl oating, roasting, and diluting rocks in acid, 
as we saw briefl y at CBMM. Many rare metals are so techni-
cally challenging for chemists to produce that it is better to 
think of them as chemical creations rather than geological 
minerals.

Pro cessing rare metals is all about trade- off s— which 
metals to pro cess and which to discard. Because by- product 
metals are produced in small amounts and need their own pro-
cessing equipment, they are oft en discarded. But the only way 
that many rare metals are produced is as by- products because 
their concentration in the ground is so low that miners can-
not profi tably mine them directly.

Just to develop the metallurgical pro cesses to refi ne the 
minerals from a new mine, can cost up to hundreds of millions 
of dollars. Even spending such high sums does not guarantee 
success. Each step has to be perfected through sampling and 
adjusting before work on the next stage can begin. Refi ning rare 
metals requires a balance of time, temperature, and liquids. 
It’s unforgiving. And there are no assurances that companies 
can keep the pro cessing costs low enough to make new mine 
sites profi table. Some companies even have the rare metal– 
rich minerals, but cannot fi nd the right heat and liquid com-
binations to coax the rare metals out. Pro cessing is the hidden 
side of mining. Having the ore is just the beginning.

Th ere are three main steps to refi ning rare earth elements and 
indeed many rare metals: increase the concentration of the 
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elements from the ore; extract the elements from the concen-
trated mix; and separate individual rare earth metals. No step 
is inexpensive or straightforward; add in too much sulfuric 
acid and you dissolve too many minerals, making it harder to 
extract the rare earth elements. And the risks are not only fi -
nancial. “If you make a  mistake, you’re dead,” says Richard 
Hammen, chief executive offi  cer (CEO) at IntelliMet, a rare 
earth technology com pany. In fact, the pro cessing of some ma-
terials can itself be downright deadly. In Andover, Mas sa chu-
setts, a - ton furnace that applies heat and pressure to metals 
blew up, sending shrapnel pieces of nearly  tons more than a 
quarter mile away.

You  can’t just open up a cookbook for metals and make 
neodymium or dysprosium. “Th ere is no school where you can 
learn solvent extraction,” says Alain Leveque, the former global 
research and development (R&D) director for rare earth ele-
ments at the pro cessing fi rm Rhodia (now Solvay), referring to 
the chemical pro cess for rare earth separation. “You have to 
develop your own knowledge or develop an agreement with 
someone who already has it.” Leveque should know; Rhodia 
devised many of the pro cessing techniques that are currently 
used. Th e defi nitive guide on rare earth pro cessing is titled 
the Extractive Metallurgy of Rare Earths and is fi lled with 
fl ow charts and chemical formulas but cautions, “the pro-
cesses actually practiced in the industry are well- kept secrets.” 
And those in the know are not always willing to share their 
knowledge.

Rare earths come in more than   diff erent minerals 
but metallurgists have perfected extraction of the elements 
from just a handful. What’s more, because every ore deposit is 
unique, Hammen tells me, the combination and amount of 
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chemicals used to produce concentrated rare earth solutions 
from each deposit are equally unique, although the pro cess has 
some standard steps.

Th e fi rst step is to dissolve the crushed minerals, the 
rocks that contain the elements, into a mix of acids, such as 
hydrochloric acid, to make a concentrated mix of rare earth 
elements. Scientists like Hammen need to fi nd the unique 
balance of acids that dissolves rare earth minerals the way 
salt dissolves in a glass of  water.

Sometimes an insuffi  cient quantity of the rare earths is 
dissolved, meaning a high percentage is wasted; other times 
the rare earth mixture turns into a viscous blob, making the 
extraction of suffi  cient elements from it diffi  cult, if not impos-
sible. Because most of the minerals  going into this mixture 
contain less than    percent rare earth elements, the liquid 
solution is not transparent. In many cases, the mixture con-
tains ten times more iron than rare earths, which turns the 
solution into a rich brackish brew that also happens to be radio-
active because of the naturally occurring elements in the mix. 
Setting up the pro cess to get just this far can take years of 
 adjustments.

Th e next step is to fi lter out the contaminants and extract 
the elements from the concentrated rare earth soluble mix with 
a centrifuge or a fi lter. Th e goal is not so much to remove rare 
earths from the mix as to remove  everything  else from the 
mix. As the contaminants are taken out, the liquid slowly be-
comes clearer. Because some of the contaminants, like the rare 
earths themselves, have been absorbed into the acidic brew, 
chemists will add other acids to change the mix’s acidity levels 
so as to turn the contaminants back into a solid. Th e contami-
nants are then fi ltered out, leaving a rare earth and acid mix. 
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Th e acid is then evaporated, leaving a gray powdery concen-
tration of mostly rare earth elements. Th e fi nal step is to pro-
cess the concentrate into individual rare earth ele ment 
powders. Th is last step is what Silmet, the pro cessing fac ility 
in Sillamäe, did in Soviet times and continues to do  today.

About fi ve hundred miles away from Sillamäe and roughly 
 years ago, while he was walking around a feldspar quarry 
in the town of Ytterby in , Swedish army lieutenant Carl 
Axel Arrhenius found a curious black, dense rock. Its appear-
ance seemed out of place in the mine. As a chemist he took it 
upon himself to analyze its composition and soon realized 
he had found a “new” mineral, which he called ytterbite (now 
gadolinite). But it  wasn’t  until  that the Finnish chemist 
Johan Gadolin extracted the fi rst rare earth ele ment from the 
rock, yttrium. But fi nding successive elements in the rock was 
challenging. It took about ten years for Jöns J. Berzelius, Ar-
rhenius’s professor, to discover another rare earth ele ment and 
another fi ft y years for the next to be uncovered. In fact, these 
metals confounded scientists to such an extent that for most of 
the s physicists believed that didymium was one ele ment 
 until Carl Auer von Welsbach discovered in the s that 
they  were actually two. Chemists needed a total of  years to 
isolate all  rare elements, the last being promethium in .

Th e challenge scientists face in isolating all the rare earth 
elements is that they have similar atomic confi gurations, which 
makes identifying and separating the ele ment’s tight chemi-
cal bonds they form with one another diffi  cult. Scientists have 
had to isolate each successive ele ment through slow chemical 
and heating pro cesses to strip off  the known elements and iso-
late the targeted ones.  Today, the workers at Silmet go through 
similar steps to separate the rare earth elements they produce.
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Historically, Silmet has separated   percent of the world’s 
rare earth output, which adds up to several thousand tons 
annually. But that   percent was the only substantial amount 
of rare earths produced outside China for much of the early 
s. Despite its unique market position, Silmet faced eco-
nomic diffi  culties during the same time period when China 
began producing rare earths at increasingly lower prices.

Silmet’s campus of brick buildings has changed  little 
since Soviet times. Pipes meander overhead from one building 
to the next as if in an M. C. Escher painting. Th e rusted veneer 
on many of the pipes and the peeling insulation wrap on  others 
make me think they’ve lived past their usefulness, but my 
guide, David O’Brock, Silmet’s CEO, assures me they all work 
because he would melt them down for scrap if they didn’t.

One of the fi rst stops on his tour is an empty oversized 
control room lined with square gray control panels replete with 
lights that no longer light and switches that no longer fl ip. A 
desk sits in the center, equally boxy, on which more toggles and 
buttons reside in front of and on  either side of where an opera-
tor would sit. Th e com pany was  going to take apart the room 
but for its nostalgic obsolescence. It reminds O’Brock too 
much of a set from a Sean Connery- era James Bond or Austin 
Powers movie and he wants to keep it to remind the com pany 
of its roots.

For de cades, the socialist system rewarded Silmet for pro-
duction, not for sales, because the com pany’s wares had an im-
mediate buyer: the state. Th e com pany had produced its metals, 
but had no idea what they  were used for. O’Brock had to fi nd 
out what his materials did and who might buy them.

O’Brock is an unlikely head of a former Soviet secret fac-
ility. He grew up on a farm in Ohio and, on a lark, came to 
Estonia in  to study. He now has a wife and two children 



 Production Diffi  culties

and speaks fl awless Rus sian and Estonian. Th e com pany hired 
him, he says, to put Silmet on sound fi nancial footing.

O’Brock quickly found new customers when he came on-
board in  and then eventually brokered the sale of Silmet 
to the U.S.- based Molycorp in . When we met, I quickly 
understood why customers took to him: he has an easy way 
about him and a boyish enthusiasm when he speaks about his 
com pany.

 Aft er visiting the antiquated control room, O’Brock takes 
me into one of the largest red brick buildings in the Silmet 
complex, standing at around seven stories. Sitting in front of 
me is a maze of large steel pipes that rises and falls above rows 
and rows of stainless steel rectangular containers the size of 
oversized garbage cans sitting several feet off  the cement fl oor 
on metal scaff olding. Each one of the three hundred contain-
ers has a red number emblazoned on it and protruding thick 
welded- metal tubes that connect one box with the next.

O’Brock explains to me that inside each one of these 
boxes, known as extractors, is a mix of rare earth elements and 
acid. Because rare earth elements, and indeed all elements, 
have slightly  diff erent weights, the rare earths will separate at 
 diff erent levels inside the extractors. Th e extractors then fi lter 
the liquids at  diff erent depths to collect as much of the desired 
ele ment as possi ble. Since an individual extractor is not par-
ticularly effi  cient, Silmet must pro cess the mix three hundred 
times just to separate out liquid from the mix of the fi rst two 
rare earth elements they produce, cerium and lanthanum, the 
most plentiful and least expensive rare earth elements.

From the original batch, the pro cessing continues yet an-
other three hundred times to separate out the other two ele-
ments that Silmet sells, praseodymium and neodymium. It 
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may seem evident but Silmet can only produce the assortment 
of elements that reside in the concentrated minerals it receives. 
But since demand for these elements does not neatly equate to 
their distribution in the ground, there is oft en a glut of some 
elements and a shortage of  others. What adds to the supply- 
and- demand mismatch is that pro cessors like Silmet cannot 
just separate out the high- priced elements because there is a 
prescribed order to removing the elements.

As we will see, Molycorp has a prob lem similar to the 
problems of a number of other rare earth producers outside 
China; roughly   percent of the com pany’s rare earth reserves 
are in low- value cerium and lanthanum, which must be pro-
duced to access more valuable elements. Furthermore, Moly-
corp’s Silmet refi nery only produces one set of rare earths 
commonly known as “light” rare earths, referring to their 
lower atomic numbers, but it might as well refer to the amount 
of cash they bring in. Th e other group of rare earth elements, 
the “heavies,” is more valuable and produced in very low quan-
tities, nearly all from southern China due to the region’s 
favorable geology.

Producing the high- grade materials increasingly de-
manded by industry for high-tech, green, and defense applica-
tions is an expensive and challenging task. In fact, Sillamäe is 
unable to produce the highest grade rare earth materials. Th eir 
pro cess for refi nement, although good for producing bulk ma-
terial, does not work for separating and producing the high- 
purity, light rare earths that the market demands. Th at 
technology lies in China.

To pro cess the rare earth ele ment powders that Silmet 
produces takes about two weeks, but many rare metals take far 
longer. Producing lithium— a soft  metal found dissolved in 
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saltwater deposits, and best known by consumers for its use 
in batteries— can take twelve to twenty- four months.

Some rare metals are not even produced directly by pro-
cessing minerals buried in the earth; germanium comes from 
the residue of coal ash. And scientists are working on novel 
ways to extract metals from improbable sources where con-
centrations of metals are very low, such as from wastewater 
and even from roadside plants that absorb palladium from 
car exhaust.

When geologists say that “ore grade is king,” they mean that 
the richer the metal content of a deposit, the more profi table 
the mine will be. Th at is generally true for gold or copper be-
cause a richer ore will require less grinding and less pro cessing, 
which are the costliest parts of production. But a focus on 
the richness of the ore alone is unhelpful in understanding the 
economics of a rare metal deposit and the importance of 
pro cessing. To understand those issues, one must look at the 
effi  ciencies and the costs of production.

Mining companies lose material in every step of refi ning, 
from taking the mineral out of the ground to turning it into 
metal. Minerals are lost even before mining begins because 
engineers cannot design a cost- effi  cient mine plan that allows 
digging equipment to extract from every nook of mineral de-
posits. Minerals are also lost in blasting and when they fall 
from the truck in transport. Th e next steps— crushing the ore 
and putting it in the acid baths that help to turn mineral ore 
into a concentrate— sacrifi ce even more precious material, as 
does the separation of rare metals from other metals in the mix.

It is instructive to look at how this loss plays out. Fron-
tier Rare Earth com pany plans to dig up  million tons at a 
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rare earth mine in South Africa called Zandkopsdrift , a dusty 
barren hump sitting on a rustic- orange rolling plain. But the 
com pany estimates that it will recover only , tons of rare 
earth material. Based on the ratio of material to ore, the de-
posit is a   percent rare earth grade. Compared to some, this 
is a low- grade deposit, although it’s full of high- priced metals.

One  can’t assume that the com pany will eventually sell 
all , tons. Frontier will further lose about   percent of 
the rare earths in mining,   percent in concentrating the ore, 
and then another –  percent while separating and refi ning 
the mineral into rare metal powders. In the end, the pro cessing 
will yield only , tons of rare earth powders over the life 
of the mine— just   percent of the total rare earth elements 
in the ground at the mining site.

Because of these challenges, some of the lowest grade rare 
earth deposits, for example, are some of the most profi table. In 
the southern Chinese province of Jiangxi, the rare earth ore 
grade is extremely low— less than .  percent of the ore is rare 
earth elements compared to a grade of .   percent at Moly-
corp’s Mountain Pass mine, the only producing rare earth 
mine in the United States. What makes the rare earths around 
Jiangxi profi table is that the soil is brittle clay, weathered by 
millions of years of exposure to a hot, wet climate. Th e weather 
has worn down the mineral deposits so they are loosely bonded 
to the surrounding clay. Th e result is an extremely fi ne- grain 
mineral deposit that is easy to dig up. More importantly, the 
ore is inexpensive to pro cess. Th e locals just need to dig up soil 
from the hillside, dump it in acid, and bake it at high tempera-
tures to produce rare earth concentrate. And because environ-
mental laws have been historically lax, locals have faced 
 little need to invest in environmental protection. Pro cessing 
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rare earths is so easy that farmers in southern China,  aft er 
tending the fi elds, can make a good second income.

In northern China near Mongolia sits Baotou’s Bayan 
Obo mine, the world’s largest producing rare earth mine. Only 
  percent of its ore contains rare earth. Despite this relatively 
low grade, it is the world’s lowest- cost rare earth producer. 
Most of Bayan Obo’s rare earths are locked in the same type 
of minerals as those in Molycorp’s mine. But the Chinese pro-
duce rare earths more cheaply because Bayan Obo is not solely 
a rare earth mine. It is an iron- ore mine with a very profi table 
rare earth side business. Since Bayan Obo is already digging 
and pro cessing the ore to remove iron, pro cessing rare earths 
there involves half the cost of  doing so elsewhere.

In fact, rare earths, like most minor metals, are oft en by- 
products of other mined base metals. For example, pro cessing 
aluminum and zinc yields gallium; nickel and copper depos-
its produce cobalt; and zinc yields indium. Th ere are roughly 
a dozen trace metals in copper alone. Having by- products in 
a deposit may appear to be a boon to a com pany’s bottom 
line; however, many companies don’t celebrate such fi nds. 
Rather, these rare metals are a nuisance, impurities that must 
be removed, which increases the metallurgical costs of pro-
cessing and leads to wasting of elements that would be con-
sidered valuable in other contexts.

In , refi ners pro cessed only  tons of tellurium, an 
ele ment named for the Roman earth goddess, Tellus. Part of 
the reason for the limited quantities is because of its availabil-
ity: it’s four times less common than gold in the earth’s crust. 
Nearly all current supplies come from copper wastes, which 
raises an economic prob lem. Because by- product metals are 
not directly mined, they don’t respond neatly to the laws of 
supply and demand.  Unless companies have easy- to- access 
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supplies of tellurium- laden copper waste around, a higher price 
for tellurium  doesn’t oft en provide enough incentive for cop-
per miners to produce more of it. It’s not valuable enough.

A joint  U.S. National Renewable Energy Laboratory/
Colorado School of Mines study found that the value of the 
copper ore at a mine is thousands of times greater than that of 
tellurium. Th e authors note that tellurium supply, especially 
over the short and medium term, does not respond to the de-
mand for tellurium but rather to the demand for copper. Over 
a ten- year period beginning in the early s, tellurium prices 
increased tenfold, but copper industry production of tellurium 
stagnated.

Th e rare metal is recovered for pro cessing from high- 
grade copper- rich ores only—an increasingly limited source 
because copper- ore grades are falling. Changing a low- grade 
copper refi ning system to maximize tellurium recovery would 
mean building an entire new pro cessing system that would sac-
rifi ce copper output. Th is isn’t a decision that a mining com-
pany would even consider; there is  little money in tellurium 
because the market is small—in , the hundreds of tons of 
tellurium produced had a market value of around $ mil-
lion, whereas copper’s  million ton market was worth $ 
billion.

In addition, recovery from secondary sources is ineffi  -
cient. For example, pro cessing companies recover only  per-
cent of indium from the host metal, zinc, because at each stage 
of the zinc- refi ning pro cess indium is lost because the eco-
nomic incentive to maximize indium is minimal. Th e authors 
of the U.S. National Renewable Energy Laboratory found that 
because of the peculiar nature of by- product production, supply 
for metals like indium and tellurium react in a stepwise 
fashion with price increases, not incrementally as is the case 
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with commodities such as oil or coal. Prices need to cross cer-
tain thresholds to encourage a new, more expensive method of 
production.

For example, the authors estimated that if the price of in-
dium was about $ per kilogram, current refi ners could pro-
duce between , and , tons at a profi t, which means a 
higher price may induce some companies to produce more 
with a small price increase. However, the price of indium would 
have to jump to about $ per kilogram for companies to pro-
duce , tons because companies would need to make more 
expensive investments in pro cessing. Moreover, the authors 
concluded that additional production would not hit the mar-
ket for at least fi ve years, meaning that if, for example, the 
demand for solar panels or fl at screens using indium spiked, 
supplies would be stretched thin.

As we walk around the decaying Soviet- era factory grounds 
on this early January  aft er noon  under a setting, weak winter 
sun, O’Brock tells me how managing three  diff erent rare 
metal production lines— rare earth powders tantalum, and 
niobium— has helped Silmet to survive in a post- Soviet world. 
Th e diversity of its products ensures that one of the metals is 
always at a high enough price point to subsidize the production 
of the  others.

Th e stern faces around the Estonian plant are far  diff erent 
from the smiles I encountered in Araxá, the niobium mining 
town in Brazil. Despite the regions’ geographic and cultural dif-
ferences, snow- dusted Sillamäe and the verdant hills of Brazil 
are one stop— a cargo- ship ride— from one another on the 
niobium supply line. Th e crushed ore from which O’Brock 
produces his metals comes from the same area of Brazil as the 
niobium  giant CBMM’s mine.
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Because CBMM meets   percent of the world’s niobium 
needs due to its low costs, it has the ability to squash niobium 
producers like Silmet. But Silmet has found a small profi table 
niche. Th e Estonian refi ner sells small amounts of specialized 
high- grade niobium metal to universities and small manufac-
turers, rather than to  giant multinational companies. Silmet’s 
metal fi nds its way into magnetic resonance imaging machines, 
tele vi sions, and even the electromagnets that steer streams of 
protons around CERN’s Large Hadron Collider, the world’s 
highest- powered particle accelerator, which is located in Swit-
zerland.

O’Brock  doesn’t like to show the initial pro cessing of 
niobium from the Brazilian supplies. He is proud of the safety 
of his fac ility but says the building is still dangerous, since the 
pro cessing produces a lot of volatile dust. “Every year one fac-
tory in China pretty much blows up,” he tells me. He adds that 
the factory of one of his rivals in Brazil caught fi re in  for 
getting the pro cess wrong.

Instead, O’Brock brings me into a fac ility where shiny 
two- meter- long metal blocks lie on a steel rack. Silmet mixes 
  percent niobium powder with   percent aluminum to help 
convert the niobium to metal. Whereas rare earths rely on 
mixes of acid to pro cess the metal, high- grade niobium needs 
heat and lots of it.

Workers slide the niobium- aluminum ingots into a long 
blue tube of a furnace that shoots a white electron beam at the 
metal, heating it to , degrees Celsius (, degrees Fahr-
enheit). Th at temperature vaporizes nearly  everything except 
the niobium, which turns into a liquid and collects at the bot-
tom furnace.

Producing high- purity metal is expensive due to the of-
ten long pro cess of alternating a mix of high temperature and 
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acids. Not only does the equipment cost tens of millions of 
dollars, operating at such high temperature uses vast amounts 
of electricity. And despite the best eff orts of O’Brock’s employ-
ees, impurities are everywhere—in the acid, in the furnaces, 
even in the air. Unwanted elements such as oxygen are always 
creeping into the fi nal product, undermining eff orts to pro-
duce the high- quality, high- priced material that Silmet’s cus-
tomers demand.

Th roughout our tour, I am struck by the age of some of 
Silmet’s equipment. Th e niobium furnace, for example, also 
has a Soviet- era control panel that resembles an Atari video-
game system. Despite the antiquated tools, O’Brock boasts that 
his metallurgists produce higher- grade material more consis-
tently than do companies with newer equipment.

While the distance from Sillamäe to Jiangxi Province in south-
ern China, the heart of heavy rare earth country, is , 
miles, few points on the planet could feel farther apart. As I 
approached the entrance of an oversized concrete hut, set on 
the slight downward slope of a hill, a waft  of acrid warm air 
greeted me, overpowering the already oppressive  degree 
summer, humid heat. Upon entering, I looked up and saw a 
rectangular patchwork of thick tree branches supporting a tin 
roof. If the walls of this building  were mud, I felt it could be a 
church in a poor, rural African village. Along the length of the 
building sat ten small furnaces with a bubbling orange glow 
emanating from a hole on top of each.  Behind every furnace 
dangling from a hook was a laminated paper sign with a few 
letters in red writing: HO or DY (holmium and dysprosium) 
to indicate the specifi c metal boiling in each.

At this rare earth smelter nestled in the hills not far from 
where the material is mined, almost all the workers sported 
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light silver- beige pants and nearly matching jackets with front 
zippers, which some men actually used. Most of the workers 
wore facemasks, not the ones that actually protect from nasty 
toxins, but the kind dental hygienists wear to ensure that they 
don’t get splashed. Th ose who  weren’t wearing masks had cig-
arettes dangling from their lips. Because their hands  were 
busy— banging a hammer to brand the metal or pouring pow-
der from a metal soup ladle into the coff ee- cup- size cauldron 
that would be placed in the furnace— they  were prevented from 
 really smoking. Th ey paid  little heed to the presence of foreign 
visitors.

Th e building had  little ventilation to remove the heat or 
the fumes, save a slight natu ral breeze. Above the furnaces 
along the top of the wall was a long ventilation hood hung 
ten feet above furnaces. To me, it seemed a perfunctory tool 
to guide away the fumes rather than a serious attempt to 
keep the air clean. If Silmet was considered low- tech, this was 
old- tech.

But despite a seeming lack of technical sophistication, 
this Jiangxi smelter and  others nearby are the material suppli-
ers for the world’s highest technological applications. Th e 
smartphone in my pocket had its roots in one of the low- tech 
cauldrons I was staring at. As I tried to make sense of my gad-
gets’ DNA, my throat and nose started to burn. My Japa nese 
colleague told me it was because of fl uorine gas. Sometimes 
 people are aff ected by it, he said. It is not healthy. I  later found 
out that exposure can severely damage the eyes, skin, and the 
entire respiratory system. In some cases, it can be fatal.

We promptly left  the building and went to some of the 
other smelting buildings nearby, some with larger capacity 
furnaces and vacant concrete fl oor space next to them. Th e 
director told me he was waiting to add more pro cessing 
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equipment to increase the com pany’s capacity. Th ese build-
ings looked just as antiquated as the  others I had seen, but he 
asked me not to take pictures.

A  couple miles away from the metal refi ner sat a rare 
earth separation fac ility, similar to what I’d seen in Sillamäe, 
but with slightly newer equipment  housed in a tin- roofed 
ware house. What was most striking about the fac ility was not 
its equipment, but that it is was lying fallow. China had so 
much extra refi ning capacity because companies had over-
built, and at the same time the government was cracking down 
on illegal mining, leading to less rare earth minerals to pro cess. 
Overcapacity in China, not shortages, was the sword of Damo-
cles over the rare earth industry in  .

Start-up rare earth mining companies aiming to compete 
against China have to realize that even if they could raise hun-
dreds of millions of dollars to start up a new fac ility, at any mo-
ment producers in China can open shuttered pro cessing lines 
and lower prices around the world, putting those new invest-
ments in peril. Th e new mining companies can have all the ad-
vanced technology money can buy, but if they  can’t compete 
with Chinese operating costs, it matters  little. China was cut-
ting down on illegal metal production for a myriad of reasons— 
from ensuring that companies adhere to environmental and 
worker safety regulations, to reducing supply in order to in-
crease prices for rare earths. As I walked around the pro cessing 
site, I saw a sheared- off  hill with a brown open expanse in front 
of it just beyond the boundaries of the current compound. Th e 
director told me he had plans to double his pro cessing capabili-
ties to become more profi table and needed the extra space.

Despite the importance of turning minerals into metal, regret-
tably, there are fewer and fewer experienced practicing geolo-
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gists and metallurgists, especially in the West. Th e average age 
of the mining workforce in the United States is close to fi ft y; 
most will retire in the next ten to fi ft een years. Likewise, in 
Canada, industry sources estimate that nearly , workers 
may retire by , but the sector may need , new work-
ers to meet demand. It took Avalon Rare Metal two years to 
fi nd a vice president of metallurgy, and during the search, the 
com pany relied on two metallurgists, a septuagenarian and an 
octogenarian, to support their work.

“All kids are geologists,” Mia Boiridy told me. “At some 
point, they all bring rocks home.” As the director of the 
Dynamic Earth Program at the educational or ga ni za tion Sci-
ence North in Canada, Boiridy educates children about the 
wonders of the minerals around us. Somewhere along the 
way to adulthood, most children lose their interest in rocks. 
Life speeds up, and  people spend less time looking down and 
more time looking ahead. “Th ere are limited [numbers of] 
 people who practice this art,” laments Corby Anderson, pro-
fessor of metallurgy at the Colorado School of Mines, him-
self a third- generation mining hand. Th is has profound 
implications.

Th e lack of a knowledgeable workforce, even in countries 
with strong mining histories like Australia and Canada, will 
mean a slow development of local mines in Western coun-
tries and a growing reliance on mines developed in China, 
Rus sia, or Brazil, by Chinese, Rus sian, or Brazilian engineers. 
It also means that new young Western workers will have in-
creasingly fewer mentors, crucial to these young scientists 
in developing their skills and providing them critical infor-
mation.

Steve Yue, chairman of the Department of Mining and 
Materials Engineering at McGill University, notes that it is 



 Production Diffi  culties

increasingly diffi  cult to lure young students into metallurgi-
cal studies and very hard to fi nd new professors. Th is diffi  culty 
recruiting students combined with the fact that engineering 
and metallurgy are as much experience as they are science, the 
bottleneck to producing rare earth resources, especially in the 
West, may turn out to be not geologic or economic, but  human. 
Corby Anderson believes that the lack of trained mining en-
gineers and metallurgists could aff ect our ability to produce 
the materials we need in the years ahead.

But the Anderson clan is helping. Anderson’s son, Caelen, 
works just a few doors down from him. Caelen grew up shovel-
ing dirt at a copper mine and quickly learned he would rather 
design mines than dig in them. He is a budding hydrometal-
lurgist, a chemist who uses liquids as opposed to heat to sepa-
rate metals. He tells me he is one of just a handful of  future 
PhD hydrometallurgists that Western universities will produce 
over the next fi ve years, meaning he will face  little competition 
for jobs.

Th e prob lem is that the unheralded art of metallurgy gets 
short shrift , even on the well- manicured grounds of the Colo-
rado School of Mines, where mining is literally in the name of 
the school. Th e campus’s showcase building— for petroleum 
engineering— has nothing to do with rocks. According to the 
campus donation board, ConocoPhillips, Hess, and Schlum-
berger donated at least a million dollars each to ensure that this 
state- of- the- art building was loaded with fl at screens and con-
ference rooms fi lled with small Asian vases visible  behind 
protective glass. Th e companies’ names appear throughout the 
building: Halliburton and Hess sponsor adjoining classrooms; 
Marathon Oil funded a center of excellence for reservoir stud-
ies. Even the LED lighting underneath the railings, leading 
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up from the three- story, glass- enclosed entrance, show that the 
school spared  little expense.

Across the campus in a nondescript beige brick building 
is the home of the metallurgy department where Caelen and 
his  father work. In fact, it is a  jumble of buildings. Th e offi  ce is 
dark, even at midday, but functional and defi nitely a few steps 
up in quality from the aging environmental studies annex 
where white fl uo rescent lights still hum loudly and the over-
painted paned windows have yet to be replaced by energy ef-
fi cient ones.

But Caelen is fortunate: he is at the only mining school 
in the country that has a rare earth specialty.

Th e challenge to producing the rare metals that the world 
needs is that the Anderson progeny and their colleagues 
will require more support. Th e world needs a robust set of 
metallurgists to unlock the secrets of extracting elements 
from a myriad of minerals, not just the ones we are currently 
mining.

Silmet does its job admirably, but I would argue that it is 
time for an upgrade— not just newer equipment, but newer 
ideas. Innovations in pro cessing, designed by educated and 
skilled workers, can bring far more materials to the market, 
more cheaply, than can mining companies just searching for 
new deposits. New sources of metal,  whether these are new 
mineral deposits, old mining waste, or even wastewater, could 
help reduce the world’s reliance on the limited set of deposits 
we have discovered.

But policymakers, academic institutions, and even inves-
tors oft en overlook the pro cessing challenges, as if the compa-
nies need only the minerals themselves to be productive.  Until 
metallurgists fi nd more effi  cient ways to pro cess rare metals, 
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Silmet will continue its metallurgical tradition that extends 
back to the dawn of the Soviet Union. Fortunately for O’Brock, 
he knows he has buyers for his product. Still, because of the 
web of traders that are the hidden link between the pro cessors 
and the product, he may never know where his rare metals go.



V
Trading Networks

Smugglers and Supply Hiccups

Have you met Super Mario?” the head of research 
at a Japa nese trading  house asked me. “You must 
meet him.” He told me that Super Mario, the fa-
mous Italian plumber of the Nintendo video game, 

was also a nickname for the main supplier of rare earth metals 
to Japa nese companies, Shigeo Nakamura. He is one of the 
unsung heroes of Japa nese industry; the one responsible for 
bringing the country’s high- tech industries rare earth elements 
to polish glass for their camera industry and phosphors for 
their fl at screens. He is the critical connection between pro-
cessors like Silmet and Japan’s high- tech manufacturers. Na-
kamura is also part of a small, tight- knit fraternity (traders are 
nearly all men), where  people earn heft y sums just trading met-
als like indium or ferro niobium.

Most of the large Japa nese trading  houses such as Mitsui, 
Marubeni, and Sumitomo shun minor metals. It’s a nuisance 
for a trading  house that provides millions of tons of base metals 
to supply a few tons of neodymium, a rare earth metal, or hun-
dreds of kilograms of tantalum, and it’s far less profi table. Th e 
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reluctance to trade in these materials left  space for Super 
 Mario/Shigeo Nakamura to build his com pany, Advanced Ma-
terials Japan, into a specialty metal- trading  house that has 
become the country’s leading rare earth ele ment supplier. He 
is part of a web of small companies of specialty traders that 
help form the backbone of the global rare metal market.

Nakamura gets his nickname from his salt- and- pepper, 
bushy mustache, similar to the Nintendo character’s, and his 
jolly demeanor. Nakamura is also a character in his own right; 
a set of comic books romanticizes his exploits in bringing re-
sources back to Japan— a captain of Japa nese industry in a 
country that has made it a national priority for domestic trad-
ers to import   percent of the rare metals the country uses.

Advanced Materials Japan sources its main products 
from the rolling hills of southern China or the steppes of In-
ner Mongolia. But some traders get metals anywhere they can; 
for some that means sourcing material in Vietnam that may 
have been smuggled out of China. Many clients don’t  really 
want to know where the metals are from; they just want a con-
sistent supply of inexpensive resources that meet their specifi -
cations. Th is laissez- faire attitude provides leeway to traders 
to access metals in vari ous forms of legality.

Th e network to get rare metals from the mine to your lap-
top travels through a murky network of traders, pro cessors, and 
component manufacturers. Traders are the middlemen who do 
more than buy and sell rare metals: they help to regulate in-
formation and are the hidden link that helps in navigating the 
network between metals plants like Silmet and the components 
in our laptops.

Although personal relationships, reliability, and quality 
are valued, price ultimately reigns. Th e rare metal market’s 
opacity combined with the limited number of mines and pro-



Trading Networks 

cessors makes for very tenuous resource supply lines and vol-
atile prices. No one  really knows the true size of these markets. 
Even the U.S. Geological Survey, which tracks the market size 
of every metal, won’t hazard a guess on metals markets of some 
minor metals. Th is lack of transparency adds to the volatility 
of markets and allows rumors and hearsay to fi ll the void of 
data and analy sis.

What’s more, most critical materials must meet such 
 exacting standards that they are more akin to the products 
they are in, like micropro cessors, than they are to commodi-
ties like copper or iron. Unlike those commodities, which are 
easily traded in standard amounts on exchanges, rare metals 
are traded in backroom deals, oft en in small quantities and 
tailored grades for specifi c end uses. In certain ways, the minor 
metal trading system is so antiquated that they trade in the 
way that commodities did before exchanges existed.

In countries with weak  legal enforcement, smuggling can 
quickly take hold, in some cases fueling confl ict. If there’s one 
weak link in the supply chain, the market will seize up— prices 
will  either skyrocket or plummet. Th e ability of minor metal 
traders to navigate the murkiness of the marketplace— while 
at the same time contributing to it— makes traders like Noah 
Lehrman indispensable.

Noah Lehrman speaks about economic reforms in China with 
the fl uency and conviction of a Wall Street analyst. But with a 
scraggly orange- brown speckled beard and hair that goes well 
past his ears, he appears every bit the existential singer his pro-
moters boast. He is likely the only person in history to both 
perform at the Jewish Grateful DeadFest and advise the U.S. 
Congress on resource security. Lehrman is in the  family metal 
business and part of the same network of small metal trading 
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shops to which Nakamura belongs, where good interpersonal 
relationships equate to a stable business.

Lehrman is also the U.S. representative for the Minor 
Metals Trade Association, the main or ga ni za tion for rare metal 
traders. Forty years ago, at the dawn of the Rare Metal Age, 
around the time when calculators  were becoming the fi rst 
handheld electronic computers, a group of young metal trad-
ers started selling cast- off  metals from refi ners. Th ey  were sell-
ing to scientists and electronic companies, just trying to make 
a few extra bucks for their producers. Th ey banded together 
to form the Minor Metals Trade Association. Maria Cox, the 
association’s current executive director, tells me that the as-
sociation likely started out, as did other similar specialist 
groups, as a chance to share a drink with friends, and it’s now 
the main body representing traders and has  member 
companies globally.

Lehrman’s offi  ce has a homey feel despite being on the 
eigh teenth fl oor of a building that is just a short distance from 
New York’s Grand Central Station. Yankee paraphernalia cov-
ers the walls and chunks of metal and a handful of die- cast 
airplanes in take- off  position, including the late British Air-
ways Concorde whose last fl ight was over a de cade ago (), 
sit on a wooden bookcase revealing not only the com pany’s 
customers but the length of time it has been in the business. 
Th e offi  ce administrator has been  here for twenty years. 

“During the height of the Cold War, my dad had  people 
from Red China and the Soviet Union over for dinner,” 
 Lehrman tells me. His  father, Danny, born in Bolivia to a 
German- Hungarian  father and French mo ther, helped open 
global minor metal markets when he was with his  uncle’s busi-
ness. In the late s, he ventured off  to China and the Soviet 
Union and became the fi rst person to import chromium from 
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these countries.  Aft er a few successful years with his  uncle’s 
fi rm, Danny founded his own shop, Hudson Metals.

Like Nakamura in Japan, the Lehrmans are the con-
nection between the Chinese tungsten and Rus sian titanium 
suppliers and the companies that make airplane engines and 
medical devices. With his focus on Asia, most of Noah’s work 
entails calls made  aft er midnight in Mandarin to Chinese trad-
ers. But you get the sense that even if his work didn’t demand 
such late night calls, he might just be awake then anyway.

Every few months Noah travels deep into China, to re-
mote cities that few foreigners see. He has developed connec-
tions that go beyond business. One Chinese  family— knowing 
that Noah keeps kosher, but not  really knowing what it 
means— has a special set of pots they use to cook his food when 
he visits. Maintaining such relationships is crucial for a busi-
ness that relies on its reputation for quality metals.

When I questioned Noah about the apparent lack of high- 
tech pro cessing equipment I saw in Jiangxi, he assured me 
(based on the several months a year he spends in China) that 
the equipment is technologically appropriate: “We’re making 
things hot and smashing them.” You don’t need the fanciest 
equipment to do that, he tells me. Like David O’Brock, chief 
executive offi  cer of Silmet, Lehrman puts more faith in the 
craft smen who churn out these metals than in their having 
the latest tools. Both men believe that metallurgists under-
stand the pro cess in a way that highly mechanized equipment 
cannot. Being able to consistently deliver high- quality metals 
is im por tant to the Lehrmans.

“We are    percent specifi cation- driven,” Danny Lehr-
man tells me. Unlike traders in other commodities, such as 
oil, who sit  behind computer screens anonymously trading 
barrels of homogeneous oil on exchanges, Danny has to meet 
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the increasingly demanding specifi cations of his customers. He 
cannot simply trade metal of a standard grade; he has to meet 
the quality his customers need. One substandard batch of 
metal ruins the relationship. It is not a risk he can take. Main-
taining long- term supplier relationships and  doing spot checks 
lessens the risk that a bad batch will reach the clients. As the 
Rus sian axiom, attributed to president Ronald Reagan, goes, 
“Trust but verify.”

Th e market is tough, especially in Asia. Many traders tell 
me Chinese fi rms prove to be challenging partners— contracts 
are looser and terms can change, especially when beginning 
new trading relationships. As Michael Rapaport, a rare metal 
trader who once worked with the Lehrmans, told me, “Th e 
Chinese don’t abide by the same rules especially if the market 
moves out in your  favor.” Th ey will back out of the contract. 
Rapaport avoids long- term agreements and takes delivery im-
mediately. It’s a common sentiment in the industry.

Unlike base metals and commodities like oil that trade 
on exchanges with clearly listed prices and amounts, there are 
no universally accepted benchmark prices for most rare 
metals. Th e market for many minor metals, like niobium, are 
dominated by a few producers who keep their data proprie-
tary, which makes fi nding the true price challenging. With 
trading taking place  behind the scenes, the Lehrmans are 
the best source for the latest price and production trends for 
the materials they  sell.

Metal- Pages has one of the most robust price listings in 
the industry on its Web site, but it relies on buyers and sellers— 
hardly disinterested sources—to report their prices. If that 
pro cess sounds as if it is ripe for manipulation, it is. If global 
banks  were cavalier in illegally manipulating gold prices and 
the LIBOR— the interest rate that banks use to lend to one an-
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other, which underpins hundreds of trillions of dollars in 
loans and other securities— for their own gain, it would be hard 
to imagine that traders sitting in London or Ganzhou would 
not be tempted to misreport a price in their own  favor.

Despite the challenge of backroom deal making, a lot of 
the traders are quite happy for the market to be opaque, a 
Minor Metals Trade Association (MMTA) member told me. It 
off ers them a profi table position. Unlike  others in the market 
who just buy or sell, traders know the market’s true metal 
prices as well as transactional information. And as they have 
personal relationships with both the seller and buyer, it makes 
it easier to buy low, hold material, and then sell it at higher 
prices. Such advantages  were on the minds of MMTA mem-
bers when they balked at a proposal to work with the London 
Metal Exchange in  to establish an “online price discov-
ery system”—  percent voted against the proposal.

Th ere was a reluctance to change the nature of business, 
an MMTA member commented to me. Open prices would un-
dermine competitive advantage. An eventual exchange could 
also allow manufacturers to reduce their risk through hedg-
ing, essentially buying  future amounts of a commodity at a 
fi xed price, called “futures.” But at the same time an exchange 
could undermine the personal relationship an end user has 
with its trader— who ensures reliable delivery— which may ul-
timately be more im por tant to a customer’s long- term re-
source security than hedging and saving    percent. Th e 
Lehrmans provide this security of supply along with market 
advice to their customers. It is part of the reason they consider 
themselves merchants, not traders— that’s too pejorative a 
term.

Danny Lehrman now tells his clients that he sees the 
market changing. Although minor metals trade  under vari ous 
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contracts, about three- quarters trade  under some long- term 
contract, according to Nigel Tunna, head of Metal- Pages news 
ser vice and a former antimony trader. Danny sees businesses 
increasingly preferring these longer- term deals— fi ve years and 
longer. “Th ey now want to lock in prices,” he says. Th ey are 
tired of the supply chain concerns and will sacrifi ce price for 
reliability.

With the increasing price trend for many minor metals, some 
outside investors are trying to get a piece of the market. Th e 
challenge for them lies not in buying rare metals because they 
can easily buy online at the Chinese web site alibaba . com .  Th e 
hard part is to sell them— this requires relationships. Boeing 
is not  going to buy titanium alloys from a random investor 
with a few kilograms or pounds. Not just individual investors 
are trying to get a piece of the action, but banks, such as Brown 
Bro th ers Harriman, have become MMTA members and are 
trying to fi nd ways to work with traders. But no group has been 
as successful as Chinese exchanges in making profi ts while 
changing the way minor metals are traded. But their business 
model raises concern about stability of the market.

Th ese budding rare metal exchanges geared to Chinese 
investors who are struggling to fi nd profi table domestic invest-
ment opportunities are the new rage. Since wealthy Chinese 
have limited investment options because the government re-
stricts overseas investments, rare metal speculation provides 
an alternative to real estate and stock market investments. If 
run well, these markets could bring light to backroom rare 
metal deals and confi dence to businesses that they can secure 
long- term supply at a fair price. If run poorly, these markets 
could cause huge swings in prices that would undermine the 
market and leave companies short of material.
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Th e Fanya Metal Exchange, based in Kunming, the cap-
ital of China’s remote southwest Yunnan Province, opened in 
, and is emblematic of the new exchanges. It has been wildly 
successful in attracting investors, despite resembling Arkan-
sas in the United States, far from mining and farther from in-
vestors. In just three years since it started trading indium, it 
has amassed around four times the amount of indium the 
world consumes in one year. Fanya turned China, the world’s 
largest supplier of indium, from a net indium exporter into an 
importer, as investors fl ocked to the market.

Th is fl urry of purchasing has old- time traders suspicious 
and has become a hot topic at international conferences for 
many reasons. First, price on the exchange had been nearly 
double what the market pays, raising fears that this is a get- 
rich- quick scheme with  little basis on the real market. (For ex-
ample, in May , Fanya’s indium price was over $ per 
kilogram whereas the price physical traders used hovered 
around half that level, $ per kilogram.) Second, the market 
has functioned well in an environment of rising prices; many 
traders feel that if the prices fall, it could trigger a wave of sell-
ing that would aff ect the price of indium traded in the market.

Th ird, whereas most commodity exchanges are set up to 
manage the risk of trading between anonymous but creditwor-
thy counterparties, Fanya’s aims appear more nationalistic. 
“Th e goal of the exchange is to increase the value of China’s 
minor metals industry chain and to enhance China’s price ne-
gotiating power in the international market by using China’s 
resource advantages and the new and advanced electronic 
trading tool,” said Yang Guohong, Fanya’s vice president, in 
Metal- Pages in . His comments echo goals by Jiang Yang, 
vice chairman of the China Securities Regulatory Commis-
sion, who commented four years earlier that  future trading 
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may help Chinese commodity importers “get fairer deals” as 
part of a “long- term goal of increasing our [Chinese] infl uence 
in terms of pricing.”

Such goals give rise to market fears that the government 
may be manipulating investments to achieve other domestic 
goals. For example, indium’s increasing prices have helped to 
reduce the sales of illegal and  legal metals abroad. “Smuggling 
has not been a prob lem since Fanya got  going,” an industry 
source told Metal- Pages two years  aft er the exchange opened 
up. Th e smugglers, “simply sell  everything on the exchange. 
Smuggled material  doesn’t turn up any more.”

Selling metals to investors who ware house the material 
waiting for higher prices has the potential to starve manufac-
turers, who could make use of the material. But what might 
be far more worrying is that the exchange  doesn’t have the 
metal it claims to have, which means that  people are holding 
a paper receipt for a supply that  doesn’t exist. Th is fraud is ex-
actly what Chinese authorities uncovered at the Qingdao port 
in . Some of the world’s biggest banks  were victims when 
Chinese trading companies took out loans using metals that 
did not exist for collateral. In , the government estimated 
that companies had engaged in about $ billion in fraudulent 
trade in just the fi rst three quarters of the year, including the 
losses at Qingdao. Some banks fear that their losses might be 
only the beginning.

Ming, a pseudonym I will use for a former executive who ran 
exchanges in China, has the confi dent air of a man who has 
seen all the machinations in China’s commodity markets. He 
was part of a team that set up a trading exchange and was thus 
at the cutting edge of setting government policy that now en-
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courages market- led, as opposed to state- directed, growth. He 
estimates that there has been an explosion of exchanges— 
between three hundred and one thousand  diff erent platforms 
for vari ous products— over the past few years. He tells me 
that, despite this proliferation, the regulatory environment is 
weak and, “the real objective [of these exchanges] is to make 
money.” Th e exchanges are not geared to help provide accu-
rate price information to the market— one of the main pur-
poses of any market.

He attributes many of the challenges of the regulatory en-
vironment to the infi ghting and jockeying for power between 
government agencies regulating the exchanges. “Th e China Se-
curities Regulatory Commission is so deeply involved in self- 
interested rule making, its rules make it impossible to set up 
an exchange for price discovery,” Ming tells me. Part of his 
concern is that Chinese regulations haven’t explicitly allowed 
for futures trading on most exchanges, despite the longtime 
roots of that practice in China. One of the main challenges in 
regulating Chinese exchanges is that they are governed 
more by policy than by strict laws and regulations. Unscrupu-
lous traders responded by engaging in practices that push the 
bounds of those policies or they have disregarded them com-
pletely in hopes that policies would change to accommodate 
their practices. But even those who ran the exchanges pushed 
the regulatory limits.

To engage in futures trading, Ming tells me, he had to 
“tweak the trading model.” He explains, “So if ten rules ban 
commodity futures contracts, you bend the rules so you only 
violate nine of them.” Th en you lobby the local authorities 
to prove you are not violating all the rules. In that way, you 
play off  the existing power strug gle between vari ous agencies 
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 including the central government that want to cautiously ex-
pand trading with regulatory oversight and more ambitious 
local authorities.

Beijing has a right to be concerned with futures trading. 
Although futures contracts in China go back more than four 
thousand years to a time when  people paid for rice delivery be-
fore planting season, just a few de cades back the fi nancial sec-
tor did not exist. Th e state controlled all banking activity and 
the trading of metals. Th e country’s fi rst large- scale experi-
ments with commodity futures exchanges began in the late 
s with a pi lot program that quickly ran amok. Exchanges 
proliferated and soon there  were fi ft een formal commodity ex-
changes and another thirty less formal ones. Illegal trading 
overwhelmed authorities as the scale of trading grew and 
quickly expanded. It was, in essence, sanctioned gambling.

Wang, again, a pseudonym of a trader from the time, tells 
me that all of his friends with whom he traded commodities 
in the s at the Zhengzhou Commodity Exchange went to 
jail. He says that back then large institutions and the sons of 
high offi  cials cornered certain markets through illicit and de-
ceitful practices. Exchange offi  cials would guide prices so that 
specifi c investors would profi t. “Th is was completely the strong 
preying on the weak according to the laws of the jungle, a sit-
uation full of bandits and robbers.” Th e practices became so 
egregious that the deputy president of the Supreme  People’s 
Court eventually referred to the Zhengzhou Commodity Ex-
change as a “big litigation  family” because of the torrent of 
 legal action engendered by unscrupulous trading.

By the mid-s, authorities in China began shutting 
down nearly all futures trading along with many of the ex-
changes. It took a de cade before the country began to gradu-
ally allow trading on government- backed exchanges. Wang 
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blames the regulators for this situation, including the China 
Securities Regulatory Commission and the  People’s Bank of 
China, whom he feels  were inept and complicit. “Oversight was 
very poor, and this helped to disguise collusion between those 
institutions and some market participants. At the time the 
amounts paid in bribes  were large.” Th e practice is not over, 
Wang adds, “[the amounts are] nothing compared to those 
paid  today.”

While a broad spectrum of commodities trading is once 
again proliferating in China, regulators still have concerns. As 
Jian Yang of the China Securities Regulatory Commission 
stated in , “laws and regulations are not properly imple-
mented and violations are frequent.” Such comments are 
deeply disturbing when one considers the country’s central role 
in the rare metals markets and its aspirations for more infl u-
ence on metal pricing in the  future. “Chinese  people  gamble,” 
Ming tells me. “When you have a casino,  people fl ock there.” 
It’s a tendency Ming took advantage of. “Our trading rules 
 were designed like casinos.”

In , Hong Kong Exchanges and Clearing Limited bought 
the London Metal Exchange, the world’s leading metal exchange 
which provides a forum to buy and sell base metals as well as 
the minor metals cobalt and molybdenum. At a sale price of 
$. billion, bankers at Morgan Stanley summed up market 
sentiment when they called the deal “extremely expensive.” 
Hong Kong’s bid was  times the net earnings of the exchange; 
by comparison, the previous most expensive deal for a compa-
rable exchange was  times net income when the Chicago Mer-
cantile Exchange bought the Chicago Board of Trade in .

Th e new buyers indicated that by moving the exchange 
to Hong Kong, because of its proximity to China, it would 
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bring in new Chinese traders. More Chinese traders over the 
long term would make the exchange far more profi table, the 
argument goes. It will take time to hash out the new exchange’s 
Asian business model; up to , the results have been less 
than stellar. But profi tability might not have been the own er’s 
sole goal.

When you run an exchange, you are privy to a lot of mar-
ket information— the price of trades and volumes. A savvy 
data cruncher can learn much more: trading patterns, posi-
tions, and timing. Usually this information remains at the 
exchange, but Ming and some  others are concerned that Bei-
jing is using this information to the country’s advantage.

“What happens in board meetings in Hong Kong this 
minute will be at the PBOC the next,” Ming tells me, referring 
to the People’s Bank of China. He fears that increasingly closer 
relations between Hong Kong and China—as exemplifi ed by 
the Chinese decision in  to pick the slate of candidates that 
will lead the island rather than letting Hong Kong residents 
pick their leaders— will wear down the wall between govern-
ment and industry. And this in turn will turn corporate infor-
mation into state intelligence. “Th ere is absolutely no fi rewall,” 
Ming tells me. And in a country where the line between the 
state and its largest companies is blurry, he is concerned that 
this information could give Chinese companies a leg up. “It 
[Th e purchase] was a geopo liti cal play,” Ming explains.

Among my spam e- mails from Christianmingle . com and from 
fi nancial fi rms touting reverse mortgages are e- mails from 
Chinese metal- processing companies. Th e sender— Della or 
Alice, usually a nominally Anglicized name, rarely with a last 
name— dismisses proper spacing between paragraphs, correct 
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sentence structure, and capitalization rules. One e- mail sender 
even forgot her alias; the e- mail was from Alice but the note’s 
fi rst line began, “Hello I’m Candice.”

Th e e- mails are similar— they boast timely, cheap deliv-
eries of rare earth material or other rare metal products— 
employing the same sales tactics as those ads peddling erectile 
dysfunction pills. Th is is what separates rare metals producers 
from larger players like Glencore, the commodity trading 
 giant. It  doesn’t spam potential customers.

In the s and early s, Chinese offi  cials pushed 
to develop the country’s resource base, from rare earths to in-
dium, to meet growing domestic demand. But as soon as pro-
duction capacity outpaced demand and fl ooded some global 
markets, the country introduced export controls such as 
quotas, taxes, and minimum prices. Disparities developed 
between lower domestically priced minerals and higher in-
ternationally priced ones. By creating a comfortable profi t 
margin for illegal traders, this encouraged smuggling. Gov-
ernment crackdowns to reduce illegal rare earth trade have 
produced mixed results.

For example, Chinese offi  cials estimated that in , 
traders shipped out   percent more rare earths illegally than 
legally. And these illicit traders continue to actively search for 
new clients. Few of the companies that spammed me seem to 
have export allowances  under Chinese government quota sys-
tems. But as one  woman I met at a trade show assured me in 
industry parlance, “we have quota.”

Smuggling is not just an anomaly of the rare earth sec-
tor; in fact, many rare metals have a history of evading Chi-
na’s production and export controls— from antimony, a critical 
ele ment for fi re- resistant products, to indium, discussed earlier 
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and found in fl at- screen tele vi sions. Th ese smuggled resources 
are sometimes so common that industry journals mention 
their prices.

Illegally mined rare metals in China are not easy to rec-
ognize. In ware houses in Vietnam, for example, they look 
much like their legally mined and pro cessed brethren. In fact, 
illegally smuggled rare earths from China are quite  legal in 
Vietnam, unlike, say, elephant tusks, which are illegal nearly 
everywhere. Inside the country they are discouraged, outside 
they are encouraged.

Material evades export controls in multiple ways.  Under 
the protection of corrupt offi  cials, illicit material leaves the 
country for neighboring territories like Hong Kong and Viet-
nam before being shipped onward. At other times, traders tell 
me, companies list rare earth powder as talc powder or other 
material on a ship’s manifold but transforms into cerium pow-
der on custom forms when the customer receives it. Smug-
gling is one of the main reasons why export and import fi gures 
of countries never seem to line up and which makes it chal-
lenging to understand the fl ow of materials.

“I know my customers buy stuff  that has ‘fallen off  the 
truck’ all the time through Vietnam or [has] been labeled 
something coming in and something  else  going out,” says 
David O’Brock, the Estonian rare earth pro cessor, referring 
to the way smugglers mislabel materials to evade controls. He 
says that the fl ow is stable. As he points to the white powder of 
rare earth oxides at his plant, he says, “Th is could be powdered 
milk.”

China has reduced its export taxes on several metals, in-
cluding indium, from   percent in  to   percent in , 
as part of a strategy to reduce the incentive for smugglers. As 
one trader commented, “Th is is good news as lower export du-
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ties will narrow the price gap between us and smugglers.” But 
illegal trading is endemic in China.

Despite Beijing’s lip ser vice to the vagaries of clandestine 
trading, many businesses and local governments benefi t from 
it. Local offi  cials who have been  under pressure to sustain 
growth are loath to shut down profi table industries like min-
ing and metal pro cessing, especially because some media re-
ports indicate that they may personally benefi t from it. But 
China is not alone in attempting to tackle illicit fl ows of rare 
metals.

“I’m an investor,” Yudi, a trader of illegally mined minerals, 
tells me as we sip coff ee at a café in Pangkal Pinang, a town on 
the Indonesian Island of Bangka, where a third of the world’s 
tin is mined. Yudi, which is also a pseudonym, is in his late 
twenties, and sports a black- and- white plaid shirt. He has a long 
fi ngernail on his left  pinky, a sign of wealth. His confi dence 
belies his age.

“When I started three years ago, I was making  mil-
lion [$,] a week.” He shuffl  es his two BlackBerrys as he 
contemplates his words. “But more competition came and I’m 
making about that in a month now.” And $, a month is a 
huge bump up from his previous salary of $ as a part- time 
travel agent. In a country where more than  million of the 
country’s  million  people live on less than $ a day, he’s 
 doing quite well.

His job is  simple: he hires  people to buy cassiterites, the 
main ore of tin, from illegal miners and sell them to local 
smelters. Cassiterites are the primary source of tin and second-
ary source of other metals. Th ere are many other  people like 
Yudi; some, mostly Chinese, also trade monazite. Unlike the 
tin ore, monazite  can’t be refi ned on the island, so it’s helpful 
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to have international connections. It’s an open secret that some 
of Bangka’s minerals containing rare earths—as well as mate-
rials from elsewhere in Southeast Asia— fi nd their way to 
China, oft en through Singapore, skirting Indonesian laws that 
limit the export of unrefi ned minerals.

Illegal trade in minerals is risky work. Yudi tells me that 
at the beginning of a workweek, an investor from Jakarta, 
Indonesia’s capital, or China, will give him $,. (Yudi 
believes that many of these investors are electronic manufac-
turers.) He will then spend the cash to buy cassiterites from 
miners and traders, and within a week he will sell the minerals 
to a local refi ner. Typically, he says, he is able to gain a   percent 
return, giving back $, to his investors by week’s end. 
“Th e investor does not care about how I get the minerals, I just 
need to deliver it in seven days,” he tells me. Th ere is no con-
tract between Yudi and the investor; the deal is based on trust, a 
very limited commodity on Bangka. But Yudi takes precautions 
because he is on the hook to some power ful  people.

Yudi has a few rules to reduce risk: never hold cash and 
make sure to have police support if something goes wrong. He 
researches the backgrounds of potential mineral subcontrac-
tors, who are responsible for buying the tin from individual 
miners, by asking neighbors and other business associates 
about them. “A  little kid can give money to anyone; I need 
someone who knows tin,” he tells me, illustrating the impor-
tance of having knowledgeable subcontractors. Unlike his in-
vestors, he requires subcontractors to sign contracts. He also 
pays off  the police by giving cigarette money to the “ little 
fi shes,” those newer to the force. For  people higher up the chain 
of command, bigger sums are needed. He sends them payoff s 
via bank transfers or money delivered in person in manila en-
velopes. “Th e police work for me,” he boasts. It is helpful to 
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have such  legal support and protection. One subcontractor, 
whom he refers to as a collector, absconded with his money; 
Yudi says he now owns the deed to that collector’s  house.

Yudi also pays off  scientists at the smelters with $ or 
so to ensure that they appropriately validate the grade of ma-
terial he sells— a low grade means less money. About   percent 
of his revenue goes to his salary,   percent to payoff s or “fees,” 
uncannily similar to corporate taxes in many parts of the 
world. Th e real risk to  people like Yudi and the market is that 
if the authorities get serious about cracking down on his ac-
tivities, metal prices will rise and Yudi will be out of a job. But 
that situation seemed highly unlikely during my  visit to 
Bangka because the challenges involved in stopping illegal 
trading are enormous.

Th e money Yudi makes may be small by Western stan-
dards, but the money made in the entire illegal network is 
spread throughout the island— about –  percent of the res-
idents are connected to the mineral trade— and this includes 
some very im por tant  people, as he tells me, making a lot of 
money. Yudi says that even his friends are now making enough 
to invest in  houses around Indonesia. With  little sarcasm, he 
tells me that the market is corrupt. He is tired of dealing with 
most of the traders because they are “cheats.” Yudi wants the 
market to change. “I want transparency.”

Despite the irony of wanting more rules in his illegal 
trading operation, he is in agreement with most other indus-
try analysts who believe that the market would function more 
effi  ciently if the  people working in it knew what was  going on. 
Th e market for many minor metals becomes even murkier 
 aft er Yudi gets the minerals to the refi ner.

 Aft er tin and many other metals go through the smelt-
ing pro cess, there is a fair amount of waste or “slag.” Th ink of 
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it as the seeds and rinds of an orange  aft er you make juice. Th is 
waste has value, not in Bangka where facilities to refi ne it fur-
ther are limited, but off shore. In ,  Toyota Tsusho, the trad-
ing arm of the  Toyota Group, announced that it would buy 
slag, with the intention of building a smelting fac ility on the 
island of Bangka to pro cess rare earths. Now, the Indonesian 
government is pushing the local state- owned tin mine to pro-
duce rare earths.

What’s most discouraging from a resource standpoint is 
that many miners and refi ners waste rare metals. Because not 
all minerals can be easily traded,  either miners toss back min-
erals or pro cessors throw away the sludge that comes from re-
fi ning tin and other materials. As a result, precious resources 
are left   behind, which necessitates additional mining opera-
tions elsewhere. Illegal and ineffi  cient markets undermine 
the market by exploiting only the resources that can be easily 
traded and wasting the rest.

Unlike the proceeds from mining in Bangka that line the pock-
ets of wealthy Indonesians and Chinese, in parts of East Af-
rica and elsewhere, the money from trading minerals funds 
confl ict. In the Congo, militias trade minerals containing gold, 
tungsten, tantalum, and tin. In fact, about a quarter of all 
tantalum produced in , came from Congo mines, but as 
Patrick Stratton, a tantalum expert at the consultancy Roskill 
points out, nobody knows exactly how much confl ict tantalum 
is produced.

Th e route these minerals generally travel from the mine 
is easy to track. It begins in hollowed- out areas of dense jungle 
where men on tiered hillsides dig up a thick, rich muck of dirt 
or outside rocky ferret holes where men with fl ashlights tied 
to their heads hammer away in the humid darkness. Traders 
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bring sacks of minerals from these mines in Congo’s western 
border areas on bikes or in rickety cars to main regional cities 
like Bunia. From there, traders bring the material by truck 
through Tanzania, Rwanda, or Uganda, where they sell it to 
another trader or ship it directly to one of approximately ten 
tantalum refi neries, almost all in China. Once the material is 
there, smelters refi ne it. Th en it is sold to another trader who 
will refi ne it further. Or it is sold to a component manufac-
turer who will add the material to specialty alloys that will 
eventually fi nd their way into parts of fl at screens or car airbag 
systems.

In Colombia, FARC rebels, who have been fi ghting an in-
surgency against the government since  and are labeled a 
terrorist or ga ni za tion by the Eu ro pean Union and the United 
States, trade tungsten mined from the depths of a national park 
in the Amazon jungle. Th e traders haul bags of crushed rocks 
up the Inírida River through rapids so strong that they have 
to drag their long, narrow wooden boats along the shore.  Aft er 
a near weeklong journey through the jungle, the FARC traders 
transfer the crushed rocks to other traders who bring the bags 
by truck to Bogotá. Once in Bogotá, trading fi rms sell the rocks 
to international markets where traders and pro cessors turn 
them into tungsten. Th e alloys or powders they produce have 
found their way into components used by BMW, Hewlett- 
Packard, and Samsung Electronics.  Aft er an article by Bloom-
berg News in  about the Colombian trade, numerous traders 
stopped buying these materials. However,  until the Colom-
bian government intervened to halt this questionable practice, 
these materials continued to fi nd their way to suppliers.

Foreign governments, many nonprofi t groups, and even 
companies themselves want to stem the use of these illicit ma-
terials. Th ey see the proceeds from these minerals spurring 
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 human rights abuses by providing cash to armed groups that 
are in confl ict. But the challenge is that modern supply chains 
are so long that companies don’t know where their resources 
come from. For example, Philips Corporation has over ten 
thousand suppliers and is seven or more suppliers removed 
from the mines. Adding further complexity is the fact that 
most companies have hundreds if not thousands of compo-
nents in their products. “A lot of companies have no idea 
 whether or not they’re using confl ict minerals,” notes Lisa Rei-
sman, publisher of MetalMiner and a specialist on minerals 
from confl ict areas. Indeed, even Apple notes that it does not 
have enough information to conclusively determine which 
country the minerals it uses come from.

Tracing the route of commercial product components 
back to their source is far more challenging than most gov-
ernment offi  cials in Washington or Brussels realize. “Policy-
makers have this bad misconception that a com pany has 
transparency, that they know what is in their products,” says 
Randy Kirchain, a material research scientist at the Mas sa chu-
setts Institute of Technology (MIT). “Th ey don’t know be-
cause of how much the manufacturing world has changed over 
the past several de cades.” At one time a car manufacturer 
made most of its components, but  today’s companies outsource. 
As Kirchain tells me, Ford will specify the sound quality and 
size of a radio for their vehicles, but does not state what ele-
ments must be in the radio micropro cessors that aff ect its func-
tion. Even Bas van Abel, the founder of Fairphone, a com pany 
specifi cally set up “to use only source materials extracted in 
acceptable humane and environmental conditions,”  doesn’t 
know the origins of all his materials. And he may never know.

In , the U.S. government passed legislation forcing 
companies to state  whether the materials they use in their 
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products come from mines run by warlords in the Congo. Th e 
Eu ro pean Union (EU) followed suit with a watered- down 
proposal in . Th e laws have  little teeth because no one is 
banned for using materials from confl ict areas and the EU’s 
program is voluntary. But because large corporations do not 
want customers to think the products they manufacture help 
to fuel rape and murder, many multinationals are forcing trad-
ers to buy materials elsewhere.

Consequently, the value of Congo- produced minerals is 
decreasing, which makes these cheaper materials available to 
companies that are less concerned about  human rights. And 
that is a large number of companies, especially in Asia. For no- 
name brands serving a market with limited discretionary 
 income,  human rights may not rank high on their list of 
purchasing criteria. Companies serving those markets have 
greater latitude in sourcing the cheapest materials. And that 
material is easy to fi nd. One trader told me that he had an of-
fer to buy substantial volumes of cassiterites from Uganda— 
but Uganda has no signifi cant mining operations, although it 
shares a porous border with Congo.

Th e U.S. legislation also requires companies to report only 
newly mined sources of confl ict metals. An increasing amount 
of scrap tantalum is actually primary material that is made 
to look like scrap to circumvent the legislation. Although there 
are no exact fi gures for the amount of scrap entering the market 
in this manner, MetalMiner’s Reisman estimates that the per-
centage for tantalum is “perhaps even ‘high’ double digits.” 

In other cases, especially in Asia, unscrupulous traders 
and pro cessors mix confl ict minerals with legally mined ones 
to ensure that they have enough metals to keep profi t margins. 
“I would bank heavily . . .  that Chinese fi rms are ‘skirting’ 
the law where possi ble,” Reisman commented to me. Just as 
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one ounce of sewage can transform a gallon of drinking  water 
into sewage, grains of illegally mined minerals mixed with 
 legal ones contaminate the entire batch in the eyes of Toshiba, 
Samsung, and other corporations concerned about their 
image.

Th e truth is that the illegal fl ow of materials continues 
to spread. Reports indicate that illegal mining is already pro-
ducing more revenue for traders than does the illicit drug trade 
in South Ame rica. In late , the Chilean newspaper El Mer-
curio reported that the business in Peru’s Amazon region is 
already   percent more profi table than the country’s lucrative 
drug trade. And as the prices of these minerals rise, confl ict 
metals will only proliferate. But for many suppliers the risk of 
using confl ict minerals is the least of their concerns.

Yosi Sheffi  , a supply chain expert at MIT, explains that for the 
supply chain of a com pany to remain resilient, it must rely on 
many suppliers; each of those suppliers in turn relies on a bevy 
of its own suppliers so that a shortfall from one supplier will 
be made up by another. If you draw this schematically with the 
end user at the top and with each supplier layer underneath, 
the chart resembles a pyramid with a wide base of component 
manufacturers and mining companies supporting one com-
puter manufacturer like Toshiba.

But the wide base of this pyramid and the stability of the 
 whole chain may be a fi ction. Take, for example, Toshiba’s re-
liance on rare earth magnets for computer hard drives, speak-
ers, and almost all small motors in their high- tech goods. 
Toshiba has many sources for the manufacture of its magnets, 
but those manufacturers ultimately rely on just a few provinces 
in China for the rare earth alloys to produce the magnet. From 
Toshiba’s perspective its rare earth supply chain resembles a 



Trading Networks 

pyramid with the com pany on top and a network of suppliers 
below, but the structure may be closer to a diamond insofar as 
Toshiba’s suppliers, and in fact all manufacturers globally, have 
historically relied on just one ultimate source— China. Sheffi   
tells me that companies “discover the diamond when there is 
a disaster.” What he means is that if there is a supply shortage, 
despite Toshiba’s numerous suppliers, the com pany as well as 
its competitors have nowhere to turn for components because 
their suppliers all rely on the same source.

To reduce the risk associated with limited suppliers and 
to ensure access to reliable supplies of rare metals, some com-
panies are signing deals directly with mining companies. Boe-
ing stepped up its alliance with the world’s largest titanium 
manufacturer, VSMPO- AVISMA, in late  to ensure its sup-
ply. Toshiba signed a deal with Kazakhstan’s Kazatomprom 
in  to establish a joint venture to produce rare metals in-
cluding rare earths and rhenium. Likewise, Mitsubishi, Daido 
Steel, and the U.S.- based rare earth mining com pany Molycorp 
teamed together to produce rare earth magnets. It’s an expen-
sive proposition to tie up money in order to secure supply- line 
arrangements.

At the same time, mining companies are moving further 
downstream. Th e Molycorp– Daido– Mitsubishi deal augments 
Molycorp’s ongoing strategy to produce magnets in addition 
to mining rare earths. Th ese strategies are fraught with risk as 
companies are getting away from their core competencies— 
farmers are skilled at growing tomatoes but that does not 
mean they have the skills to open a pizzeria. Many companies 
still would prefer to leave the work with the traders.

Shigeo Nakamura is blasé about the machinations of the mar-
ket. He recalls previous price bubbles of rare earth elements 
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like the annual arrival of the typhoon season— destructive 
for some, but inevitable. During his years trading rare metals 
he has also seen indium prices and rhenium prices jump as 
much as twentyfold.

Th is volatility can be a headache and lead to fi nancial 
challenges for end users like General Electric that  were caught 
short of rhenium in  when prices spiked tenfold. To 
Nakamura and his fellow traders, volatility is just a part of 
work— a profi table part. “We hope for hiccups; we pray for 
them,” Danny Lehrman of Hudson Metals tells me back in 
New York. While shortages strike fear into the hearts of com-
panies, they off er opportunities for larger profi t margins to 
traders.

Nakamura now sees opportunity. “Th e materials revolu-
tion has begun,” he declares. And those who know how to get 
these rare metals to where they are needed are set to do quite 
well, especially as the world demand for these metals for high- 
tech needs is about to soar as we shall now see.



VI
Tech Needs

Th e Electronifi cation of  Everything

The ancient Babylonians enjoyed having a clean 
mouth. Th ey dug plaque and food remnants from 
the crevices between their molars with the frayed 
edge of a twig. Th eir practice, though rudimentary, 

heralded the emergence of dentistry. In the s, the Chinese 
improved on the Babylonian twig, producing toothbrushes 
from carved bone and bamboo fastened with bristles from the 
necks of pigs. Four centuries  later, product designers aban-
doned the pig bristles and bone in  favor of plastic and nylon. 
In  the brush became electric, when Broxo, a com pany 
founded in , sold a spinning brush and marketed it as ad-
vanced dentistry. Th e electric- toothbrush market has grown so 
large that one com pany, Royal Philips Sonicare, boasts that its 
premium product is in twenty- two million bathrooms.  Today’s 
off erings include battery- powered brushes and app- enabled 
cleaners that collect data about your hygiene.

While the Chinese and the Babylonians needed only ma-
terials from the local forest or pig, manufacturers like Royal 
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Philips need resources from the plains of northern China to 
the hills of South Ame rica for the metals they need for the 
dozens of components that go into their electric tooth-
brushes. Usually when  people think of the global economy, 
they think of soccer balls from Pakistan, or T- shirts from In-
donesia, but electric toothbrushes involve exponentially more 
resources than these  simple goods and, therefore, come from a 
far greater number of places than we have visited in previous 
chapters.

A toothbrush needs cir cuit boards dotted with materi-
als of tantalum in a capacitor that helps it to store energy; it 
requires a neodymium, dysprosium, boron, and iron magnet 
with material coming from southern China to provide the 
power to spin brushes in excess of , strokes per minute; 
and it needs batteries made from nickel and cadmium or 
lithium. Supplying the thirty- fi ve metals it needs to make the 
electric toothbrush takes an extensive minor metal supply 
chain: miners like Brazil’s Companhia Brasileira de Metal-
urgia e Mineração (CBMM) to supply the metal; Estonia’s 
Silmet to pro cess it; and the Lehrmans from New York to 
provide the alloys to component manufacturers, who sell their 
wares to the toothbrush manufacturer. It is a web that spans 
six continents. Just these components alone travel through 
seven countries— China, Congo, Chile, Rus sia,  Korea, Indo-
nesia, and Turkey. And the amount of critical material needed 
to make just a few small components adds up. Ryan Castil-
loux of Adamas Intelligence estimates that over  tons 
of rare earth material alone is needed in trace amounts for 
batteries.

Whereas the origins of the electric toothbrush hark back 
to pig bristles and bone, its technological roots, and in fact for 



Tech Needs 

most products of the electronic age, come to us from break-
throughs in places like the lab of Texas Instruments.

Jack Kilby joined Texas Instruments as an electrical engineer 
in , only a few weeks before the com pany cleared out for 
summer vacation. Because Kilby, who served in the Offi  ce of 
Strategic Ser vices during World War II, had just joined the 
fi rm, he  couldn’t take time off . So when his colleagues left  him, 
as a new employee, he didn’t know exactly what to do. Because 
the com pany made transistors, resistors, and capacitors, Kilby 
thought he could spend time trying to make them more effi  -
cient.

At that time hundreds, if not thousands, of transistors, 
diodes, rectifi ers, and capacitors— the components that mod-
ulated power in electronics— had to be soldered together by 
hand. Th is manual production was costly, raised the potential 
that just one bad connection would ruin the system, and held 
back the development of new electronics because the circuit-
ry’s complexity began impeding the fl ow of electricity. Kilby 
wanted to create one integrated cir cuit so companies  wouldn’t 
have to solder disparate parts together. With everyone on sum-
mer holiday, he had time to dabble.

Th e success of Kilby’s idea hinged on choosing the right 
material. He needed a metal that conducted electricity, albeit 
poorly, and that would allow the integrated cir cuit to regulate 
the electricity fl ow. Kilby made quick work, selecting the rare 
metal germanium. Just one month  aft er his colleagues returned 
from vacation, he had his prototype. It looked like a stick of 
chewing gum stuck on a square of stained brown glass with 
wires protruding from it. But it was ingenious. His work won 
him the Nobel Prize in Physics in , and the microchip 
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became the backbone of micropro cessors and our electronic 
lives. Th is was one of the critical seeds of  today’s Rare Metal 
Age.

Less than a de cade  later, Kilby’s integrated cir cuit had be-
come a mainstay in the electronic world and was at the heart 
of the most advanced desktop wizardry of the day, the calcu-
lator. Starting in the late s and early s, Texas Instru-
ments, along with other companies, began manufacturing 
calculators that did  little more than add, subtract, multiply, 
and divide. By  today’s standards, they  were merely functional 
offi  ce tools— that is,  until Sir Clive Sinclair came out with the 
elegantly  simple and aesthetically pleasing Sinclair Executive. 
In , Design Journal heralded Sir Clive Sinclair’s .-ounce 
calculator as “a neat combination of up- market styling and 
advanced electronics trickery [that] manages to create a slot 
in the market all to itself. It is at once a conversation piece, a 
rich man’s plaything and a functional business machine.”

At the heart of the calculator was the Texas Instruments 
semiconductor, a descendant of Kilby’s work, but packaged 
in sleek black casing, the size of  today’s iPhone. It sported a 
thin black translucent screen that showed the calculation re-
sults in a red LED display, which itself relied on the rare metal 
gallium.

At £, or about $ at the time, Sinclair’s calculator was 
relatively cheap and set the wheels in motion for executive play- 
toys that bridge the divide between work, style, and plea sure. 
But it had limitations. Th e battery had a life of only a few hours 
and it had an unfortunate tendency to explode when powered 
on. Shortly  aft er the calculator came out, a model combusted 
in a Soviet diplomat’s shirt pocket, reportedly causing the So-
viets to investigate  whether he was the target of a sinister plot. 
Th ese initial shortcomings did not impede the calculator’s 
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growth because newer models  were less volatile and featured 
greater functionality. By , they had become so widely 
used, as Kenneth Cukier and Viktor Mayer- Schönberger point 
out in their book Big Data, that about   percent of the world’s 
general- purpose computing was packed into those handheld 
number crunchers— more power than all personal computers 
on the planet at the time.

Sinclair’s calculator helped to create “the fi rst bottomless 
market for cheap electronic gadgetry since the transistor  radio,” 
according to an industry analyst at the time. It was the intel-
lectual forerunner of  simple, sleek hyperfunctional gadgets 
that extended over time to the Sony Walkman and the iPad. 
Sinclair realized that the  future of high- tech gadgets was 
compact, power ful, and stylish. In essence, Clive Sinclair was 
Steve Jobs, before Steve Jobs. While genius lay in the product 
design, it was an entire new set of rare metals, starting with 
the ones Kilby used, that helped bring forth new electronic 
creations of old ideas. 

“A lot of devices that  were previously not electronic now 
have electronic devices in them,” Walter Alcorn of the Con-
sumer Electronics Association tells me. Th ese devices seem-
ingly bring the inanimate to life. Take, for example, a stuff ed 
bear named Teddy Ruxpin. When Teddy hit store shelves in 
, he quickly became the best- selling toy of the year. In-
stead of a soft  fl uff y fi lling, Teddy had a motor, a speaker, and 
cassette deck all wrapped in a plastic shell. What Teddy lacked 
in cuddle  factor, he made up for in personality. Pop a cassette 
tape into him and his mouth moved, his eyes blinked, and his 
arms fl ailed. Even better, Teddy talked. For many children, it 
was just another best- selling toy; for those in the toy industry, 
it was a defi ning moment. Teddy was not full of the number of 
rare metals that proliferate in  today’s electronic gadgets, but 
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he was the fi rst commercially available animated doll. And 
with ten million Teddys eventually sold, he was a huge step 
forward in the electronifi cation of our toys.

Looking back between  and  , only two of 
the  best- selling toys during the Christmas season needed 
batteries— Teddy Ruxpin and Lazer Tag, a game with electric 
toy guns. Previously the big hits  were card games like Trivial 
Pursuit or dolls like Cabbage Patch Kids. But within ten years, 
Santa’s gift  bag became a  whole lot heavier and far more rare 
metal intensive. By the fi rst de cade of the new millennium, 
nearly all best- selling Christmas pre sents contained electron-
ics. Th ey  weren’t just  simple toys like Teddy; these  were toy 
systems such as the Xbox and iPad. Th ey  were fast becoming 
the world’s most technically advanced products. Toys once had 
form and shape to mimic trucks and play kitchens, but they 
are increasingly all about functionality and interactivity— 
and therefore reliant on rare metals such as the rare earth ele-
ment phosphors in the screen for color. Because of such toys, 
Amber Pietrobono of Fisher- Price noted in , kids ages 
three to ten are the largest growing segment of tablet users 
and the fi rst generation of the Rare Metal Age.

What might be most telling about our demands is that 
our resource needs are converging. A generation ago the cal-
culator and the Walkman, the adult toys,  were far  diff erent 
than the teddy bear and G.I. Joe action fi gures of my youth. 
 Today, children’s and adults’ toys are virtually the same. We 
all hover over a screen; high- tech gadgetry is now embedded 
in the next generation. It is just one of the reasons why minor 
metal use is proliferating.

In , a few years before Teddy Ruxpin, Motorola introduced 
the fi rst mobile phone at a list price of $,. Th e nearly one- 
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kilogram brick was more a businessman’s showpiece than a 
serious communication tool; call quality was poor and cover-
age was weak. But as Motorola and its competitors developed 
more internal components, many from rare metals, reception 
and sound quality improved. Th irty years  later the mobile 
phone is now a rich concentration of rare materials—  
 percent of the phone is made of metals or ceramics.

Each metal has a crucial part to play, like a player on a 
basketball team; without a par tic u lar ele ment, you lose an im-
por tant role. Th e antenna requires titanium and boron; the 
transmitter, titanium and barium; the condensers, tantalum 
and strontium; the speaker and microphone, samarium and 
cobalt; the connector, beryllium; and the power amplifi er, gal-
lium. Take out the rare earth ele ment phosphors and the screen 
gets hazy. Take out tantalum and the phone gets bigger and will 
drop more calls. Take out gallium and the reception worsens.

Th e reason the phones use so many metals is that the cost 
of each individual metal per product is so low, and their prop-
erties are so useful there is  little cost consideration to switch 
them. And the low cost and high per for mance is only increas-
ing as we develop newer technologies.

Th e evolution from cell phones to smartphones is dialing 
up our rare metal usage, especially considering that an esti-
mated . billion of them will exist by . Smartphones con-
tain more metals, in greater amounts and oft en at higher 
grades than their pre de ces sors. For example, g smartphones 
use six to ten times more gallium than a regular cell phone just 
several years before. Th e material use may be small per product, 
but it adds up in these small metal markets. One mobile phone 
uses on average just six grams of cobalt in its battery. Th e 
amount appears insignifi cant, but it equates to the consumption 
of about , tons of cobalt annually just for smartphones.
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To be sure, some new products use less rare metals than 
their previous iterations. For example, LED displays use far 
fewer rare earth elements per lamp than their fl uo rescent cous-
ins. In laptops, new solid- state drives— which store data on 
fl ash memory chips— are replacing hard drives. Because hard 
drives use two rare earth magnets, one to help spin magnetic- 
coated metal platters and the other to encode data on them, 
the switch to fl ash drives appears to reduce the demand for the 
, tons of rare earth magnets we use annually to store pic-
tures and fi les.

However, while fl ash drives are faster and smaller, in  
they cost nearly eight times more than hard drives for the same 
amount of memory. Consequently, companies such as Acer are 
building computers like the Chromebook with lower amounts 
of fl ash memory. To off set this smaller memory,  people are 
turning to cloud storage, where hard disk drives, with their 
rare earth magnets, are the backbone of remote storage. So 
whereas we are seeing a reduction in rare earths used in lap-
tops, we are witnessing an explosion in rare earth magnets 
used in hard drives in cloud data storage centers.

Rare metals help to make products smaller and lighter, 
as Clive Sinclair showed, but also to make them more power-
ful, thinner, brighter, stronger, and in many cases cheaper. And 
the better these consumer electronics become, the more we 
fi nd them everywhere and begin to take their transformative 
properties for granted.

On a recent trip from Shanghai, my friend lamented the 
lack of a personal seatback screen on her fl ight. She squinted 
to watch a movie on the cabin’s main TV screen a few rows 
ahead. Her experience without a seatback screen is increasingly 
rare on long- haul fl ights. Mary Kirby, editor of Airline Passen-
ger Experience Association magazine, notes that it’s a neces-
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sity for all long- haul airlines to order planes with individual 
seatback screens; without them, “it’s almost like buying a car 
without a radio.”

We forget that screens  were once just the domain of tele-
vi sions. We have now become accustomed to screens or touch 
screens in subways, taxis, and even embedded in urinals. One 
of the main technical challenges to developing fl at- screen 
technology was to fi nd a material that would allow small light 
cells  behind the screen to shine through but continue to con-
duct electricity, thus forming a complete cir cuit (and reducing 
the need for a bulky cathode ray tube). Th e prob lem is that 
conductive metals are opaque, so putting a metal in front of 
the light cells blackens the screen.

Enter indium powder, which, when mixed with tin, be-
comes a unique transparent conductor that also sticks well to 
glass. Harnessing the material’s conductive and transparent 
properties has made it essential to the development of fl at- screen 
technology. But not much indium is needed for a seatback 
screen on an airplane— even a forty- two- inch fl at- screen tele vi-
sion contains just $ worth of indium, just a sprinkling, a third 
less than the amount in a smartphone. (In fact, the indium- tin 
coating works so well as a clear conductor, a glaze of it now 
keeps airplane windows defogged and prevents frost buildup 
on supermarket freezer doors.) Th e metal’s properties have been 
so unique that no commercial replacements have yet to unseat 
its dominant role in fl at screens, despite shortcomings like its 
brittleness and infl exibility— properties that have contributed to 
many broken smartphone screens. And as the screens are be-
coming ubiquitous— they are expected to increase fourfold 
between  and —so will indium.

 Today’s smartphones, tablets, and computers, which rely 
on fl at screens, are now fundamentally  diff erent from the 
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stand- alone products like the Sinclair Executive. Th e roughly 
. billion of them produced in — a staggering number 
considering that the world population was . billion  people 
just sixty- fi ve years ago— function best when they are con-
nected to each other. And it is this hidden network, the back-
bone of the digital age, that is also home to rare metals.

Th e entire wireless network of phone base stations and 
relays could only have been built because of material science 
advances in the s using metals such as indium, titanium, 
and tantalum. Critical materials like ceramics, made from bar-
ium and titanium, allowed base stations to relay telephone 
signals from your phone to the network.

Now optical fi bers, which are glass strings that transfer 
encoded light signals, are at the heart of the Internet as they 
move information around the globe literally at the speed of 
light. Th e key to successful fi ber optics is to keep the light mov-
ing forward; this is a challenge because as light expands, it 
loses its intensity. Among the numerous rare metals in our fi ber 
optic network is germanium. Manufacturers coat optical fi -
bers with germanium tetrachloride to form a microns- thin 
seal around the core of the fi ber. Th is rare metal functions 
as part grease and part insulator; it helps direct the light for-
ward and prevents it from seeping out. Germanium makes up 
about   percent of the optical wire by weight, but this seem-
ingly insignifi cant application has a big infl uence on a small 
minor metal market like germanium— about  tons of the 
 tons of germanium produced annually goes to keep the 
Internet humming. However, the market is set to explode; 
the EU estimates that by  the fi ber optic market will grow 
eightfold.

In fact the demand for interconnectivity is so large that 
the International Energy Agency predicts that our information 
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technology, communication, and consumer electronics will 
double by  and increase threefold in fi ft een years. And no-
where is this growth faster than in the Asia- Pacifi c where the 
rise of the  middle class and its demand for these goods has 
grown about    percent in . Th is seemingly unbridled 
growth may upend minor metal markets.

Sunny is typical of the younger Chinese generation. When we 
meet in , she extols the joys of her brand new iPhone as 
we talk over a hamburger at a hip new restaurant in Beijing’s 
 fashionable San Li Tun district where she lives. A fl uent En-
glish speaker, she is a far cry from her parent’s generation, 
children of the Cultural Revolution, who  were taught to ban-
ish foreign concepts. Despite Beijing’s slow Internet speed and 
the lack of Facebook or YouTube, she  couldn’t be more ex-
cited. “I waited all night for this phone,” she tells me. It’s hard 
to imagine this stylishly dressed  woman braving an entire 
night on the sidewalk waiting to claim a phone.

Buying a new phone  wasn’t just a challenge in persever-
ance for Sunny, it was dangerous. At Apple’s fl agship store in 
Beijing, brawls broke out during the release of iPad  in , 
and again with the iPhone s release in . But  others 
endured far worse. In China’s Anhui Province, Wang Shang-
kun, an eighteen- year- old with dreams of a better life, used 
the proceeds from hawking his kidney to buy an iPad and 
iPhone, but he ended up in renal failure.

Whereas selling organs and even waiting outside all night 
for a store to open are extreme examples of what  people will do 
to get the gadget they covet, they illustrate how the demand for 
high- tech goods knows few economic borders; this highlights 
a potential concern at the dawn of the Rare Metal Age: what if 
 people in developing countries like Indonesia don’t merely 
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imitate the West’s penchant for gadgets and connectivity— 
suppose they well exceed it?

Sesa- Opas, who prefers that I use his Twitter  handle to 
maintain a thin veil of anonymity, tells me he won’t tweet while 
riding his scooter around Jakarta. But the thirty- year- old 
does tweet  behind the wheel, on the treadmill— wherever 
and whenever he has a  free moment. Although he uses just a 
few apps— mostly Twitter, Facebook, and PATH, a pop u lar 
message- sharing app in Indonesia—he estimates that he 
spends more than half his waking hours on social  media.

Sesa- Opas’s statistics prove his dedication. Over the past 
fi ve years, he has sent over , tweets. Th at’s more than  
a week; about  tweets a day, every day for half a de cade. 
“Twitter is like watching TV,” he texts me. “Th ere’s news, 
drama and discussions everywhere. If you follow the right 
 people, it’s non- stop entertainment on your mobile phone.” 
Every morning  aft er turning off  his smartphone alarm, he 
checks his Twitter mentions. “I’m addicted,” he tells me. He has 
not been away from his “TV” for more than  hours in fi ve 
years. When a work trip brought him to a remote part of the 
country, he was without Twitter. “I was VERY anxious for 
the fi rst  to  hours,” he says. “When I logged in  later, it seems 
I missed all the fun.” It took him hours just to get caught up.

He’s not alone. Th roughout cafés in Jakarta, young In-
donesians sit three, four, and six at a  table, with iPhones or 
Samsungs in one hand and tepid sweet tea in the other. It’s 
common to see entire families out together, each person 
staring at or swiping on a handheld screen. Indonesia has the 
world’s second largest Facebook community and it is home to 
the third most active users of Twitter. Th ere are more active 
tweeters in Jakarta than in New York or Tokyo according to a 
Semiocast study during a random month in . Even Ban-
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dung, an Indonesian city of . million, had more tweets than 
Paris, Los Angeles, or Chicago. Th is usage infl uences the global 
conversation. When the Indonesian personality Eyang Subur 
divorced four of his eight wives, the news was trending glob-
ally on Twitter, prompting a confused Emma Watson, an En-
glish actress, to tweet to her six million followers, “Seriously, 
I mean who is that guy?”

Indonesians’ strong Internet presence is all the more as-
tounding because only a quarter of the country’s nearly  
million  people have access to the Web. Many cannot aff ord 
gadgets to get online, and for some, the infrastructure such as 
fi ber optics and phone towers has not yet reached them. Th at 
is changing. In , the number of mobile data subscribers 
nearly doubled over the course of the year to . million. All 
told, there are more mobile phones than  people in the archi-
pelago, with about . phone subscriptions per every person. 
Ten years ago, while traveling in the cities, I was hard- pressed 
to fi nd reliable Internet connections. Now nearly every café 
seems to off er a connection, with large numbers of  people like 
Sesa nursing a coff ee and hooked to their screens. And guess-
ing by his past be hav ior, Sesa will be one of the fi rst to buy 
wearable electronics; it is a sector that didn’t exist a few years 
ago but is expected to lead to sales of more than  million 
products by .

All this usage poses a resource conundrum. Th omas 
Graedel at the Yale School of Forestry and Environmental 
Studies suggests that if resource demand grows in line with 
economic projections, the total metal fl ow needed to meet de-
mand will be fi ve to ten times greater than  today’s level. Th at 
means we will need fi ve to ten times the amount of raw mate-
rial to meet the appetite of a growing and increasingly wealthy 
Indonesian and global population. Th e demand for resources, 
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especially minor metal resources, may outpace even Graedel’s 
amazing expectations. But it’s not only personal products that 
rely on rare metals; the world’s largest products do too.

Boeing’s manufacturing fac ility outside Seattle is not just big—
at ,, cubic feet, it is enormous, and dwarfs the Pen-
tagon. Th e fac ility is so large that employees take shuttles from 
the parking lot to their offi  ces. Th e building seems oversized 
 until you see the assembly lines: rows of planes, the biggest 
high- tech products on earth, nose to tail. Perhaps no single 
product uses more minor metals than an airplane. If you don’t 
think planes are high tech, consider that the wires connecting 
the electronic wizardry in just one Boeing  extend over  
miles. But the electronics onboard are just the beginning. 
Planes over the past fi ft y years have shed steel, replacing it with 
composite materials and lighter metals like titanium. For ex-
ample, the new Airbus A frame is   percent titanium com-
pared to   percent in the older Airbus A. Th e increasing 
use of titanium is expected to lead to a doubling of titanium’s 
use in just fi ve years to , tons by .

Th e most complex materials are increasingly found in en-
gines. Th e National Academy of Sciences notes in its report, 
Minerals, Critical Minerals, and the U.S. Economy, that the 
recent advancements in propulsion systems are only possi ble 
because of improvements in using the high- temperature prop-
erties of minor metals like cobalt, rhenium, and yttrium. For 
example, rhenium, because of its strength and higher melting 
point, allows jet engines to run hotter and consume less fuel.

But as a by- product metal of copper production, rhenium 
is more scarce than gold. Pro cessors can only squeeze one 
ounce of rhenium from more than  tons of copper ore— that 
is like extracting one ounce from the weight of forty- fi ve SUVs. 
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Between  and , the price of rhenium jumped eleven-
fold, to more than $, a kilogram as the demand increased 
far faster than pro cessors could increase the supply. However, 
it is easier for engine designers to redesign the entire engine 
to run at lower temperatures than it is to fi nd another metal to 
replace rhenium.

General Electric’s (GE’s) aviation business was short of 
rhenium in . Because of its troubles in buying the metal, 
the com pany instituted a rhenium reduction program, which 
included harvesting the metal from old engines, capturing 
metal grindings lost in manufacturing, and trying to use less 
material in its designs. Each turbine blade needs just a dust-
ing of rhenium in its metal alloy, about half an ounce (or  
grams). While GE’s strategy has reduced the risk of a rhenium 
shortage, such eff orts won’t work for all metals.

“Each individual ele ment has its own strategy,” cautions 
Steve Duclos, chief scientist at General Electric Global Re-
search Center. Th ere is no one- size- fi ts- all approach. He adds 
that it’s not so diffi  cult to save   percent in the use of a par-
tic u lar ele ment because using less material optimizes manu-
facturing pro cesses. But companies oft en run low on options 
 aft er becoming more effi  cient.

GE has increased the security of its rhenium supply with 
its recovery and recycling program, but only to a point. Th e 
com pany still has to buy some rhenium on the market. And 
because not every com pany using rhenium is as forward- 
thinking as GE, shortages can nevertheless force prices up or 
cause manufacturing delays. What may be more worrisome for 
GE is that the com pany’s effi  ciencies paradoxically have made 
it more vulnerable to rhenium shortages in the long run. Be-
cause it now uses the metal so sparingly, it will become an even 
greater challenge to use less rhenium in the  future.
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Duclos notes that changing manufacturing pro cesses can 
reduce demand, but replacing a rare metal with another ma-
terial would be a nice quick fi x. However, that is oft en daunt-
ing. “You  can’t take one out and put one in and say, ‘here you 
go.’ It’s not as  simple as  people think,” says Karl Gschneidner, 
the material scientist known as Mr. Rare Earth. Searching for 
alternatives to replace rare metals has a substantial cost. “It 
takes away resources from developing new technologies,” Du-
clos says. Th e pro cess is also time consuming. It can take as 
much time—or even more time—to fi nd suitable replacement 
materials as it did to fi nd the original material, which can be 
a de cade or two.

Th e rhenium price spike also reveals something deeper: 
a resource trade- off  at the heart of the Rare Metal Age. A sub-
stantial reason for the run-up in rhenium prices was related 
to the increase in oil prices just  aft er . Since fuel accounts 
for around a third of airline costs, airline executives wanted 
more fuel- effi  cient planes. And those plane engines needed 
rhenium; therefore, demand for it increased. In essence air-
lines  were exchanging dependence on fuel for dependence on 
rhenium.

Boeing and GE must continuously understand the evolv-
ing rare metal trade because of their vast demand. Boeing’s 
 needs six million components from over thirty countries. 
What’s more, rhenium is just one metal of the seventy or so 
elements on the periodic  table that General Electric and Boe-
ing together use. Boeing likes to run a lean supply line; only 
fi ve months elapse between the time that a component enters 
the manufacturing supply line  until it leaves as part of a plane. 
While not building buff er supply stocks means that the com-
pany has more cash to spend on more productive investments, 
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 running such a lean supply chain puts the com pany at risk in 
ensuring long- term supplies of rare metals. Boeing, General 
Electric, and other companies with long supply chains have 
beefed up rare metal risk management committees—some 
had met as oft en as once a week immediately  aft er the rare 
earth crisis in .

Such rare metal risk committees are a relatively new phe-
nomenon insofar as manufacturers have historically paid 
 little attention to those supplies because they constituted a very 
low ratio of a product’s fi nal cost. Randy Kirchain, a principal 
research scientist at Mas sa chu setts Institute of Technology 
(MIT), tells me, “Most companies have not been focusing on 
these resources; they  were focusing on high valued resources—
if you are an auto com pany, that would be steel.”

But CEOs have gradually become concerned, according 
to a study by the consultancy PwC entitled, “Minerals and 
Metals Scarcity in Manufacturing: It Is the Ticking Time 
Bomb.” More than two- thirds of manufacturers fear resource 
scarcity will soon aff ect them. As Bill McClean, president of 
IC Insights, Inc., a consulting fi rm for the integrated cir cuit 
industry, notes, “A lack of a - cent capacitor can shut down 
the  whole line for a $ product.” It is just such a tantalum 
capacitor that purportedly delayed the launch of PlayStation 
  in ; another tantalum shortage seven years  later at 
Boeing allegedly contributed to delayed production of its 
s.

Companies are oft en more beholden to a par tic u lar ma-
terial than to a product. For example, a lithium- ion battery 
com pany cannot switch to making nickel metal hydride bat-
teries because the production pro cesses are so  diff erent. Merely 
switching suppliers causes headaches, as John Smith, a metal 
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trader at N Plus, tells me, because they must test the quality 
of material over a long period each time. Even slight variations 
can throw off  a com pany’s manufacturing pro cess.

Despite these tremendous risks, many companies still 
don’t know all that is in their products because of the complex-
ity of sourcing. For example, MIT’s Randy Kirchain explains 
that Ford Motor Com pany outsources specifi cations for its ra-
dios and then selects the one that performs best. Th e com-
pany spends  little time worrying about the rare metals in those 
radios. Th at mindset is slowly changing. “Companies are 
waking up . . .  as their tech portfolio becomes more diverse, 
they are tapping into a much broader set of elements,” he 
says. “ People can absolutely get caught in not having enough 
material.”

“Companies get dumb quick,” Kevin Moore, a General Motors 
veteran of more than thirty years, tells me. Once a crisis 
passes, they move on and revert to old ways, which means 
spending less on low- probability, high- risk events, like rhe-
nium shortages. But that’s exactly when companies should 
pay attention to supply security. Th e prob lem is that when the 
price of these materials falls, so does executive interest. 
Th e challenge as GE’s Steve Duclos noted at a symposium 
at  the Materials Research Society conference in November 
, is that “Crises are more costly, more frequent and more 
distracting.”

Th e crux of the prob lem is that consumers are demand-
ing new high- tech products and technologies from companies 
like Apple and GE far more quickly than mines can be devel-
oped to increase supplies. Basic economics teaches us that the 
higher price of a resource leads to more production, but this 
does not always work for rare metal markets. For many rare 
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metals, supply does not move in response to demand, but price 
does because companies cannot quickly produce more. Min-
ing companies cannot set up a mine to produce dysprosium 
in response to a growing need next year.

Th is volatility makes diligent monitoring of minor metal 
supply lines crucial. As more products follow the electronifi -
cation path of the toothbrush and more  people use electric 
toothbrushes, the potential for rare metal shortages increases. 
Companies can only do so much to insulate themselves. Th ey 
are oft en at the whim of market forces. Duclos notes, “We  can’t 
solve all the problems on the periodic  table.” Ensuring the sup-
ply of rare metals for every use is just not possi ble. And al-
though the high- tech demand for rare metals is daunting, it is 
dwarfed by demand for green technology, which is set to soar.



VII
Environmental Needs

Rare Metals Are Green

There is  little to see along the -mile (-kilometer) 
road from Sillamäe to Estonia’s capital, Tallinn, early 
on a January morning. At : a.m., the sun hasn’t 
yet risen, and, even if it had, Estonia’s fl at expanse 

of white snow changes  little along the  ride. Th e homogeny of 
the natu ral scenery conceals a resource buried beneath the fro-
zen ground. Trapped within the soft - brown sedimentary rock 
is oil shale, which the Estonians have been mining for nearly 
a  century. A cheap but dirty fuel, oil shale is still the source of 
  percent of the country’s energy. Aboveground, the brisk, 
frigid morning air turns warm plumes of smoke, coming from 
an oil shale energy plant in the distance, into faint billowing 
clouds. Beyond these clouds, I soon see a promise of a cleaner 
 future— several wind turbines, their blades turning in unison 
in the Arctic breeze.

Th ese new wind turbines provide about   percent of the 
country’s total generation capacity. Ambitious plans being dis-
cussed in Tallinn promise an increase from some  mega-
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watts (MW) of wind power to , MW in the near future. 
Like the power plants  running on oil shale, these factories are 
making use of local resources: wind and neodymium, the metal 
produced at Estonia’s rare earth ele ment pro cessing plant in 
Sillamäe. Although the basic energy source, wind, is  free, we 
need costly metals to harness it.

Green applications are far more than just wind turbines 
and solar panels; they are energy- effi  cient cars, lights, and even 
elevators. And just about all these technologies, from ocean 
tide turbines to battery packs, require rare metals in their in-
frastructure. But green technologies are more than the prod-
ucts. Some rare metals themselves should also be considered 
green because many of them, like niobium, drastically reduce 
the amount of other metals that are used, meaning a smaller 
overall carbon dioxide (CO) footprint. And as abhorrent as 
this may sound to some environmentalists, green goals require 
increased mining and more pro cessing of rare metals. Mining 
is not antithetical to a green economy; it’s a necessity.

And studies show we are  going to need more of them— a 
lot more of them—to curb global warming. According to the 
UN Intergovernmental Panel on Climate Change, renewables 
must supply about   percent of the world’s energy by , 
thereby reducing the importance of fossil fuels in our energy 
mix. Th e study concludes that the world must nearly eliminate 
fossil fuel use by . Th e road to change is not simply about 
switching to new technologies. It’s about ensuring rare metal 
resources. In a joint study in , the Materials Research Soci-
ety and the American Physical Society issued a warning that 
should be of grave concern. It states, “A shortage of these ‘en-
ergy critical elements’ could signifi cantly inhibit the adoption 
of other wise game- changing energy technologies.” Th is means 
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that we could be condemned to a fossil fuel world, if we can-
not bolster the rare metal supply lines we need to support our 
green technologies.

Th e International Energy Agency (IEA) predicts that to keep 
global warming to an increase of no more than  degrees Cel-
sius, in twenty years renewable energy must generate half the 
electricity on the planet. To meet this goal, the IEA assumes 
in one of its likely scenarios that combined solar and wind 
power must produce over , terawatt (TWh) hours. Th at’s 
an enormous increase compared to the combined  TWh 
that the world produced in . What’s more, car manufactur-
ers must increase production of electric vehicles by   percent 
annually from eighty thousand produced to seven million so 
that at least twenty million will be on the road by .

If we could get the world to buy enough wind turbines 
and electric vehicles to blunt the eff ect of global warming, it 
would require a more than   percent increase in neodym-
ium production and a ,  percent increase in dysprosium 
over the next twenty- fi ve years, according to some research at 
the Mas sa chu setts Institute of Technology (MIT). Th e chal-
lenge is that historically the production of these two rare 
earth elements has only increased at a rate of   percent per an-
num, not by the   percent or   percent needed over the next 
twenty- fi ve years. Elisa Alonso, a former MIT researcher, who 
now advises agencies on natu ral resource security, says the real 
prob lem is that despite vast fl uctuations in the production of 
par tic u lar minor metals during any given year, few metals have 
sustained such growth rates over a de cade. Calculations by 
the U.S. Department of Energy and the Eu ro pean Union, like 
those by Alonso and her colleagues at MIT, show us short of 
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the materials needed to produce the environmental change we 
require.

Th e blades on  MW wind turbines spinning above the frozen 
highway to Tallinn rely on rare earth permanent magnets, part 
of a direct drive system, to help convert the spinning blades 
into electricity for thousands of Estonian homes. Th ese mag-
nets are an integral part of this relatively new breed of turbines, 
which  were introduced commercially in  and have become 
more widespread in the past de cade. In China, they already 
make up roughly   percent of the market, a fi gure that has 
been increasing. In older technology systems, gearboxes in es-
sence fulfi ll the role of helping to convert the speeding blades 
into electricity, but due to the tremendous mechanical stress 
on the gears, many lasted far fewer than the twenty years once 
predicted. One of the reasons for the increase in permanent 
magnet systems is the lower- than- anticipated maintenance 
costs because these systems use fewer parts.

Less maintenance makes these newer magnets more at-
tractive, particularly to off shore wind turbines that are diffi  -
cult to ser vice and must withstand harsher elements because 
of their location. Th e wind turbine manufacturer Alstom re-
ports that a direct drive system that uses permanent magnets 
cuts maintenance costs that can be as high as   percent of the 
total cost for wind turbines.

Unlike the stereo speakers or computer hard drives dis-
cussed in the previous chapter, which use rare earth magnets 
by the gram or half ounce, these hundred- meter- tall towers use 
rare earth magnets in amounts thousands of times more. One 
turbine alone can use anywhere from  to  kilograms of 
rare earth magnets per megawatt of capacity. So while the wind 
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turbines on the ground in Estonia use close to a ton of rare 
earth magnets, the increasingly larger turbines, up to  MW 
contemplated for off shore, could use three times the amount 
of magnets. Th at means wind turbines are using around  tons 
of rare earth magnets each, which translates to usage of up to 
 kilograms of dysprosium, one of the most diffi  cult rare 
earth elements to source.

Dysprosium supplies pre sent a challenge. A  future hy-
brid or electric car will need less than a  grams and a  future 
wind turbine about  kilograms. But with deployment of elec-
tric and hybrid vehicles in the millions and wind turbines in 
the thousands, a large increase in demand can be expected. 
According to the U.S. Department of Energy, we could need 
, tons annually, about seven times more than was pro-
duced in . Th ese analyses did not even consider the expo-
nential growth of dysprosium needed in high- tech goods.

Fear of resource shortages is giving companies pause as 
they select technology for their turbines. According to a study 
by PwC, a consultancy, almost   percent of business leaders 
in the renewable energy sector believe that mineral and metal 
scarcity will impact their businesses, and about   percent ex-
pect scarcity to become a larger concern in the  future.

Gareth Hatch, cofounder of Technology Metals Research, 
notes that several months before the rare earth crisis in , 
magnets in some of the larger wind turbines cost about $, 
per turbine. Within a year, as rare earth prices skyrocketed, 
the cost jumped to well over $,. Companies  were scur-
rying to fi nd rare earth supplies. But eigh teen months  later, 
prices returned to lower levels. Hatch says, “Companies still 
have a hangover from the price [spike], they are not  eager to 
rely on these metals.”
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“Companies want to reduce the risk in their supply 
chain,” says Eize de Vries, a noted wind expert. At the height 
of the rare earth price spike in  he commented that it 
seemed just a  matter of time before the industry switched to 
turbines that relied on permanent magnets. But he also said 
that the rise in rare earth ele ment prices led to a major increase 
in generator manufacturing costs, which pushed companies to 
rethink their drive systems. For example, Siemens is phasing 
out dysprosium in its turbine. And companies like General 
Electric (GE) and Vestas are developing their older, rare metal- 
free gearbox technologies. Th is is striking, especially for GE. 
In ,  aft er acquiring ScanWind, a Norwegian fi rm with 
permanent magnet, direct drive technology, Victor Abate, GE’s 
vice president of renewables, commented, “Th is acquisition will 
give GE the ability to provide a direct drive, off shore wind tur-
bine off ering as an option to our customers . . .  we look for-
ward to further developing their proven technology.”

Th e rare earth price and supply concerns of  pushed 
the industry to explore further hybrid drive trains, which use 
roughly a third of the amount of rare earths as direct drive tur-
bines do, and to consider other alternatives. But green tech 
companies aren’t just changing their turbine plans; some are 
trying to avoid certain rare metals altogether for fear that 
China or another country may make trade challenging.

Michael Silver, CEO of American Elements, believes that 
too many countries and companies are also shying away from 
using a par tic u lar minor metal because of geopolitics. Th ey 
fear a repeat of the rare earth price shock in , specifi cally 
that geopolitics will reduce market supply or drastically in-
crease the price of a material.

What concerns Silver is that companies are spending vast 
sums of money to switch away from reliable metals to untested 
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alternatives that appear to face less geopo liti cal risk. Silver calls 
this decision to use a less- than- best option because of fears 
over geopolitics, “innovation distortion.” And these geopo-
liti cal, not geological or manufacturing, considerations are 
leading companies to develop second- best technologies. Switch-
ing material to shore up your supply chain may make sense in 
some cases, but it provides the space for companies that don’t 
share your supply chain concerns to develop better products 
because they continue to use the known rare metals. In addi-
tion to the market risks, substitution in and of itself is an area 
of increasing research.

Bill McCallum, a se nior materials scientist, is on the front lines 
of research at his lab at Ames Laboratory in Iowa. He leads U.S. 
government eff orts to reduce reliance on neodymium- 
dysprosium magnets. His goal is for U.S. companies to rely on 
homegrown resources for their technologies. With supplies 
of dysprosium limited, McCallum hopes to discover a way to 
replace it with cerium, a soft , silvery metal with the atomic 
number . Ductile and malleable, cerium is also the most 
abundant of rare earth metals. He wants to fundamentally re-
shape the auto industry and is looking for a second- best solu-
tion for one of the most vexing problems facing the United 
States— ensuring the development of green technologies.

Although cerium is cheaper and far more abundant than 
neodymium and dysprosium combined, it results in a weaker 
magnetic force and erodes quickly at high temperatures. Be-
cause McCallum uses a substitute material, his expectations 
are low, “we are trying to come up with a magnet that is not a 
very good rare earth magnet,” he tells me.

So even if he does achieve a breakthrough, his magnet will 
never be as strong as its pre de ces sor and manufacturers will 
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have to redesign what ever system contains the magnet so as to 
compensate for the lower strength. McCallum, who receives 
support from the U.S. government as well as General Motors, 
hopes his magnet will end up not only in wind turbines but 
also in hybrid and electric vehicles because   percent of the 
market relies on permanent magnet motors. But he tells me he 
needs a lot of help. Every member of his team faces obstacles 
and needs at least “one miracle” to fi nd a working substitute.

If successful, his magnets would end up in products like cars. 
In terms of rare metal resource use, it’s best not to think of a 
car as one product but as a  house of appliances— stereos, air- 
bag systems, engines— all working together. A standard vehi-
cle has more than forty magnets and twenty sensors that use 
rare earth elements weighing close to half a kilogram. New fea-
tures, such as cameras that replace mirrors, only increase 
their sophistication and minor metal demand.

What’s most concerning to car companies now is that 
each hybrid vehicle uses up to . kilograms of rare earth 
magnetic material and each electric vehicle about three times 
more. Rare earth magnets are in electric cars for the same rea-
son they are in wind turbines: they are far more effi  cient and 
power ful than the induction motor, in this case. “For the same 
amount of power output, compared to an induction motor, the 
permanent magnet motor is always  going to be smaller, lighter 
and more compact,” says John Miller, a former power electron-
ics researcher at the Department of Energy’s Oak Ridge Na-
tional Laboratory. Th is poses a dilemma for car companies.

“It’s hard to move away [from permanent magnets],” says 
David Reeck,  manager of electrifi cation strategy at General 
Motors (GM) China. As there is only so much room  under the 
hood and so much weight an electric or hybrid motor can push, 
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minimizing mass and size are therefore critical. Th is means 
that most car companies have focused heavily on permanent 
magnet motors.

Kevin Moore, who has served on GM’s procurement 
team for thirty years, tells me that before , GM, as well as 
many other car companies, had  little idea of the precarious-
ness of their rare earth metal supply line or how much each 
car needed. GM now knows. And that has changed the com-
pany’s thinking.

Moore was part of a GM del e ga tion sent to China to as-
sess supply risk. It was a quick trip. “If you  can’t assure me the 
material, then I am not  going to make the car,” he recounts a 
lead engineer at GM having told him. No one could provide 
this assurance, and the del e ga tion came away looking for al-
ternatives. “If these rare earths  were readily available, there 
would not even be a discussion as to what [motor] to use,” Ed 
Becker tells me in early . Becker spent an equally long time 
at GM and was responsible for reducing rare earths in mag-
nets. He continues, “Other than supply, I  can’t think of another 
negative for these [permanent magnet] motors.”

Car companies need to secure supplies for the entire 
production cycle of their vehicles, which is nearly a decade— 
roughly three years from design to production and then a sub-
sequent seven- year production cycle. It is diffi  cult to make even 
small modifi cations, much less change an entire motor. As Pete 
Savagian, general director of Electrifi cation Systems and Elec-
tric Drive Engineering at GM, notes in an interview in , 
“We  can’t simply change overnight.”

Another concern for those like Savagian who are respon-
sible for material supply is that green vehicles use the same 
minor metals as are used in other green and high- tech appli-
cations. Th erefore, GM must assess the  future demand and 
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criticality of rare earths in other sectors such as wind power. 
If he fi nds that wind turbines manufacturers have no alterna-
tive to rare earth magnets and the demand is set to grow, in a 
time of low supply, GM will fi nd itself in a costly bidding war. 
Referring to the rare earth market, Savagian says, “Th ere is an 
 under lying instability. . . .  We must consider the costs and the 
volatility of the costs.” Moore tells me that the com pany was 
so concerned about supply, that his colleagues even discussed 
buying a rare earth mine. Since then, GM’s hesitancy about the 
 future of rare earths has led them to review options for devel-
oping the less power ful induction motor.

GM is not alone says Ed Becker: “Every motor com pany 
I know has a backup for a permanent magnet motor.” Devel-
oping a motor using an older induction motor design that relies 
on copper or aluminum electromagnets instead of rare earth 
ones is a hedging strategy. Only a thin line separates hedging 
from innovation distortion. GM’s decision about which motor 
to make is not made lightly; a wrong choice could put them out 
of business.

In the late s, a similar  battle loomed between horse-
less carriages and propulsion systems. Steam, gas, and electric 
engines each had their strengths, but, at the time, gasoline- 
powered vehicles made up less than a quarter of the market. 
Ransom E. Olds, an engineer who eventually amassed thirty- 
four patents, had his roots in steam energy and steam- powered 
cars, which  were less expensive at the time. Despite the cost 
diff erence, Olds believed that the  future of car development 
was in the power and effi  ciency of a gas engine. Because of his 
foresight, we know the car named for him, the Oldsmobile, and 
not cars named for his competitors, Stanley or Pope.

Some might argue that GM is now at a similar decision 
point. Th e hybrid and electric car market is expected to soar. 
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In ten years, sales of hybrid and electric vehicles will nearly 
quintuple to $ billion from $ billion in . Choosing 
the right motor is critical not just for GM. It’s critical for 
the U.S. economy, as Washington has shown by its unwilling-
ness to let one of its biggest companies go  under during the 
 fi nancial crisis.

Despite the need for secure supplies of rare metals, manufac-
turers, like investors, prefer to put as  little money as possi ble 
into ensuring supplies. Th e market has punished companies 
that took unnecessary precautions. In the late s, the price 
of palladium, one of the platinum group metals used in Ford’s 
catalytic converters, spiked roughly threefold when Rus sia, 
the world’s largest supplier of palladium, held up shipments. 
Like all car companies, Ford used platinum group metals in its 
converters. Th e com pany originally relied on platinum, but 
switched to its cheaper sister ele ment, palladium. Th ese met-
als fi lter the exhaust and reduce car emissions by chemically 
converting three pollutants— unburned hydrocarbons, carbon 
monoxide, and nitrogen oxides— into less harmful exhaust.

However, platinum group metals are some of the most 
expensive elements in the world, oft en more expensive than 
gold—so expensive that they are sold by the ounce. Although 
cars use only . grams each (about   percent of an ounce), it 
adds up when companies use  million ounces a year, accord-
ing to an analyst at Ford Motor Com pany.

Since the introduction of catalytic converters into cars in 
the s, car companies have been trying to replace platinum 
group metals with other minor metals such as cobalt or irid-
ium, but to no avail. Ford even reached out to China to develop 
catalytic material from rare earths in an attempt to trade the 
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com pany’s reliance on one group of rare metals for another. 
But the replacements never worked.

By , Ford’s purchasing department was ner vous 
about constantly rising palladium prices and thought it would 
be a good idea to secure vast amounts of palladium. Th e de-
partment’s purchase seemed prudent as prices continued to 
rise to $, an ounce in early . But the price quickly fell 
to around $ an ounce over the year. Th e U.S. com pany took 
a $ billion hit, an estimated loss of $ an ounce and an in-
calculable loss to its reputation. “Th ese surprises over time 
begin to aff ect the credibility of the com pany,” said Rod Lache, 
an analyst at Deutsche Banc Alex.Brown. Ford’s loss led to a 
lawsuit. Such a loss also encourages companies not to stock-
pile rare metals and overly hedge their positions. It may have 
even encouraged them to avoid rare metals when possi ble.

Economists will tell you that for buyers to freely accept hybrids 
or electric vehicles (EV), the per for mance of the vehicles must 
match that of the internal combustion engine, about $/
kWh, a mea sure of cost per for mance per unit of energy, at 
 today’s gas prices. Most EVs  were at $/kWh in , drop-
ping by nearly half in less than a de cade. Tesla’s Model S gained 
.  percent of the luxury market in the fi rst half of , out-
performing the established Mercedes S class and BMWs, and 
capturing the Motor Trend Car of the Year award, but at more 
than $,, it’s out of the reach of most car buyers.

Every few years over the past de cade Jon Sonneborn and 
his business partner have bought the same car. Business has 
been good, so it is usually been a Mercedes or a Lexus, but last 
year it was a Tesla. Sonneborn tells me it is comfortable to 
drive, American- made, and goes from zero to  miles an hour 
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in . seconds, although he assures me that he  doesn’t know 
this from personal experience. Plus, the car has no tailpipe and 
no direct emissions. “It feels good to be driving a green car,” 
he says.

His Tesla is already  running at $/kWh of storage 
 capacity. Of course, the secret is rare metals. Although Tesla’s 
induction motor does not rely on rare earth permanent mag-
nets, many of the other car components rely on rare earth 
permanent magnets along with other rare metals such as tita-
nium, to protect the large car- length lithium- ion battery, which 
alone costs around $,, one reason the vehicle costs so 
much.

Th e consultancy McKinsey notes that with gasoline 
prices at about $. a gallon, car companies that use batteries 
at prices below about $ per kWh could produce electric ve-
hicles competitively. But what if the next generation of Tesla 
becomes cheaper to manufacture? Tesla may transform not 
only the car industry but also the green energy market and the 
demand for rare metals. Th e com pany is now building a huge 
battery factory, a $ billion behemoth, producing as much 
lithium- ion battery power as all other battery factories in the 
world combined. Tesla’s goal is to drive down the cost of its 
battery by at least   percent and put the car within reach of 
those who admire the model, but cannot aff ord it. Reducing 
the cost of the battery and improving its effi  ciency is crucial. 
According to the Department of Energy, an electric vehicle that 
is cost- competitive with a gasoline- powered car would need a 
battery with double the energy storage of lithium batteries at 
  percent of the cost.

Reducing the cost is essential to the electric car market, 
according to Cyrus Wadia, who advises the president on green 
energy and materials at the White House Offi  ce of Science and 
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Technology. High costs remain an obstacle to the widespread 
use of battery energy storage. But reducing costs to spur de-
mand also stresses the rare material market insofar as there 
are few material substitutes for batteries.

Electric car batteries for cars smaller than Tesla weigh 
more than  kilograms (about  pounds), cost between 
$, and $,, and are oft en made from lithium. Alex 
Teran, a research scientist at Leyden Energy, says that the rea-
son the battery industry relies heavily on lithium is that no 
other ele ment is lighter or more conductive than lithium. “It’s 
proven its superiority. Th ere are no surprises left ; you can look 
at the Periodic  Table and see what we can come up with.”

If Tesla meets its goal of reducing battery cost, it will 
transform not only the car market but also the lithium mar-
ket and other rare metal markets. Some are skeptical that a 
low- cost, high- quality supply of the metals will be there. As 
Wadia noted in , “Scale-up will require a long lead time, 
involve heavy capital investment in mining, and may require 
the extraction and pro cessing of lower quality resources, which 
could drive extraction costs higher.”

 Others like Stuart Burns at MetalMiner, a metal market 
intelligence fi rm, estimate that the sheer volume of the new 
battery fac ility will suck the cobalt market dry  unless cobalt 
production quickly expands. Some, including Technology 
Metal Research’s Gareth Hatch, fear it will do the same to the 
market for graphite, which Tesla will also need in large quan-
tities. Gareth notes that the Tesla plant would need , 
tons of graphite,   percent of the total current global supply. 
Assuming Tesla can meet its goal, the new batteries will spur 
new demand in the automobile sector as well as in the green 
energy sector. And that’s not the only battery in the market. 
Start- stop batteries, about the size of a shoebox, are coming 
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into gas- powered cars because they save fuel by allowing the 
engine to turn off  at stoplights and in traffi  c.

Batteries are critical technologies for the deployment of 
solar and wind turbines. Th ey are so critical in fact, according 
to Lyndon Rive, the CEO of Solarcity, that by , his com-
pany might not be able to sell solar panel systems  unless it 
packages them with batteries. Th e reason is  simple— without 
sun, of course, the solar panel cannot produce energy. Batter-
ies, which the solar panel charges when the sun is shining, can 
discharge their power when it is not, providing a stable fl ow 
of power. A new power ful battery would therefore spur the 
purchase of solar and wind turbines as a reliable alternative to 
electrical generation equipment powered by fossil fuel. For ma-
terial scientists like Wyatt Metzger, a solar specialist at the 
National Renewable Energy Laboratory, batteries cannot im-
prove quickly enough to help the market.

At his lab, down the road from the Colorado School of Mines 
in the foothills of the Rocky Mountains, Metzger is working 
to revolutionize the solar panel. His technology relies on a mix 
of one of the world’s rarest elements, tellurium, and toxic cad-
mium to revolutionize the solar energy sector.

Wyatt wants to transform the solar market, where 
  percent of all panels are made from high- purity silicon, and 
a dusting of a slew of minor metals, including molybdenum 
and niobium in the circuitry and indium on the panel. As MIT 
professor Robert Jaff e, co- chair of the  American Physical 
Society report on energy- critical elements, notes, “Every watt 
of solar power requires minerals from peculiar parts of the pe-
riodic  table.” Wyatt and his team are developing an emerging 
technology called cadmium- tellurium thin fi lms. Th e  actual 
cadmium- tellurium layer is far thinner than a strand of hair. 



Environmental Needs 

Wyatt tells me they can be less expensive to produce than high- 
purity silicon. Other thin fi lm technologies use gallium (the 
same materials used in LCD screens) and selenium, a sister ele-
ment of tellurium. Th eir thinness and fl exibility also open up 
new solar- powered options insofar as these panels can be rolled 
up, which makes them portable. Th is feature is key for mili-
tary applications because getting fuel to confl ict zones is ex-
pensive and dangerous.

Although Wyatt speaks glowingly about the promise of 
thin fi lm technologies, his current panels are less effi  cient than 
traditional silicon models, which means consumers would 
need more panels for the same power output— a costly propo-
sition. In fact, many new technologies and especially emerg-
ing green technologies are not as effi  cient or cheap as current 
sources of energy. Th e cost per watt, the common metric for 
mea sur ing solar panel effi  ciency, of cadmium- tellurium is 
$. per watt, and silicon is $. per watt. But this could soon 
change.

Wyatt’s U.S. government– funded team is making prog-
ress. Just fi ve years ago cadmium- tellurium panels converted 
less than   percent of the sunlight they received into energy; 
now First Solar, a leading solar panel producer, converts close 
to   percent, and silicon panels convert   percent. Th e “lev-
elized cost of electricity,” a common metric for mea sur ing ef-
fi ciency across electricity sources, is  cents/kWh for solar 
approaching the . cents for coal.

Th ese metrics are im por tant to Wyatt because his team 
wants cadmium- tellurium solar panels to produce energy as 
cheaply as coal. But some might worry that, when the total 
cost of solar power matches coal, solar technology will take 
off , thus causing a massive consumption of rare metals. As a 
society, we will replace coal mining with tellurium pro cessing. 
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Environmentally, this is a great trade because it’s better to 
pro cess rare metals once and put them in a panel that makes 
energy continuously than to keep on extracting and burning 
new coal.

Th e solar panels use only a  couple of grams of rare met-
als at most. And while the systems they are tied to may only 
use a handful as well, this adds up when millions of panels are 
needed. As the total amount of indium, selenium, and tellu-
rium produced annually is about half the annual output of 
gold, the increased demand may cause instability. Relying on 
the rarest of the rare metals is not limited to solar power. One 
may not think much about the power consumption of an ele-
vator, but in the buildings that have them, the elevator uses 
  percent of the structure’s total energy use. Install a rare earth 
magnet motor in an elevator and it reduces energy use by half 
or more. Th is is a big saving, but it does not compare to the 
energy savings of new lights.

Over the past two de cades, lighting cost and quality have 
grown, and the average bulb is a lot greener. Th e new bulbs, 
compact fl uo rescent lightbulbs (CFLs) and light- emitting di-
odes (LEDs), are nearly   percent more effi  cient than older 
incandescent bulbs, which give off    percent of their energy 
not as light but as heat. Because lighting requires nearly one- 
fi ft h of the energy used in buildings in the United States, 
greener lights create real energy savings and reduce the need for 
forty new power plants. (To be sure they also make your wallet 
a bit lighter, so much so that when  people move to a  diff erent 
 house, they are less likely to leave these lights  behind.)

Th ese lights are not your parent’s bulbs; they’re 
electronics— more akin to computers than what Th omas Edi-
son in ven ted over a  century ago. In fact, LEDs have the same 
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technology found in computers and at their core, they have 
gallium semiconductors. Lightbulbs have long been manufac-
tured with some minor metals— from tungsten fi laments in 
incandescent bulbs to vari ous rare earth ele ment powders in 
the fl uo rescent lights that jarringly light large box stores— but 
the new lights are soft er on the eyes. Th is is because material 
scientists have learned how to deploy rare metals eff ectively, 
in par tic u lar by balancing the amount of rare earth ele ment 
phosphors in them.

Take GE’s Reveal line of lighting. Th e light itself still pro-
duces a sharp, bright light, but neodymium in the glass pro-
vides a blue- tinted fi lter to absorb the yellow- green wavelength 
light, thus leaving a more pleasing light palette. Other rare 
earths like europium give a soft er red and blue, and terbium 
provides green. Th e materials are so eff ective at fi ltering out cer-
tain strong lights that they have even been used in ski goggles.

Legislation in the United States, such as the Energy In-
de pen dence and Security Act of  and similar laws in the 
Eu ro pean Union, mandate the use of these energy- saving 
bulbs. Paradoxically, such legislation has hastened the out-
sourcing of U.S. resource security insofar as these lights rely 
on foreign minor metals, which are increasingly made into 
products overseas. Th e world’s largest lighting manufacturers, 
General Electric, Sylvania, Osram, and Cree, all moved facili-
ties during the past seven years to the  actual source of rare 
earths. While lower manufacturing costs are surely a  factor in 
these moves, Sam Jaff e, a green research analyst at Navigant 
Consulting, says, “Th e primary reason many companies are 
in Asia has to do with material costs, not  labor.” And with 
Chinese export controls in place, Chinese domestic prices 
have been cheaper and supplies more reliable for green en-
ergy companies making their products there. With all these 
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companies now manufacturing in China, the country con-
sumes more than   percent of the world’s rare earth phos-
phors for low- energy lighting systems.

While the use of rare elements in lights brought about 
new technologies that use less electricity, reducing carbon di-
oxide emissions, sometimes just mixing rare metals with other 
metals can make a larger green diff erence.

Tadeu Carneiro, the CEO of the niobium  giant Companhia 
Brasileira de Metalurgia e Mineração (CBMM), considers him-
self the head of a green tech com pany. “ People say it’s impos-
sible to be sustainable if you have mining involved. Wrong. If 
I leave that niobium there, untouched in the sand,” he says, ges-
turing to his mine, “the cars are  going to be heavier, the struc-
tures in the buildings are  going to be heavier, the pipelines are 
not  going to be safe, and you [will] need more steel.” 

And more steel means more CO.
If using less energy and therefore less CO is a qualifi ca-

tion for green technology, then the mining and pro cessing of 
minor metals may be the one of greenest technologies of all. 
CBMM research shows that if new gas pipelines used  kilo-
gram of niobium per ton of steel it would essentially reduce 
steel needs by half. Steelmaking is the most highly intensive 
CO- producing industry in the world, releasing . gigatons of 
the green house gas annually. Niobium not only reduces the 
overall amount of steel to be manufactured; its use in automo-
biles also helps to reduce the amount of CO entering the air. 
A   percent reduction in car weight resulting from the use of 
niobium leads to a –  percent increase in fuel effi  ciency. Nio-
bium also fi nds its way into solar panels on the backside of the 
panel and has been shown in some labs to increase the effi  -
ciency of certain panels by nearly a third.
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No doubt a com pany’s decision to use niobium and other 
steel strengtheners is not driven by green considerations alone, 
but by profi t. Carneiro says this greening makes good business 
sense. A $ investment in niobium, added to steel in cars, will 
reduce vehicle weight by  pounds. Th is will save one liter 
of fuel for every  kilometers driven. Th at saves . tons of 
CO emissions over the life of the car, off setting the amount 
of CO necessary to produce the steel in the vehicle. Th e same 
is true for niobium in bridges, buildings, and pipelines.

Carneiro sees CBMM not only as a catalyst to a greener 
planet but also as part of a global system. “Th e challenge to be 
more effi  cient, to learn to do more with less is planetary. And 
niobium is there to help us in this transition.”  And some 
places in the world, such as Beijing, are in desperate need of 
change.

For four days in Beijing in mid- February , I didn’t know 
 whether the sky was clear or cloudy, the weather sunny or over-
cast. A thick fog cut visibility much the way a winter blizzard 
does, albeit without snowfl akes. Th e air, with a faint hint of 
coal, left  a yellow- beige fi lm on cars, rooft ops, and seemingly 
on me. Even a thin veil of smoke seeped into a hallway of the 
famed Luft hansa Center shopping mall.

China’s demand for green energy is urgent. Th e life of its 
population depends on it. Air pollution in China led to . mil-
lion premature deaths in  and lung cancer rates that have 
doubled over the fi rst de cade of the millennium. And the air 
has gotten far worse since then. Th e patience of Beijingers to 
weather years of increasingly sickening air is limited and the 
government is working to change things.

China targeted more than $ billion in renewable in-
vestments between  and . Beijing’s goal is to drastically 
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raise the productivity of green strategic industries and it will 
invest $. trillion in wind technologies alone over the next 
thirty- fi ve years.

Th is is a massive undertaking. China already leads the 
world in installed wind capacity, outpacing the United States 
by    percent. Such a drive not only could reduce China’s 
growth of fossil fuel generation but also could make the coun-
try the testing grounds for green technology. Some compa-
nies in the West and in Japan are spending millions to wean 
themselves off  rare metals in green products, but companies 
in China have no such reservations. Th e “innovation distor-
tion” in the West and Japan leaves room for other companies, 
such as those in China, to develop a better product.

Critics point out that resource shortages lead to price 
increases that spur more effi  cient use of resources and even-
tually new supplies. But as we have seen with catalytic convert-
ers and permanent magnet motors, some technologies rely on 
specifi c metals, and rare metal supply chains  can’t respond 
quickly to demand, especially for breakthroughs in technology.

Th e great paradox of green- tech breakthroughs might just 
be that we have the knowledge and the know- how, but we 
have not invested in the minor metal ingredients so that they 
are available at the right time, or even more im por tant, at the 
right cost. 

Th e biggest concern for rare metal supply lines may be 
that our new energy- saving gadgets work too well and that 
green tech will quickly become the best tech. Without foresight, 
we will be very short of the materials we need. It’s a worry that 
military planners have, one that goes back to the s when the 
United States was in a race to control the skies.



VIII
War Eff ort

Hard and Smart Metals

In , Clarence “Kelly” Johnson, an aeronautical engi-
neer at Lockheed Martin, designed the ultimate spy plane. 
Th e aircraft  would fl y more than twice as high as most 
planes of its day, at twenty- seven kilometers above the 

earth. And it would be faster too, traveling at more than three 
times the speed of sound. Th e plane would “dominate the sky 
for a de cade or more” by evading Soviet missile systems while 
capturing images of the vast Rus sian land mass. Johnson’s 
team at Lockheed paradoxically dubbed it the “Oxcart.” Th ere 
was only one prob lem: it  couldn’t be built.

No material was durable or light enough to meet the 
plane’s design specifi cations. In fl ight, the Oxcart’s wings 
would approach temperatures of  degrees Celsius ( de-
grees Fahrenheit) and the engine  degrees Celsius (, de-
grees Fahrenheit). Aluminum was light enough, but at high 
temperatures it would warp because it loses strength at only 
 degrees Celsius ( degrees Fahrenheit). Th e heat would 
then boil the fuel and turn lubricants to mush, while baking 
the pi lot in the cockpit. Stainless steel could withstand the 
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heat, but its weight would limit the plane’s altitude, shorten 
fl ight distances, and require more fuel to keep it aloft .

Two years earlier in , William Senter, major general 
and chief of procurement and production for the Air Force’s 
Air Materiel Command, was searching for a similar material— 
one that was practically weightless, incredibly strong, infi -
nitely heat resistant, and able to be cast easily at negligible 
cost. Senter said that although he didn’t have the material, he 
had a name for it: “Unobtanium.”

But by the late s, metallurgists already knew about 
one possi ble material for the Oxcart; it was an obscure, un-
wieldy minor metal called titanium. Titanium is twice as strong 
as aluminum and matches steel’s toughness at   percent less 
weight, and it  doesn’t corrode. More im por tant, it is resistant 
to the plane’s heat, melting at , degrees Celsius (, de-
grees Fahrenheit), and is fl exible enough to allow the plane to 
literally expand at extreme speeds and temperatures. But tita-
nium was no panacea.

Although titanium is the ninth- most- abundant ele ment, 
it was a challenge to coax the metal from the mineral so the 
metal itself was rare. Th e United States had no reliable source 
of the metal despite government assistance to the industry 
of around $ million, including more than $ million to 
support  pro cessing and mine development research ac-
tivities in the s. Th ose projects had yet to pay suffi  cient 
dividends to support the plane designs. Th e titanium then 
rolling off  the line at Titanium Metal Corporation, the only U.S. 
supplier of the day, was of inconsistent quality. Low- quality ti-
tanium is extremely brittle and cracks easily, especially when 
dropped. So although the properties of the metal  were ideal for 
fl ight, the material that the United States produced  wouldn’t 
entirely work.



War Eff ort 

Because of these challenges, experts at the time optimis-
tically predicted that titanium alloys would, at most, make up 
–  percent of a plane’s weight. Th e plans for the Oxcart  were 
more ambitious: nearly the entire plane would be made from 
titanium. But without the high- quality rare metal, the plans 
for the plane would remain just that.

Th roughout history, a country’s ability to harvest the power of 
the periodic  table has translated directly to the success of its 
military, providing as much advantage in  battle as do tactical 
decisions. Historically, civilizations that have mastered the art 
of making weapons from the most advanced metallurgy and 
materials of their day have dominated the socie ties around 
them.

Around   B.C., ,  years  aft er the Bronze Age 
 began, metalworkers in a civilization located in pre sent- day 
north central Turkey made an incredible discovery. Th e Hit-
tites learned that when they heated and reheated iron ore over 
a hot charcoal fi re, they could create an extremely strong 
metal. For centuries, bronze had been the mainstay of mili-
tary weapons. But producing bronze hinged on fi nding de-
posits of copper and tin, which was diffi  cult because roughly 
only .   percent of the earth’s crust is copper and . 
 percent is tin. Iron alternatively makes up about   percent of 
the earth’s crust.

Iron allowed the Hittites to produce weapons inexpen-
sively, to equip legions of farmers and turn them into warriors. 
Hittite metallurgy unlocked a new military resource that 
quickly led to military success and eventually demo cratized 
war. As the Hittite blacksmiths migrated throughout the region, 
their metallurgical skill spread the Iron Age to the neighbor-
ing Assyrians and along with it, military superiority. Th e 
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Assyrians fashioned iron into other weapons, such as batter-
ing rams and shields. Th eir military advancements propelled 
their conquests from the  Middle East down to the Persian Gulf 
and into Egypt as they overpowered the Arabs who  were armed 
only with bows and arrows.

Centuries  later, the Romans, who lacked rich ores like tin 
and gold, established unmatched mining techniques, such as 
hydraulic mining. Th ey expanded their empire to bring rich 
minerals back to Rome, which they turned into armaments 
that they then used in  battle.

Finding the right rare metal for the Oxcart was just an-
other in a millennia- long line of metallurgical advancements 
that have been key for military superiority. But these scientifi c 
advancements did not stay confi ned to the military for long. 
Th ey became the basis for many technologies that underpin 
our high- tech and green lifestyle.  Aft er more than a de cade of 
confl ict and increasing military expenditures, we are once 
again on the cusp of numerous material science breakthroughs. 
Th ese will fi lter down from the military not only allowing 
technological advancements but also creating greater need for 
minor metals.

But back in the s, Kelly Johnson’s immediate concern 
was something less grandiose than the proliferation of the mil-
itary’s scientifi c advancements through society; he needed to 
fi nd a reliable supplier of titanium. In the name of national se-
curity, the CIA (Central Intelligence Agency), which worked 
directly with Lockheed Martin, scoured the world to fi nd a 
source, and found only one: the Soviet Union. Th e agency re-
portedly used a network of shell companies and third- party 
arrangements to purchase the titanium; in essence, it created 
a spy program to  buy material from the Soviet Union that 
would eventually be used to spy on it.
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Th e next obstacle for the Oxcart was more formidable 
and has vexed every material scientist and engineer asked to 
use a new rare metal to replace another material, like Japa nese 
corporations in  who  were trying to fi nd a replacement for 
rare earth magnets. Using a new material in the plane’s man-
ufacture necessitated changing the plane’s designs and speci-
fi cations. Th e use of titanium “practically spawned its own 
industrial base,” said Richard Bissel, the CIA’s pro ject  manager. 
Approximately ,  people, from metalworkers to machin-
ists, had to develop their own specialties to work with the new 
material. Th e use of titanium also meant that an assembly line 
 wouldn’t work; each plane had to be built by hand.

Titanium is not an easy material to  handle and most en-
gineers and mechanics had never used it. Drill bits and tools 
kept snapping off  because titanium is almost too strong. Cut-
ting tools had to be sharpened every few minutes, hampering 
production. Even specially designed drill bits, which took 
months to develop, could drill only  holes before they too 
needed sharpening. Th e mechanics even needed new pens to 
draw on the metal because the chlorine in the ones they used 
created  etch marks on the titanium. Cadmium- plated tools, 
including wrenches, had to be redesigned because bolt heads 
popped off  the tools— microscopic chunks of cadmium would 
interact with the titanium bolts and cause them to break. Lock-
heed even used distilled  water to wash the titanium panels 
because the local Burbank, California,  water had too much 
chlorine, which caused the wing panels to warp like “potato 
chips” during heat tests. Th e Oxcart, eventually known as the 
A- and the “Titanium Goose,” also needed  diff erent fi xtures, 
lubricants, and fi ttings.

Th e lessons learned from this use of titanium would soon 
fi lter down and transform the entire civil aviation world as it 
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became part of airplane designs globally. Th is use helped turn 
titanium from a periodic  table curiosity into a critical mate-
rial. But at the time, the secrets of titanium helped the United 
States to own the skies in the early s.

Roughly fi ft y years before the A-, and nearly , years  aft er 
the beginning of the Iron Age, designers at Krupp, a German 
weapons manufacturer,  were struggling. Th ey devised a mas-
sive - ton gun, called Big Bertha with tank- like wheels the 
height of a man. Th e gun was so large it needed close to , 
men just to set it up. But once in position Big Bertha could 
launch a , pound shell nine miles in a few seconds; the 
shell could blast through concrete fortifi cations. However, the 
gun could only shoot a few shots.

Th e tremendous heat the weapon produced from fi ring 
its - centimeter- long shells melted the steel barrel. Engi-
neers at Krupp discovered that spiking the steel with the mi-
nor metal molybdenum, with its high melting temperature of 
, degrees Celsius (, degrees Fahrenheit), raised the 
melting point of the gun’s barrel, eff ectively insulating it from 
the heat.

Th e newly designed Big Bertha helped Germany to de-
stroy Belgium’s impregnable forts and then march into France 
in the early part of World War I.  Later, improvements in Big 
Bertha’s design and production allowed the shelling of Paris 
in , at the time shocking Pa ri sians, who could not believe 
a weapon’s shells could reach the city from over seventy miles 
away. But, like Kelly Johnson, the designers at Krupp  were 
short on the rare metal they needed.

Before the war, Germany had trou ble fi nding supplies of 
molybdenum. Few understood molybdenum’s importance. But 
Germany knew its value and sought new sources. In , 
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American Metals, a subsidiary of the German metal supplier 
Metallgesellschaft , discovered one source deep within Bartlett 
Mountain in Colorado, an old mine with limited molybdenum 
production. Th e German com pany bought it, planning to use 
American resources against the United States. But the plan 
never materialized, and Germany had to make do with the 
limited supplies it found elsewhere.

Despite the lack of molybdenum and indeed many rare 
metals on its home soil, the German war machine was far 
better metallurgically prepared for  battle than its neighbors. 
Th e well- trained German metallurgical engineers who  were 
working in mines and managing them globally— even those 
in the British colony of Burma (now Myanmar), fi ve thousand 
miles (eight thousand kilometers) away— supplied the minor 
metals that armed the homeland with the most advanced 
weaponry of the day. So despite having a weak natu ral re-
source base, it had rare metals supply lines, superior metal-
lurgical skills, and global investments to create an impressive 
fi ghting force.

Th is metallurgical savvy left  other countries to play 
catch-up by reengineering German weapons to discover how 
minor metals  were used in them. In addition, British offi  cials 
could not understand why Germany was able to quickly re-
place the weaponry it lost. Th e British discovered that part of 
the secret lay in the use of tungsten ore from the heart of Great 
Britain. Th e British had practically given it away because they 
thought it was an impurity, failing to realize its importance.

Due to its toughness, tungsten quickly became a military 
staple. It was so strong that its use in steel cutting tools reduced 
the time needed to shape a standard steel axle from  min-
utes in  to  minutes by . Rare metals like tungsten 
became so crucial to the war eff ort that the British outlawed 
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their exportation to Germany. In the United States, authorities 
arrested three  people for espionage because they had smuggled 
 pounds of tungsten headed for Germany.

As the war continued, minor metals became increasingly 
more diffi  cult for the Germans to import, so they became more 
effi  cient at pro cessing these materials, and achieved the same 
results using less of the metal. At the same time, the molybde-
num and tungsten- bearing metal alloys found their way into 
the weapons of Germany’s adversaries. Th e United States, 
with its vast rare metal resources, had a supply advantage that 
would become crucial to ensuring a material advantage over 
Germany. At the end of the war, Colin Fink, president of the 
American Electrochemical Society, boasted, “It may some day 
be said that tungsten made democracy possi ble.” But he failed 
to acknowledge that Germany’s use of tungsten may have also 
made the war possi ble.

Th e demand for minor metals had increased because of 
the war and the use of new metallurgical pro cesses to employ 
them. For example, the use of fl otation, a method for separat-
ing vari ous metals from minerals, increased from  million 
tons to  million tons annually in just a few years. Scientists 
also developed new ways to form and molt molybdenum, which 
helped in developing new nonmilitary uses, fi rst in cars of the 
early s and then in other tools.

And now, the world consumes more than , tons 
of molybdenum annually. Because of its widespread use—in 
 everything from fertilizer nutrients and fl ame suppressants to 
lubricants— some do not even consider molybdenum a minor 
metal. It is now a critical ele ment in high- strength steel and it 
forms the backbone of some of the world’s tallest buildings 
such as the Petronas Twin Towers in Malaysia and the Jin Mao 
Tower in China. Similarly, Kelly Johnson’s titanium is now at 
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the heart of aerospace technology, and also appears in paints 
and medical implants.

Th is metallurgical route from sword to ploughshare 
has existed for thousands of years— even the Hittite advent of 
low- cost iron did more than just lead to military advantage; it 
helped to put high- quality tools like saws, drills, and screws 
into the hands of its citizenry. As the Task Force on American 
Innovation notes, “civilian applications of technologies in-
tended originally for military purposes have become staples 
of the nation’s economy and modern life.” In the past minor 
metals such as titanium  were im por tant because they made 
weapons harder, stronger, and heat resistant. Now minor met-
als are making weapons smarter.

In , I met Dominic Boyle, a minor metals trader. Th ough 
Boyle is British, he speaks fl uent Japa nese and acceptable 
Chinese— im por tant languages to master for a trader who 
wants to keep good relations with his closest customers. 
Global confl ict has proved to help sales. He has watched the 
price of germanium, a metal his com pany trades, qua dru ple 
over the past de cade as the market doubled due to rising ten-
sions in Asia and greater military spending and confl ict in 
the  Middle East. Speaking at the Shanghai Metal- Pages 
conference in , he tells the audience that strong demand 
for germanium will continue. It coats fi ber optics cables and 
high- speed circuitry, but its recent demand comes from the 
defense sector.

Germanium is at the heart of thermal- imaging systems 
(think: night vision goggles) in aircraft , ships, and tanks as well 
as weapon sights mounted onto rifl es that allow for more eff ec-
tive reconnaissance missions. It’s a lustrous silvery- white metal 
but is transparent in infrared and helps translate infrared 
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radiation into images. Its properties seem tailor- made for 
many military applications.

U.S. military demand for these applications soared  aft er 
the invasions of Iraq and Af ghan i stan, and with it, the sale of 
germanium. Th e overall U.S. demand for germanium in ther-
mal optics used in defense applications jumped from , 
tons in  to about , tons four years  later. Approxi-
mately half of all germanium consumed in the United States, 
and one- third globally, goes to thermal imaging. In , 
the U.S. Defense Department spent almost $ billion on night 
vision goggles and thermal weapon sights. War has trans-
formed the germanium market. And this is not the fi rst time.

Nearly three- quarters of a  century earlier, in , scien-
tists at the Manhattan Pro ject in Los Alamos, New Mexico, 
 were mixing isotopes of the rare metal uranium to create 
the atom bomb. At the same time, another set of military- 
supported researchers  were conducting equally im por tant re-
search at Purdue University. Th eir goal was to improve the 
per for mance of radar.

Th ey tested the properties of germanium, an obscure mi-
nor metal at the time, which had  little usage up to that point. 
Th e diodes in use  until then burned out too quickly, especially 
with the emerging radar systems that used shorter wave lengths 
to produce enhanced detail. Th e researchers  were looking to 
create a power ful device that would allow charges to fl ow only 
in one direction, the way a heart valve allows blood to fl ow out 
but not back in. But what they discovered would ultimately 
usher in new electronics and the Rare Metal Age.

Unlike copper and aluminum, which allow electrical 
charges to quickly pass through them in  either direction, or 
plastic and glass, which don’t conduct charges at all, germa-
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nium is a semiconductor. Th e Purdue researchers discovered 
that if they introduced slight impurities such as arsenic and 
phosphorus into high- purity germanium, they could create a 
diode that would allow charges to fl ow only in one direction, 
which made it possi ble to convert alternating current to direct 
current and radio signals into audible sounds.

Th is seemingly insignifi cant fi nding produced a diode 
that was ten times more resistant to burnout than previous 
ones. It laid the foundation for transistors and integrated 
circuits— the semiconductors critical to the electronics we use 
now. But back in , the scientists’ goals  were far more mod-
est; they just wanted to see the skies over Germany. Th ey had 
no idea that they would change the way we live and also drive 
up the demand for germanium more than twentyfold in less 
than a de cade.

Although the U.S. military is reducing its use of germa-
nium in thermal imaging equipment as its wars end, a poten-
tial confl ict is spurring new demand. Rising tensions between 
China and its neighbors, most notably Japan, over territorial 
ambitions in the South China Sea, are currently leading the 
demand for germanium. In early , a Chinese- based infra-
red supplier commented that infrared  orders from the national 
defense sector had increased markedly over the year. Military 
bud gets in the region have in some cases doubled or nearly 
tripled over the past ten years, and in  China increased 
spending by another .  percent. Rising tensions and bud-
gets mean good business for metal traders like Boyle. Even 
small confl icts can be an opportunity for these suppliers.

“When the war broke out between Israel and Lebanon [in 
], phones lit up,” says Ed Richardson, vice president of 
the rare earth magnet producer Th omas and Skinner. “Th ey 
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[producers] pulled in basically a year’s worth of consumption 
into about a month, because they needed magnets for their 
systems to work.” Th e challenge now is that so much of our 
military equipment also relies on a multitude of resources 
that may become thin during times of confl ict when demand 
for them is at its highest. All this reliance on materials means 
that some of the most im por tant facilities in modern war-
fare are now very far from the front lines.

 Today’s most im por tant battlefi elds are not in the places where 
missiles land or guns fi re, instead they are in the material sci-
ence labs of places like Sandia National Laboratory in Califor-
nia, Beijing’s Tsing hua University, and the United Kingdom’s 
BAE Systems Lab, where researchers are racing to develop ma-
terials that will propel their country’s military ahead in the 
next generation of warfare.

Robert Latiff , a retired major general says, “It was the ad-
vent of advanced electronics that changed the nature of wars.” 
Latiff , who holds a PhD in materials science in addition to 
two stars, believes that understanding the power of rare met-
als helped the United States switch from the hydraulic and 
mechanical weapons of World War II to  today’s electronics- 
based weaponry that uses actuators and sensors, all of which 
require minor metals. Th is type of warfare, Latiff  notes, relies 
on electronic hardware for intelligence gathering and surveil-
lance. Th is means that we need not only strong minor metals 
but also metals that help to regulate the fl ow of electric current 
effi  ciently.

“Without some of these minor metals you would have to 
go back to s or s per for mance,” Latiff  tells me. Nearly 
all of our systems  today depend on rare metals. “It is incon-
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ceivable we could achieve [what we have as a military] with-
out having the material science capabilities that we do.”

Th e strongest militaries of  today are the ones that can 
harvest almost the entirety of the periodic  table. A mixture of 
cadmium and tellurium is at the heart of radiation- detection 
systems as well as in baggage- scanning and dirty- bomb- 
detection machines. Missile guidance targeting and control 
systems contain a slew of rare earth metals, including terbium, 
yttrium, and europium. And tungsten is crucial for armor- 
piercing bullets and drones that shoot down GBU- Viper 
Strike missiles.

Although these new materials have enormous per for-
mance benefi ts, they create a challenge for the U.S. military— a 
reliance on minor metals not found or produced in the United 
States. Th e United States must import at least    percent of 
over twenty- fi ve  diff erent rare metals; this is up from fi  fteen 
metals in . Similar to Germany’s dependence on im-
ported molybdenum and tungsten during World War II, a 
growing reliance on rare metals poses a threat: the potential 
for a minor metals shortage at a time when they are needed 
the most for defense.

“Th is near- total dependence for critical components and 
raw materials creates worrisome risks,” notes former brigadier 
general John Adams and Scott Paul in Politico, “Our security 
and our ability to develop  future battlefi eld capabilities are de-
pendent on potentially unreliable supplier nations who might 
not have our best interests at heart in a crisis situation.”

Th e military’s largest systems are oft en the most vulner-
able to minor metal shortages because of their vast and complex 
needs. According to the U.S. government, just one of the nearly 
fi ft y planned nuclear- powered submarines uses approximately 
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, pounds of rare earth materials; every one of the seventy- 
seven DDG  Aegis destroyers uses , pounds, and each of 
the forthcoming F- Lightning II aircraft  requires approxi-
mately  pounds, which enables the pi lot to do nearly 
 everything from starting the engines to controlling wing fl aps 
for landing to assisting the electrical interface between the 
plane’s controls and its components.

It is not just rare earth elements. Th e newest weapon sys-
tems like the F- are fl ying periodic tables. Th e plane is almost 
a quarter titanium, which keeps the frame light and heat- 
resistant. Th e nuts and bolts that hold the plane together are 
made from beryllium because of the metal’s strength and heat 
re sis tance; gallium helps to amplify the radar’s signal; and lith-
ium provides a high energy density battery. Tantalum, because 
of the material’s ability to hold a charge, sits inside the capaci-
tors needed for  laser targeting, controls, and cockpit displays.

To reduce its risk of relying on precarious supply lines, 
the U.S. military is assessing its resource demands and the re-
liability of its minor metals suppliers. But it’s a daunting task 
to ascertain every ele ment and alloy in every component in 
every system as well as where it comes from. Th e military, a 
high- tech workforce of over . million  people, uses nearly all 
the metals that are commercially available in its weapon and 
computer systems.

Th e computer chip manufacturer Intel needed more 
than two years to understand its supply line well enough to 
ensure that no tantalum from the Congo was in its micropro-
cessor products, and it was the fi rst in its industry to do so. But 
unlike Intel, which examined only its micropro cessor supply 
line, the U.S. military has millions of components to assess. It 
will take far longer and the pro cess may be endless because the 
military’s hardware needs are constantly evolving.
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Scientists are continuing to fi nd new ways to save on costs 
and improve the effi  ciencies of existing hardware by using 
more and  diff erent minor metals. For example, titanium re-
placed aluminum in the hatch on the M Bradley Fighting 
Vehicle, which created a   percent savings in weight and pro-
tected those inside the M more eff ectively.

To reduce resource supply risk, the military is trying 
to  switch to more commonly used, domestically produced 
resources. But this too takes time. Th e U.S. Government Ac-
countability Offi  ce estimated in  that it would take at least 
fi ft een years for the Defense Department to revamp its supply 
chain so it was not reliant on foreign supplies of rare earth 
magnets. However, General Latiff  commented to me, “I’m 
not sure we’ll ever completely get away from foreign sources.” 
So, in the meantime, Chinese rare earth magnets are critical 
components of the most advanced U.S. weapon systems, in-
cluding the F-.

With the ever- increasing demands of the military and 
the fi nite list of ingredients, the replacement options are few. 
It’s not possi ble to simply replace one commodity for another 
in every application. Th omas Graedel, at the Yale School of 
Forestry and Environmental Studies, found that out of sixty- 
two metals he studied, not one metal has a substitute that can 
replace it for all its original major uses. What’s more, twelve 
have no suitable substitute for any of their properties as shown 
in Figure . If the food and beverage industry still  can’t eff ec-
tively replace sugar or the transportation industry, oil, it would 
be unreasonable to expect the military to replace its use of rare 
metals.

“ Going from Mach  to Mach  or  pre sents an entire new set 
of [material] per for mance specs,” a material scientist at the 
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Figure . Th e periodic  table of the substitutability of vari ous 
metals on a scale of  to . 

Source: T. E. Graedel, E. M. Harper, N. T. Nassar, and B. K. Reck, . 
“On the Materials Basis of Modern Society,” in Proceedings of the 

National Academy of Sciences. doi:./pnas..
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defense contractor Raytheon told me. Increasingly stringent 
specifi cations mean that the military will need more, not fewer, 
minor metals in refi ned, pure amounts. Th is poses a challenge 
because only a few companies in the world can refi ne or pro-
duce the high- quality minor metal material to meet this stip-
ulation. As Raytheon notes in its com pany magazine, “Th e 
demand for stronger, lighter, greener yet less expensive mate-
rials continues to outstrip availability.” Despite the pressure to 
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use new materials, the military paradoxically prefers proven 
material from reliable suppliers. “Th e military  doesn’t like 
cutting edge,” says Yossi Sheffi  , director of the MIT Center for 
Transportation and Logistics.

“If you have a new material you want to get into a weapon 
system, it takes a long time, twenty years on some occasions,” 
says General Latiff . Th e reason is  simple: if the military is  going 
to invest billions in a new plane, it  doesn’t want to rely on 
unproven materials. Since the military is unable to switch ma-
terials quickly, it’s vulnerable to resource shortfalls. But some-
thing  else could be more worrisome for the U.S. military than 
a shortfall of materials: the country that produced the most 
effi  cient war fi ghting force on the planet with unmanned fl ight, 
precision guidance missiles, and radar may be losing its com-
petitive edge.

Th e limits of creating weapon systems are not our imag-
inations but our engineering ability, and that starts with 
material scientists themselves. But a lack of metallurgists 
and material scientists graduating from  U.S. universities, 
like Caelen Anderson at the Colorado School of Mines, whom 
we met in Chapter , may be one of the U.S. military’s greatest 
weaknesses. As General Latiff  says, “Military materials scien-
tists are critical.” He tells me that without them we are depend-
ing on other countries for our military development because 
we have to know the capabilities of the materials before we can 
put them into a weapon system. Expanding material science 
capabilities is crucial because armies cannot use twentieth- -
century materials to defeat twenty- fi rst  century threats. In-
creasing our material science knowledge is not just critical to 
defending against threats on the battlefi eld, it’s central to ad-
dressing the most existential threat we face: climate change.



IX
Sustainable Use

Th e Environmental Calculus of the 
Rare Metal Age

Zhang Yang’e, a Chinese farmer from the remote vil-
lage of Dingnan in Jiangxi Province, lives some ten 
meters from a rare earth ele ment mine. Th e opera-
tion poisoned her well and killed her crops. “Th e 

 water used to taste sweet and our neighbors all loved it. But 
now it has been become undrinkable,” she told a local reporter. 
“Even my vegetables withered  aft er I watered them with well 
 water,” Zhang says.

 People no longer swim in the rivers around Jiangxi Prov-
ince. Th ey have turned toxic, killing most of what once lived in 
them. From above the rolling green hills of Jiangxi, a province 
roughly the size of Greece, you can see the devastation of the 
mines. Some leave bare swaths of beige clay, as if the miners 
had peeled off  the skin of the earth. Other mines slice around 
the contours of the hills in unnatural but elegant tiers, like 
smaller curved versions of the CBMM (Companhia Brasileira 
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de Metalurgia e Mineração) mine in Araxá. Each mine fol-
lows its own unique path according to the land’s geology, but 
the mining pro cess is the same— and so are the scars.

Even though you may never have been to the hills of 
 Jiangxi your footprint is there. Nearly all of your electronics 
contain specks of metals from those mines because, as we saw 
in chapter , the hills in southern China produce nearly all 
the world’s dysprosium needed in all our high- tech goods. When 
we import Kindles, we export pollution, including waste-
water, carbon dioxide emissions, and acid mine drainage.

To gain access to rare earths, Zhang’s neighbors dig eight- 
foot- deep holes in the hillside and pour down ammonia sul-
fate acid into them. Th e hills are made up not so much of rock 
or dirt— but a rather brittle sandy clay that the acid easily pen-
etrates. Th e rare earth elements, such as dysprosium and ter-
bium, in Jiangxi are easy to access because of the weak chemical 
bonds between the rare earth minerals and the clay. So the 
mining pro cess is similar to pouring  water on a mound of pot-
ter’s clay and then watching the pile disintegrate.

Once the acid has washed away most of the clay, miners 
trudge through a swampy mess of brown muck that com-
presses with each step. Th eir clothes splattered beige from the 
wet clay make them look more like paint ers, as they hoist 
white bags of brown sludge over their shoulders. Th ey lug them 
to a network of tropical aqua- blue and brown treatment pools 
of solvent connected to one another by white PVC piping. Its 
deep rich blue liquid is oddly alluring, like a small child’s  water 
park. But this jerry- rigged web of plastic on the slopes of the 
hills is no playground. It chemically helps separate the rare 
earth elements from other minerals in the rest of the clay. 
Th e material that’s left   aft er the acid bath is baked in a kiln to 
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form a concentrated mix of rare earths. It’s a far easier and 
cheaper pro cess, even compared to CBMM’s in Brazil.

But the amount of waste from the operation is stagger-
ing. Only .  percent of the mined clay contains rare earth ele-
ments. Th is means that .  percent is discarded waste called 
“tailings” that are dumped back into the hills and streams. 
Th ey seep into streams and wildlife habitats, bringing some of 
the chemicals Zhang complains about with them. Because the 
mountains are gouged of large chunks and replaced by weak 
pro cessed clay, they are prone to landslides. According to Bei-
jing offi  cials, , kilograms of tailings are created to produce 
every kilogram of rare earths. Th e process also leaves a mix of 
ammonium and heavy metal among other pollutants in the 
sediment runoff  that aff ects Zhang.

Paradoxically, the earth that is put back has a greater vol-
ume of clay than what the miners originally removed. Air 
seeps into soil when it is no longer compacted, causing it to 
swell. Th is swelling is why there always seems to be more dirt 
and rocks left over  aft er you fi ll a hole you have just dug. It is 
also why miners cannot put all the soil back on the mountain-
sides from where it was taken.

Chinese offi  cials estimate that it would cost about $ bil-
lion to clean up the polluted area around Jiangxi, but the fi g-
ures on regional damage are speculative and may understate 
the prob lem. With the Jiangxi rare earth mine critical to our 
high- tech lifestyles and the region, Zhang’s concerns are un-
likely to be addressed quickly.

For a glimpse at what the  future could hold for Zhang 
and her neighbors in Dingnan, look no further than , 
miles north to Dalahai, a village on the outskirts of a tailings 
dam from Bayan Obo mine. Li Guirong, age sixty- fi ve, has 
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watched the region change over de cades as this mine, near the 
border of Mongolia, has become the largest rare earth mine in 
the world in addition to supplying iron ore, at the expense of 
those living around it.

“We knew something was wrong sometime in the late 
s when the trees and local vegetation blossomed but didn’t 
bear any fruit.  Later, they stopped growing at all,” Li tells local 
media. Li’s neighbors developed skin rashes, respiratory dis-
eases, osteoporosis, and cancer. Villagers had trou ble keeping 
their teeth.

Th e ore is richer in the north, although it’s rockier, so it 
needs to be crushed and then treated with sulfuric acid to help 
crack bonds that bind rare earths to the minerals. Th e more 
time- intensive pro cess also releases radioactive thorium that 
exists in the local rocks and in nearly all other rare earth de-
posits. To produce one ton of rare earths in Bayan Obo, work-
ers use more than four tons of sulfuric acid and one ton of 
hydrochloric acid and sodium hydroxide. Th e chemicals cre-
ate a diffi  cult work environment. “Th e pungent smell of the 
powder makes me cough from time to time, and the thick 
mask does not work at all,” a worker at the site told local me-
dia. Th e Chinese Society of Rare Earths estimates that the pro-
cess produces , liters (nearly , gallons) of acidic 
wastewater and one ton of radioactive residue per ton of rare 
earths.

In Baotou, the home of the Bayan Obo mine, the sepa-
rating and smelting pro cesses generate wastewater containing 
high concentrations of ammonium nitrogen and radioactive 
residues. Th ese are dumped into a tailings lake, leaving the air 
so acrid that it burns the eyes. Because environmental precau-
tions have not been high on the mine operator’s agenda, the 
tailings lake  wasn’t properly lined; its contents contaminated 
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the surrounding soil, groundwater, and vegetation, turning 
Dalahai into one of about  “cancer villages” in the country.

It’s impossible to produce minor metals without some en-
vironmental eff ect. (Th e same could also be said for modern 
farming or manufacturing.) But the pro cess does not have to 
be as environmentally damaging as it is in China. When coun-
tries choose not to produce their own rare metals in environ-
mentally conscious ways, they are essentially outsourcing it to 
places like China, which leads to greater global environmental 
damage. As we will see, our current system of rare metal pro-
duction and use is focused on the short term and is wasteful. 
If this continues apace, our demands will cause more damage 
to our environment than necessary. And despite minor metals’ 
signifi cant eff ects on the environment, we are very poor at re-
cycling them. But recycling alone is not a panacea. It too has 
its own environmental consequences and also cannot by itself 
supply all of the world’s minor metal needs.

Minor metals are a slim portion of all metals produced, but 
they oft en have outsized environmental impact. Th ey fre-
quently require much more pro cessing than base metals like 
copper and zinc, and they use greater amounts of solvents. 
We must understand the environmental implications that 
come with mining more of these minor metals because the 
global environmental impacts of production cannot be a sep-
arated from the gadgets we buy, which, by extension, means 
we are all responsible for the environmental eff ects of mining 
these metals. Kohmei Halada knows this well.

Halada works at Japan’s National Institute or Materials 
Science, with a James Bond–type sounding job title “se nior sci-
entist with special missions.” But his job is more straightfor-
ward than his title. He tabulates the environmental impact of 
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our lifestyle choices. He is part of a growing fi eld of research-
ers who look at the life cycle of our products.

Every step in the life cycle of our gadgets— production, 
use, and disposal— produces green house gases. But as consum-
ers, we don’t see the emissions. Unlike the short tailpipe on 
our cars, the long tailpipe of our high- tech lives obscures its 
exhaust. We might assume that the greatest amount of elec-
tricity used and its subsequent contribution to green house 
gases occurs when a gadget is in our hands or in a wall char-
ger.  Aft er all, it’s the only use of electricity we see. But Nokia 
and Apple found that a mere    percent of the green house 
gases generated by the entire life cycle of many of their prod-
ucts come from the electricity needed to charge them. Th is 
means that roughly   percent comes from their manufactur-
ing, shipping, and disposal. Th is is why it is oft en greener to 
use an older product than to buy a newer one, despite the ap-
parent energy savings of improved batteries and shorter, less 
frequent charges. To understand a product’s true environ-
mental impact we must also consider the pollution generated 
from manufacturing and disposal.

Halada knows from research what Zhang, the villa ger in 
Jiangxi Province, has seen fi rsthand: producers make a lot of 
waste to obtain a small amount of metal. Take a product that 
many of us would consider low- tech: a - gram platinum wed-
ding band. To arrive at what Halada calls the total material 
requirement for the ring, he quantifi es the amounts of all re-
sources used: the soil consumed and moved to access the 
metals, the amount of coal burned to create energy to pro cess 
the material, and the  water used in the production pro cess. By 
this arithmetic, one - gram ring requires . tons of material. 
In contrast, the total material required to produce  ton of iron 
is about  tons. But even platinum’s resource demands pale in 
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comparison to other metals. To make  ton of germanium re-
quires , tons of material. (Since germanium is a by- 
product, some of that other material includes other metals.)

According to Halada, if you tally up the entire environ-
mental infl uence of producing a kilogram of rare earth ele-
ments, it is roughly equivalent to the eff ect of producing  ton 
of iron. Despite such precise fi gures, Halada and fellow re-
searchers concede that comparing the eff ects of  diff erent met-
als is subjective because some metals have low carbon footprints 
and higher localized eff ects, such as wastewater runoff  or de-
forestation. However, assigning an amount of material needed 
to make a certain quantity of a metal provides perspective. On 
average, industrial products use a total of materials thirty times 
their own weight. But for green and high- tech goods such as 
phones, LCD displays, and their internal components, the 
 factor can increase into the hundreds and more because high- 
tech products use many rare metals. A basic mobile phone 
weighs  grams, but it takes  kilograms of resources to 
make.

Rare metal production, like most mining, can lead to acid run-
off , metal contamination, increased air emissions, and in some 
cases radioactive waste. Every step of production has an envi-
ronmental infl uence— from the clearing of land to the heavy 
use of  water in mining. Even the mines themselves, which are 
oft en in remote locations, need their own infrastructure— 
from roads to sewer systems.

Ronald R. Cohen, professor at the Colorado School of 
Mines, explains that just digging earth, the fi rst step in min-
ing, exposes sulfi de minerals to air and  water. Th is exposure 
can lead to “acid rock drainage”— which some call acid mine 
drainage, as the mining speeds up other wise relatively benign 



 Sustainable Use

natu ral pro cesses that usually occur over millennia as more 
surface of rock comes in contact with  water. To demonstrate 
to his students how this occurs, he puts a stick of chalk in  water 
and asks students to estimate the amount of the chalk’s sur-
face area that interacts with the  water— a  couple of inches. Co-
hen then breaks up the chalk, and tells the students that the 
chalk’s surface in contact with the  water increases by several 
times. But if he  were to grind up the chalk instead, he explains, 
the surface area in contact with  water would increase millions 
of times. It is these refi ned minerals and their increased con-
tact with the  water that lead to the acid drainage. Th e  water 
turns the sulfi des into sulfuric acid and it poisons local waters 
for tens to hundreds of years or more as new  water continues 
to come in contact with the acidic rock.

Cohen tells me that ten thousand to twenty thousand 
streams in the United States are now lifeless because compa-
nies failed to take precautions to prevent or remediate acid 
mine drainage. Once the acid hits the stream, the  water 
cannot be used for agriculture, wildlife, or even for industrial 
purposes because it can ruin equipment. Nearly a  century 
ago, when  people in the industry discovered the acid prob lem, 
they addressed it by fi xing the equipment. Th ey developed new 
acid- resistant pumps that the  water  couldn’t corrode. Reduc-
ing the acid was an enormous task, so they continued to pump 
it into local streams. Unfortunately, the damage from acid 
drainage can last for centuries. Previous poor mining prac-
tices and weak oversight took an environmental toll especially 
as inadequate tailing ponds allowed hazardous materials to 
leak off  mine sites and mining companies left  mine sites in a 
lifeless state without reclamation. Metal pro cessing also had 
profound environmental eff ects.
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In the early s, Osaka, Japan, became widely known as 
“Smoke Capital” due in large part to cumulative emissions 
from the metal industry pro cesses. Dokai Bay, outside the 
country’s southern Japa nese city of Kitakyushi, was named 
“Th e Sea of Death” because of the beige and green mix of 
chemicals and waste lurking in the waters from the iron, steel, 
and electrical industries. Lax regulation not only aff ected 
the environment; it caused tremendous pain to its  people. 
During the s, cadmium from a lead- zinc smelter leaked 
into Toyama Prefecture’s  water supply, and from there, leached 
into the region’s rice fi elds. Eating cadmium- enriched rice 
caused several hundred local  women severe pain as the toxin 
seeped into their bones and soft ened them, and left  some 
 women permanently hunched over at the lower back. Th e 
pain was so excruciating that it became known as “itai- itai,” 
meaning “ouch- ouch.” Despite the horrifi c nature of the in-
cident and a polluted environmental legacy, it was still years 
before Japan became greener, in part by importing more met-
als pro cessed elsewhere and by imposing stricter environ-
mental regulations on its mines.

Th e transition to cleaner metal production methods was 
a global movement that actually started elsewhere with the rise 
of environmental consciousness in the late s and s in 
the West. A fl urry of environmental legislation, especially in 
the United States, compelled many companies to begin to min-
imize their environmental eff ects. Companies began adher-
ing to a core of international environmental standards. Th e 
push for cleaner mining was not just because of ethics, it was 
also due to economics. As  water, energy, and fuel resources 
have become more costly, effi  ciency has not just become good 
for the environment, but good for business.
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But at the same time that mining companies are becom-
ing more environmentally conscious, mining is becoming 
more environmentally challenging. Newer mine sites are of-
ten more complex because deposits are deeper, more dispersed, 
or have lower ore grades with smaller grain sizes, which leads 
to more resource- intensive pro cessing methods. To produce 
the same amount of minor metals that we use  today, we will 
burn more carbon dioxide to supply power for mining opera-
tions and we will create more waste— chemicals and tailings— 
tomorrow.

In many cases, miners are creating far more waste be-
cause they have to dig deeper. As the percentage of metal in 
the ore drops, companies need to pro cess more ore to make 
the same amount of metal. One study notes that as copper ore 
grades fall from   percent to .  percent, the energy needed to 
process it increases more than fi vefold.

Th e real challenge for many mining companies now is 
not just to  handle the environmental repercussions of current 
operations, but to overcome the sector’s previous environ-
mental negligence and lack of openness. Th e metal businesses’ 
past transgressions oft en thwart  today’s minor metal devel-
opment.

In , on the fringes of western Malaysia’s jungles, Mitsubi-
shi Corporation began a joint venture pro cessing monazite, a 
mineral containing rare earth elements but also high levels of 
naturally occurring radioactive elements. Locals complained 
that the com pany initially dumped waste in plastic bags in an 
open lot and encouraged them to use the material as fertilizer. 
In , the com pany reportedly left  radioactive waste in drums 
in the open outside the plant.
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Local residents of the adjacent town of Bukit Merah 
blamed the refi nery for a spike in radioactivity and related rare 
diseases. Th e eleven thousand residents claimed that Mitsubi-
shi was to blame for a local increase in rare diseases including 
pineal gland tumors and eight leukemia cases over fi ve years 
where previously there had been none. Mitsubishi closed the 
plant  aft er  legal battles in , and spent $ million to 
clean up the area, which meant digging up radioactive soil 
twenty- fi ve feet below the surface, down to the bedrock. Th e 
fi rm contributed more than $, to local schools but de-
nied responsibility for the pollution.

Th e plant didn’t just leave a radioactive legacy; it left  a 
toxic environment for those companies that followed. Mitsubi-
shi’s reputation dogged the Lynas Corporation when it tried 
to open a rare earth pro cessing fac ility in the country in  
to pro cess imported ores from Australia. Locals felt they  were 
being treated as a dumping ground for Australia’s radioactive 
waste, as they once had been for Japan’s. In fact, Australia had 
already rejected a rare earth pro cessing plant in the s be-
cause of environmental and health concerns related to pro-
cessing ores, similar to those in Bukit Merah. It was likely 
that the challenge of opening facilities in Australia and Japan 
helped send Lynas to Malaysia.

Despite assurances from the Malaysian government that 
Lynas could begin pro cessing, environmental activism almost 
doomed the pro ject, even with Lynas’s extra safety precautions. 
Th e com pany found it increasingly diffi  cult to obtain operat-
ing licenses from a government besieged by environmental 
protesters, even though the minerals heading to the new plant 
produced about thirty times less radioactive material than 
those that Mitsubishi had pro cessed.
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To avoid similar opposition to new projects, companies 
are spending millions of dollars annually on complying with 
environmental regulations. Th e rare earth producer Molycorp, 
based in the California desert, spent over $. billion to develop 
a state- of- the- art system to conserve  water and recycle waste. 
But no system is perfect. Molycorp was still cited in  for 
inadequate management of hazardous waste. Even Teck Re-
sources, which received a Prospectors and Developers Asso-
ciation of Canada environmental award, recently revealed that 
its subsidiary had polluted for more than a  century by dis-
charging solid and liquid waste into the Columbia River.

It is in a com pany’s interest to reduce the amount of  water 
it uses and reuse acid rather than dumping it into the environ-
ment. But of course, it costs companies money to be effi  cient: 
the equipment they need to recycle high- quality acids and 
 water is expensive. Th ese additional expenses proved to be a 
hurdle for Molycorp and other rare earth producers outside 
China during the s. Th e Chinese didn’t buy expensive pro-
cessing equipment because they didn’t need to adhere to 
stringent environmental regulations that  others did.

But Cohen from the Colorado School of Mines believes 
that producing metals can be done responsibly, if only con-
sumers would be willing to pick up some of the cost. If the 
economic benefi ts of environmental compliance are not clear, 
the only things that keep mining operations clean are the 
morals of the com pany’s management or the enforcement of 
environmental regulations. And in some places both of these 
are scarce resources.

Instead of mining new materials, many hope that recy-
cling our products will be our environment’s savior. Metals in 
essence are lent to our products, rarely are they consumed like 
oil or coal. A two- year- old iPhone contains slightly more metal 
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than a brand new iPhone, which over time has become slightly 
more metal effi  cient to save money. Th e task is to fi nd a way to 
remove metals from the old phones so that they can be used 
again in the next product. While recycling metals will reduce 
the environmental infl uence of mining by necessitating less of 
it, recycling also requires energy and resources. It is oft en 
better than extracting new metals, but it is not without reper-
cussions.

“I love scrap,” David Gussack tells me over beer at a bar near 
Grand Central Terminal in New York at the Minor Metals 
Trade Association’s annual happy hour. David, whose business 
card calls him a “metallurgical specialist,” is a recycler who 
buys scrap metal from manufacturing companies that make 
every thing from tantalum to niobium. He repro cesses it into 
sellable material at his ,- square- foot fac ility, just off  the 
Florida Turnpike in Pompano Beach, oft en selling it back to 
the companies he bought it from.

Gussack asks if I know what sputtering is, then explains 
a pro cess for coating an object with metal. Sputtering is messy. 
Th ink of a Jackson Pollock painting, spattered with vari ous 
colors. Th at pro cess might create a work of art but it also makes 
a mess, leaving  behind a lot of paint on the walls and fl oor. 
Gussack’s job is the equivalent of coming into Pollack’s stu-
dio, ripping up the fl oorboards and taking down the walls, and 
scraping off  the paint for recycling. He profi ts from this 
cleanup. Gussack takes the refuse, which could be shavings of 
steel or frothy liquids, and turns it into usable metals— and 
tens of millions of dollars annually for his com pany. His 
work also provides a ser vice to the environment, by reducing 
the need to mine more ore. Gussack’s business has become so 
profi table to manufacturers that it blurs the customer/client 
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relationship. Th ey are symbiotic partners, buying and selling 
from one another.

Because rare metal waste now has increasing value, man-
ufacturers’ thinking about using material more effi  ciently has 
changed. When the platinum refi ning fac ility of U.K.- based 
Johnson Matthey instituted a policy mandating that employ-
ees wipe off  their feet before leaving the fac ility, they collected 
enough dust each year to buy a well- appointed Volks wagen.

Although this industrial recycling is a positive environ-
mental development, it also highlights the inherent ineffi  cien-
cies of the manufacturing pro cess. Just as we learned in 
chapter  that material is lost during the metalmaking pro cess, 
the same is true in the manufacturing pro cess. Take rare earth 
ele ment magnets for example. Manufacturers lose about –
  percent of their materials as they carve and shape them to 
the correct size. Steve Constantinides of Arnold Magnetic 
Technologies tells me that the percentage of waste has only 
marginally improved since he started working in the industry 
more than two de cades ago. Whereas companies have be-
come better at wasting less in the manufacturing pro cess, the 
smaller sizes and exacting shapes that companies now demand 
continue to challenge magnet makers, which leads to more 
waste.

While Gussack harvests his resources from factories, 
, miles (, kilometers) away from Florida, Hitachi 
works on another challenging eff ort that will be key in trans-
forming our resource use. Th e com pany’s eco- recycling fac ility 
sits on the edge of Tokyo Bay on essentially recycled ground 
that was part of the bay just a generation ago. Th eir work— 
“post- consumer recycling”—is what transforms the plastics, air 
conditioners, and computers that we abandon. Eco- recycling, 
of course, cannot pick and choose what is recycled; its task is 
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far more complex and less effi  cient than Gussack’s indus-
trial  recycling.

When I visited the Hitachi fac ility in , the director 
said that it recycled more than    percent of  everything it 
received— although his defi nition of recycling includes turn-
ing a good portion of that material into pellets burned to make 
electricity. Tokyo Foundation’s researcher Hikaru Hiranuma 
calls recycling “urban mining.” Hiranuma estimates that Ja-
pan has more metals like silver, gold, and indium sitting in 
electronic gadgetry around the country than in the reserves at 
many mine sites globally. He believes that harvesting these re-
sources is crucial to Japan’s  future; it will make the country 
greener and more resource secure. But turning mobile phones 
and LCD screens back into metals is far more complex than 
 doing a  simple syntax change.

Just getting the raw material of urban mining— the 
iPhones, air conditioners, and electric toothbrushes—to recy-
clers like Hitachi is a challenge. Even in Japan, where almost 
everyone is recycling- conscious— people even remove labels 
from plastic bottles before throwing them in recycling bins— 
the country only recycles   percent of personal computers. 
Wasting resources is, of course, not just a Japa nese concern. It 
is a global theme. According to the U.S. Environmental Pro-
tection Agency, the United States discarded   percent of . 
million tons of electronics in , the year  aft er the iPhone 
came out, without any form of recycling. Oft en, the fi rst ob-
stacle to recycling involves getting the product to the recycler.

Ken Deckinger is like most Americans, except that he started 
several successful Internet companies. When the tech en-
trepreneur went to upgrade his iPhone, he had no idea his 
phone carrier would give him more than $ for his old one. 
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Previously, Deckinger just threw them in the trash along with 
most of his other electronic equipment, save an old MacBook 
and even older Th inkPad that he meant to donate. Th e truth is 
that even the most savvy tech folks do not reuse or recycle out-
dated electronics because they do not know where or how to 
do so.

In , a survey by EcoATM showed that only   percent 
of Americans surveyed recycled their old mobile phones or 
tablets. Even though most Americans believe that recycling is 
good for the environment, less than half would consider recy-
cling these gadgets. Other surveys show that half of respon-
dents did not know where to recycle e- waste, didn’t think about 
it, or didn’t know it was possi ble. Most keep their old phones as 
spares or give them away.  People complain of the hassle to take 
it to a collection site—if they even know where one is. Th is lack 
of awareness and motivation undermines electronic recy-
cling eff orts because it reduces the supply, thus keeping inves-
tors from putting money into recycling initiatives. In essence, 
 people are choosing the worst environmental purchasing deci-
sion: buying new gadgets and holding on to the old ones.

Because minor metals are in many diverse products, col-
lecting and sorting them is a logistical feat that increases the 
costs of recycling. Most of what we customers sort to recycle 
never makes it to a pro cessor that can extract and repro cess 
the metal, according to Barbara Reck, a research scientist who 
specializes in metal life cycles at Yale University’s School of 
Forestry and Environmental Studies. Our waste management 
systems are in eff ec tive; the  simple truth is that most high- tech 
gadgets do not get recycled.

Th e tragedy is that recycled ore oft en has a higher rare 
metal concentration than the ores found in mines. For exam-
ple, only  tons of batteries are needed to produce  ton of 
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lithium, compared to , tons of earth from Chile’s lithium 
mines. Th e challenge for our collection companies is to get a 
large quantity of material to make recycling eff orts possi ble. 
In Japan an estimated   percent of the batteries used in the 
country end up in a landfi ll.

Recycling means less mining— a huge environmental 
improvement— but recycling has its own waste stream because 
recycling is metal pro cessing. Th at means waste from acids, 
power generation, and the transport system that hauls the recy-
cled products from the end user to the vari ous pro cessing plants.

At Hitachi, workers in dark- blue pants and shirts, sporting 
white hard hats, masks, and yellow gloves, work on one of four 
disassembly lines smashing, cutting, and breaking refrigera-
tors, air conditioners, and computers, using drills and saws. 
Although recycling is a complex engineering pro cess, this fi rst 
step of separating plastic from metal is primitive. “Th at is the 
easy part,” Barbara Reck at Yale tells me. She then notes that 
recyclers focus on metals such as copper and iron, the ones 
used in large quantities.

Few straightforward methods exist for taking apart our 
products to access their metals. Our products are painted, al-
loyed, riveted, covered in glue, and screwed shut. LCD screens 
have up to  screws in   diff erent confi gurations. Ripping 
them open by hand requires much  labor and time, which 
makes it costly, especially in Japan where employee wages are 
high. Recently, Hitachi in ven ted a massive tumbler to toss and 
break apart hard disk drives and speed up the pro cess. Workers 
sort through the chunks of metals and plastics and separate 
them into  diff erent plastic bins, which is challenging because 
many metals appear similar to each other. For example, a 
samarium- cobalt magnet dipped in nickel looks the same as 
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a neodymium- iron- boron magnet.  Aft er removing the more 
commonly used metals, the workers then extract those with 
the highest values: gold, silver, and other precious metals. In 
Hitachi’s case, they send that material off  to a  diff erent fac-
ility. Th e recycling usually stops there, Reck says: “We get six 
or seven metals at best, on average. . . .  You are still missing 
twenty- fi ve, even in the best- case scenario.”

Part of the reason is that no one pro cess will extract and 
separate all the recyclable metals from a product; rather, its 
components must go through  diff erent recycling lines. Oft en, 
the science is such that extracting one metal means leaving 
 others  behind. For example, once minor metals go into an alu-
minum or steel smelter, it is hard to recover them at all. Fur-
thermore, only a handful of smelters globally have the capacity 
to extract specialty metals like selenium and tellurium. And 
even those fi rms cannot get all the metals because it is infea-
sible to recycle all the metals from an iPhone— the best recy-
cling facilities in the world  handle only about twenty metals. 
In fact, nearly one- third of minor metals have recycling rates 
lower than   percent.

Because minor metals can be too expensive to remove 
from the product, they are oft en shredded and eventually lost. 
Th e result is that only the most valuable, easiest to access ele-
ments enter the recycling stream. Metallurgists have spent 
centuries perfecting ways to remove metals from natu ral min-
erals. But recycling— processing complex “manmade ores”—is 
far more diffi  cult. Th e combination of metals in products like 
batteries and even steels are in far more complex alloys than 
the fi nite set found in nature, which makes them impossible 
to recycle eff ectively in our current systems.

Moreover, each model of a smartphone or computer, and 
its components, has a unique metallic composition. So recy-
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clers of postconsumer waste do not know how much metal 
they can recover from a given batch of waste. Few fi rms want 
to collect material without certainty regarding its exact value. 
In many places, recyclers focus on only a few components or 
pieces for recycling.

For most products, it is just not profi table to extract 
minor metals. Because of this, no plants in the United States, 
for example, recycle rare earth magnets. Recycling ineffi  cien-
cies are so great that we even throw away gold— recovery rates 
for gold are only –  percent. Even the world’s most ad-
vanced recycler, Umicore, states that it can recover at most 
twenty of the about sixty metals in a given phone.

When I ask Reck how green recycling  really is, she pauses, 
“Th ere are a lot of uncertainties around it. It depends on the 
metal and how easy it is to access.” On one hand, she and her 
colleague, Th omas Graedel note, environmental savings could 
be far greater: “Depending on the metal and the form of scrap, 
recycling can save as much as a  factor of ten or twenty in en-
ergy consumption.” 

But to complicate recycling’s environmental calculus, 
much of our high- tech wizardry contains some pretty toxic 
material. Some devices such as batteries are volatile and their 
pro cessing risks explosion. Th is makes some metals cheaper to 
dispose of than recycle. Unfortunately, most recycling for elec-
tronic waste does not even end up in those factories but oft en 
in remote open junkyards in places like India and Ghana where 
 people cook wires over fi re, torch cir cuit boards, and leach 
out metals with potent chemicals like cyanide. Th e pro cess is 
not only dangerous and environmentally noxious but also 
 ineffi  cient.

Th e exact environmental infl uence also depends on the 
precautions taken. In many Asian countries, for example, it 
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can be very environmentally taxing because many refi ners fail 
to take necessary precautions such as managing exhaust. 
Setting up an environmentally benign and complex refi ning 
system to meet our increasingly high- tech lifestyle is many 
years away. As Reck notes, “For many minor metals there is 
not even recycling technology out yet.”

While recycling reduces our demand for newly mined 
materials, it will not eliminate it for two main reasons. First, 
even if we are lucky enough to collect   percent of e- waste, we 
will lose a certain percentage while dismantling and smelt-
ing, just as we lose metals in the vari ous mining and pro cessing 
stages. Even if we lose only   percent at each stage, we are only 
netting   percent of the metals.

Second, even if we had effi  cient recycling systems in 
place, we do not have enough rare metals ready to be recycled. 
Many of the products that contain signifi cant amounts of rare 
metals— such as wind turbines and electric vehicles— remain 
in use. Even by , without more breakthroughs, recycling 
will yield less than   percent of demand for certain materials 
such as the rare earth elements. Th erefore, while recycling 
can reduce the need for new rare metals at the margin, it will 
not stop the mining in Jiangxi and Dalahai.

Th e main obstacle to the greening of our lives is that we 
tend to view the parts of the rare metal supply chain— mining, 
pro cessing, manufacturing, use, and recycling— separately 
instead of seeing them as interconnected activities. Th e pro-
duction decisions we make in one part of a product’s life cycle 
aff ect the subsequent steps. By recognizing the relationship of 
these activities to one another, countries, companies, and 
even the public can do more to use resources more effi  ciently.

Th e paradox is that rare metals, although critical for our 
green products, have signifi cant environmental eff ects. But 
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by having more effi  cient production and more eff ective recy-
cling systems, the greening of our world is within our reach, 
as we will see in the fi nal chapter.

However, to reach that goal, countries need to set aside 
po liti cal diff erences, off er incentives to make markets work 
effi  ciently, and recognize rare metal resources as a global 
good. Th at might be a tall order for countries because they have 
become lost in the miasma of short- term geopo liti cal concerns. 
Th is was clearly demonstrated at a conference in Nankang, 
China, located in the midst of mining territory in Jiangxi, as 
we will see in chapter .



X
Th e War over the Periodic  Table

In August , more than fi ve hundred Chinese scientists 
and policymakers as well as a smattering of foreign re-
searchers gathered at the Second China Rare Earth Sum-
mit in China’s southern Jiangxi Province, the heart of 

heavy rare earth production. Offi  cially, the conference lan-
guages  were En glish and Chinese, but if you spoke only En glish 
you  were out of luck. Just a few pre sen ta tions had translations, 
but the interpreters stumbled over words and left  long gaps of 
silence despite the speakers continued speech. What’s more, 
meetings between industry and government offi  cials  were 
conducted only in Chinese.

While much of the rare earth research outside of China 
and the conferences focus on fi nding ways to decrease reli-
ance on Chinese rare earths, the conference participants shared 
no such interest. In fact, they wanted to fi nd ways to increase 
usage. One researcher even highlighted the potential for rare 
earths to replace rubber, a concern for China because it’s 
the world’s largest rubber importer. Th is disparity in focus 
highlights the benefi ts of monopolizing resource production.
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In the United States, there has been no scientifi c rare 
earth conference of this size in recent memory because few 
 people study rare earths—as we learned in chapter , only one 
university even has a rare earth specialty. What’s more, in , 
the U.S. rare earth industry employed ,  people, down from 
, in the s, meaning that everyone in the entire indus-
try would have to gather to have a conference of comparable 
size. Th is highlights one of the salient aspects of the war over 
the periodic  table: its current location.

Because China and its neighbors Japan and  Korea are the 
largest consumers of rare metals, the war over the periodic 
 table is more pressing in Asia than in the West, where there is 
far less high- tech and green manufacturing even though the 
United States and Eu rope are the largest consumers of rare 
earth– containing products. Th is lack of manufacturing base is 
the reason why many in the West know  little about these re-
sources whereas in Japan, rare metals are front- page news. It’s 
the same reason why corn prices loom large in Iowa, but are 
rarely a topic of conversation in New York.

Peering from abroad, most governments around the 
world see Beijing’s interventions in the rare metal market as a 
means to control the economic spoils of  future rare metal pro-
ceeds. And if you look around the host city of Nankang you 
can see that they have a point— signs of government largesse 
abound. Highway exits end abruptly at grassy knolls; six- lane 
roads have few vehicles on them; and unfi nished high- rises, 
draped in netting and plastered with vacancy signs, await new 
occupants. But Beijing cares  little about the direct proceeds 
from rare metals. It has greater concerns.

Th e regime’s po liti cal legitimacy is connected to its abil-
ity to ensure that the country has the resources it needs to 
maintain growing high- tech and green industries that create 
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jobs. “Th e rare- earth industry is quite small- scale, but the 
contribution to the national economy is huge,” says Zhang 
Hongjiang, director of the Information Center at the Baotou 
Research Institute for Rare Earths. With so much at stake for 
China, the geopo liti cal resource battles will continue.

But the reason why China dominates in research and 
production of rare earth elements, and indeed   percent of 
all rare metals, is not just governmental policy. It’s also the re-
sult of geological good fortune and a long- term focus on de-
veloping its manufacturing base in the country. What should 
be worrying to resource dependent countries is that, as the 
value of these resources continues to rise along with concerns 
over increasingly dear supplies, other governments, seeking 
their own economic spoils and geopo liti cal advantage, may 
well follow China’s lead and take a greater presence in the 
market.

When the Inner Mongolia University of Science and 
Technology fl ew me to Baotou for a rare earth conference in 
, I thought the university would extend an invitation to 
visit Bayan Obo mine, or its tailings pond just outside the city. 
 Aft er all, inviting some of the leading rare earth researchers 
to the home of the world’s largest rare earth mine without 
showing it to them would be like assembling chocolatiers in 
Hershey, Pennsylvania, and not visiting the choco late factory. 
Instead of a mine visit, conference organizers arranged a trip 
to  ride dune buggies in the desert and to see a Genghis Khan 
Mausoleum. Th e organizers said the government  wouldn’t 
 allow foreign visitors to the mine.

Not only  couldn’t I see the mine, as a foreigner there  were 
restrictions on what I was permitted to know. Geological data 
are state secrets and reliable production data are scarce. Even 
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researching industry data can be a crime; in , four employ-
ees of Rio Tinto working in China, including an Australian, 
 were charged with stealing state business secrets for seeking 
iron ore data. Two years earlier, Chinese authorities convicted 
an American geologist of acquiring state secrets when he ob-
tained information regarding the location of oil wells. In many 
other countries such data is widely available and, to many in 
the industry, this data seemed commercial. Authorities held 
him  until .

China’s secrecy and a heavy hand in the market under-
mine the ability for the world to meet its resource needs effi  -
ciently. Few want to invest in an industry where market data 
are unknown and the government can quickly change the rules 
of the game. Although this situation thwarts investment, it 
plays into Beijing’s long- term strategy.

Beijing uses access to their rare metals as a way to attract 
foreign investment that will subsequently bring international 
technology to China. Th e central government wants to up-
grade its businesses. In a sense, Beijing is modeling its indus-
trial growth  aft er Japan’s Hitachi Corporation— once a mining 
ser vices com pany, now it’s one of the world’s largest technol-
ogy companies.

From the outside, China’s central government may appear to 
be in sole control of the rare metal industry. It has a guiding 
vision and even white papers written that outline its  future 
goals. But the reality is far  diff erent. Central authorities face a 
formidable challenge in implementing policies because numer-
ous government bodies are vying for power; the industry is 
rife with corruption and a divide exists between central and 
regional offi  cials. Part of the prob lem stems from a government 
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decision in the late s to abandon its Ministry of Mining 
and Geology so as to streamline the bureaucracy. But instead 
of simplifying policymaking, this jettisoning of the mining 
ministry devolved responsibility and left  authorities with a 
hodgepodge of agencies, of which about thirteen have signifi -
cant infl uence over the rare metal market but without com-
plete control. Each vies for power.

What’s more, Beijing holds surprisingly  little sway in re-
mote mining areas. To understand Beijing’s complex relation-
ship with those regions, one would do well to heed the Chinese 
adage, “A strong dragon cannot beat the local snake.” Surpris-
ingly, on many policy issues the local authorities are far more 
power ful, a fact the central government concedes. In , the 
State Council admitted that it lacked oversight of rare earths 
production in the regions, and reported, “Th ere are so many 
mines scattering over a large area that it is diffi  cult and costly 
to monitor their operation.” Th e head of the Rare Earth Offi  ce 
of the power ful Ministry of Industry and Information Tech-
nology also commented that the high profi ts from illegal min-
ing have led to an alliance between local government offi  cials 
and illegal miners. In many cases, local offi  cials see  little rea-
son to follow Beijing’s diktats, such as to shut down mines, 
raise environmental standards, or reduce output. In , they 
thwarted Beijing’s attempts to consolidate the rare earth in-
dustry into two companies to meet national goals. Regional 
interests are more parochial— economic development and 
prosperous business. And since local offi  cials also control the 
appointment of judges, they have outsized infl uence. In a show 
of defi ance against Beijing’s plans, the vice secretary of the 
 Jiangxi Rare Earth Association said, when discussing  whether 
a state- owned com pany would buy local fi rms, “in the face of 
state policies, we will walk our own path.”
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But it’s not just local governments that thwart Beijing’s 
strategy goals. Companies themselves, both state- owned and 
private, oft en prefer to sell the metals for immediate gain. Th e 
incentive to sell the resources, even if it means violating pol-
icy, contributes to the black market.

With so  little control, Beijing cannot rely solely on regu-
lations because they oft en backfi re. For example, a researcher 
at a Chinese rare earth association relayed to me an example 
of the unintended consequences of new rules. In , Bei-
jing issued a regulation aimed at reducing production overca-
pacity, stating that all rare earth refi ners with a production 
capacity below , tons must close. Instead of shutting down, 
many smaller refi ners increased their capacity to more than 
, tons, thereby increasing the country’s production ca-
pacity. By , the rare earth sector had the ability to produce 
, tons per year, even though the world consumes less 
than half that.

Beijing’s policy is rarely enforced effi  ciently; paradoxi-
cally, it  doesn’t have to be enforced evenly to meet its desired 
ends of developing high- tech companies on its own shore. Bei-
jing just needs to introduce enough uncertainty into a foreign 
high- tech com pany’s supply chain to convince jittery execu-
tives that it’s easier to manufacture in China than outside of 
it. It’s akin to Beijing’s strategy for encouraging its citizens to 
use domestic search engines instead of Google: if the authori-
ties interfere with Google enough that the site works haltingly 
and with  little reliability,  people won’t use it.

But as the largest consumer of rare metals (and indeed 
numerous resources), China has its own resource concerns. 
Authorities oft en feel at a disadvantage with international min-
ing and trading fi rms that have pricing power. Th ey feel they 
have been taken advantage of; country offi  cials point to the 
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oligopolistic control of the iron ore market, where they feel 
they are price takers from the three companies that control 
  percent of the trade.

Despite China’s own resource concerns and its inability 
to completely control its own market, most other countries 
frame their minor metal resource strategies around China’s 
dominant position. And they are now worried.

When China’s economy was far smaller and before its acces-
sion to the World Trade Or ga ni za tion (WTO) in , few 
countries fretted about the socialist government’s control over 
its industry. Th at changed when China joined the WTO and 
had to adhere to international trade practices. Despite China’s 
enthusiasm to join the international trading community, its re-
lationship with the or ga ni za tion is an uneasy one, built on 
awkward footing because China’s  free market is guided by the 
Party fi rst, and the law second.

Th e leading advocate for WTO membership at the time, 
then prime minister, Zhu Rongji, warned Party members four 
months  aft er accession, “Western hostile forces are continuing 
to promote their strategy of Westernizing and breaking up our 
country.” So although the country welcomed the economic 
benefi ts of additional trade, it looked wearily on the framework 
that brought it.

Leadership feared that the international trading system 
could upend the Communist Party’s role. Th e challenge to the 
current order, as Teng Biao, a Chinese scholar formerly at Har-
vard and a critic of the government, told the New York Times 
in , is that “Th e basic po liti cal system is incompatible with 
rule of law,” a key component of a rules- based trading system. 
He argued that friction comes between Chinese Party leaders 
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who mainly want to use the law to control society and its  people 
rather than see it as a guiding, governing framework.

For more than a de cade China has tried to balance a so-
cialist system where the government is the arbiter of the laws 
with the demands of a rule- based international trading system. 
Over that time, global trade fl ourished, foreign companies 
invested hundreds of billions of dollars and the country con-
tinued to develop a rare metal resource base to support grow-
ing industry. But times are changing.

Beijing has become confi dent with its increased economic 
prowess and savvier with its interpretation of international 
trade rules. Terms like “equal access,” “antimonopoly,” and 
“sustainable resource development” are foreign concepts in 
China. Its leaders interpret these terms in their own context, 
through a lens of state control of the market. Th e terms may 
mimic Western thought, but they are far removed from their 
cultural signifi cance and original meaning, like Westerners 
who adorn their walls with or get tattoos of ornate Chinese 
characters.

For example, in , many foreign companies and cham-
bers of commerce complained that Beijing was using antimo-
nopoly regulations not to break up true monopolies but as a 
weapon. Th ey felt the government was using the pretext of 
monopolistic regulations to reduce the role of foreign fi rms in 
sensitive sectors.

Similarly when the United States accused China of using 
export quotas on rare earths and a slew of other minor metals 
to forward its industrial policy in the WTO, Chinese offi  cials 
claimed they had used them to conserve exhaustible natu ral 
resources and protect the environment. But there was  little 
mention of the environment in the press when China fi rst 
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instituted quotas in  for rare earths. Instead, China’s ex-
port and production controls  were devised to rein in price 
competition, which sent rare earth prices downward. (During 
that same year, the main rare earth companies came together 
to set a minimum price.)

But the export controls became more than that. As the 
vice chairman of the Inner Mongolia Autonomous Region said 
of the regulations, “We are not taking the short- term view of 
just trying to prop up prices. Imposing controls and reducing 
exports aim to attract more factories using REEs [rare earth 
elements] from home and abroad to Inner Mongolia.”

In certain ways, many in Beijing resent producing nearly 
all the world’s rare earths from some of the most polluting 
mining and pro cessing systems in the world, and selling them 
overseas. From the Chinese perspective, countries have out-
sourced their pollution to it. And they are correct because a 
good portion of the rare metal that China refi nes could not be 
refi ned elsewhere like in Japan due to environmental regula-
tions. Some Beijing offi  cials believe they have sacrifi ced the 
country’s environment for  little profi t.

Instead, Beijing wanted to see much more economic gain 
and by  took more extreme mea sures. It dropped the coun-
try’s rare earth export quota by around   percent during the 
year. Th e move sparked backlash from consumers that ulti-
mately led to two WTO resource cases, which China lost.

Th e WTO decision outlawing China’s export controls 
changed China’s tactics, but not the country’s strategy of us-
ing domestic resources to promote growth. Over the past 
fi ve years, Beijing has begun consolidating control of the rare 
earth industry— once dominated by hundreds of mostly small 
operators— into large state- controlled fi rms. Consolidation 
may not prove as eff ective as export controls, but with the pro-
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duction of rare earths now in the hands of state players, China 
has eff ectively strengthened government control over the in-
dustry. Consolidation may also help to stem smuggling, which, 
by some estimates, accounts for   percent of the country’s 
exports.

Beijing has additional policy tools to control the minor 
metal market. It provides subsidies and below- market- rate 
loans to state- backed mining fi rms; purchases unsold rare 
metals to stockpile; and uses complicated export licensing pro-
cesses to restrict competition. Th ese policy tools give coun-
tries concern about the  future of rare metal supplies. As the 
U.S. Congressional research arm notes in a  critical mate-
rials report, “China is likely entering an era of fewer raw mate-
rial exports over the long run, which requires some type of 
long- term planning.”

Although many countries feel that China is overextend-
ing its control of the rare metal market, the sense in China 
is  quite  diff erent. Qinhua Wang, the vice chairman of the 
China Nonferrous Metals Industry Association, noted, “We 
have not enough infl uence on rare metal in the world and we 
didn’t get reasonable profi t.” He  later added he expected China 
to reor ga nize, to better capture rising prices, and to have larger 
international market infl uence. Much of that strategy relies 
on importing foreign technology, which makes Japa nese trade 
offi  cials ner vous.

To defend against a migration of Japa nese tech corporations 
to China, Tokyo offi  cials handed out grants of up to $ mil-
lion each to companies for programs related to conserving rare 
metals and rare earths, ostensibly as an inducement to keep 
manufacturing facilities in Japan. But as offi  cials know, fi nan-
cial incentives and arm- twisting can only go so far. Business 
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interests eventually prevail. As one Japa nese trade offi  cial com-
mented to me, “It is impossible to keep one technology in 
 Japan forever.”

For Japan, much is at stake. Th e country spent well over 
$ billion to reduce its reliance on Chinese rare metals in  
alone. As an island nation reliant on imported materials, 
 Japan learned de cades ago that resilient resource supply lines 
are critical to a stable economy and to regional security.

A  little history is in order. In the fi rst part of the twenti-
eth  century, the archipelago’s quest for natu ral resources 
to  feed a growing, resource- scarce country led to confl ict 
throughout the Asia- Pacifi c. Th e country’s army reached into 
China,  Korea, Indonesia, and Burma (now Myanmar) for sup-
plies, sparking confl ict as the world entered World War II.

Th e high stakes rare earth  battle in  discussed in 
chapter  has amplifi ed Japa nese offi  cials’ concern about their 
country’s economic security in several dimensions. First, they 
worry China will use trade in rare metals as a geopo liti cal 
weapon and again cut exports. Second, they fear the continu-
ing exodus of their companies to China as the country off ers 
unfettered access to lower- priced resources. Th ird, once in 
China, Japa nese offi  cials fear they will lose their technology 
 either through theft  or lack of domestic innovation. Th is will 
enable China to compete directly with Japa nese exports. Th at 
would be a big blow to Japan’s economy. For example, the coun-
try’s electronics exports total about $ billion, historically 
accounting for about –  percent of its shipments abroad. 
“Our industries depend on these materials. It is an issue of 
competitiveness,” one offi  cial told me.

So in that sense even with prices now far lower than they 
 were in  and with supplies seemingly abundant, the inse-
curity over  future resources still concerns many Japa nese of-
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fi cials and companies. And without domestic resources, they 
feel they are in a bind. As another offi  cial commented, “We 
have no reliable alternative for heavy rare earths but China.” 
Th e same is true for tungsten, indium, and antimony.

To avoid overreliance on China, Japan’s rare metal strat-
egy goals are to increase the availability of sustainable rare 
metal supply lines globally and wean companies off  those rare 
metals that have the greatest supply risks. Th e plan is based 
on four pillars: securing resources overseas through invest-
ment and diplomacy; recycling; developing alternative materi-
als; and stockpiling.

Tokyo has provided fi rms like Masato Sagawa’s Interme-
tallics millions of dollars to develop ways to remove dyspro-
sium from magnets and has provided money to universities to 
educate a cadre of mineral scientists and engineers. Offi  cials 
also loaned $ million to Lynas Corporation in  to de-
velop its rare earth producer with facilities in Malaysia and 
Australia.

Japan’s eff orts to fund the development of new mines and 
to become more effi  cient at recycling will add more supply, but 
it’s unclear  whether their eff orts alone will lead to increased 
resource security. Th ey are slow steps and even if, for exam-
ple, Japan succeeds in its recycling goals, recycling rare earths 
will meet only   percent of the country’s demand by .

What’s more, it’s unclear  whether some of the country’s 
goals would be eff ective in a time of crisis. For example, Japan 
has made it a national goal to ensure that Japa nese trading 
companies physically import at least   percent of rare metals. 
But this government policy is “meaningless,” one Japa nese 
manufacturer commented, because Japa nese companies will 
act in the best business interest of the com pany, not necessarily 
the country.
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While Japan has, by far, the most well- funded rare metal 
security strategy, other countries have made similar eff orts, 
albeit with  diff erent foci. Th e Eu ro pean Union focuses on 
writing studies and reducing trade barriers in the rare metal 
sector. Meanwhile, the United States, also concerned about 
fair trade, is far more focused on providing an unencumbered 
supply of rare metals for its military. Many countries stock-
pile metals for economic reasons, but the U.S. military stock-
piles them for defense purposes.

Th e true challenge lies in assessing the eff ectiveness of 
these strategies because most of them are long term— the ef-
fects of research and trade policy adjustment take many years 
to evaluate. But it’s hard to imagine that tens of million dol-
lars a year in research and a few stockpiles can insulate coun-
tries against the myriad of risks. It’s also hard to believe that 
these countries look at ensuring resource supplies as a risk. 
 Aft er all, as we noted in chapter , the U.S. government allo-
cated nearly $ million for titanium research in the s. 
Th at’s more than the country has allocated to all rare metals 
over the past de cade.

Over the past ten years, most major economies and many 
resource- focused think tanks have published criticality stud-
ies examining resource constraints for rare metals. While in-
dividual assumptions and methodologies vary, most look at 
critical risk in two dimensions, the importance of a par tic u lar 
material to an economy and the likelihood of its supply dis-
ruption.

Combining all the risk lists from each report published 
over the past de cade reveals that more than half the elements 
on the periodic  table are “critical” to one country or another. 
Th e United States fears shortages of terbium, the Eu ro pean 
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Union thinks antimony is at risk, and Britain frets over tung-
sten, the metal they once sold to Germany for armaments dur-
ing World War I. Depending on the author of a given study, 
only a handful of materials or   percent of them might be 
deemed at risk. Th ese diff ering results are based on a study’s 
design and the author’s assumptions of how to assess the risk. 
And they vary drastically, off ering  little guidance to policy 
makers and com pany executives.

Some researchers fear supply shortages of metals like tel-
lurium, which face a scarcity risk;  others see niobium facing 
economic or market risk, and dysprosium faces a “lack- of- 
substitute” risk. But how realistic can these assessments be?

Despite the variety of report perspectives, the studies fail 
to help generalize which metals are facing shortfalls. As one 
critique of these studies commented, “the methodology is 
immature and the results are not necessarily helpful to all 
parties whose ultimate aim is to secure  future supplies of 
minerals.” Much of this is because of a lack of data in terms 
of both material supply and demand, as discussed in previous 
chapters.

Th e U.S. Department of Energy notes, in its Critical Ma-
terials Strategy report, that it could not use traditional eco-
nomic models or analy sis to predict the supply and demand 
of materials crucial to the clean energy world because of the 
diffi  culties of predicting unforeseen technological break-
throughs. It is diffi  cult, if not impossible to calculate the type 
and number of wind turbines, solar panels, and tidal power 
systems that will be produced and the amount of resources 
each will consume two de cades into the  future. In fact, re-
search institutions have been historically poor at predicting far 
more straightforward resource demands such as the demand 
for coal.
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Coal demand should be predictable because coal is largely 
used to produce power. Demand is a function of the capac-
ity  of all coal- burning facilities and predicted economic 
expansion— the faster the growth, the more coal consumed. 
Despite the simplicity of predicting coal demand, the Interna-
tional Energy Agency (IEA) drastically underestimated coal 
use in the fi rst de cade of the s. In , the IEA projected 
that the world coal consumption rate would grow .  percent 
annually to reach about , metric tons of oil equivalent (a 
mea sure ment that allows comparisons between  diff erent en-
ergy sources) by . However by , the world was burning 
, metric tons of oil equivalent of the black stuff  because 
of the growth of China and India. If the legions of experts at 
the IEA cannot foresee coal demand, predicting each minor 
metal’s demand will be guesswork, at best, because far less is 
known about these materials, and even less about where and 
how they are mined and pro cessed.

Robert Jaff e, a Mas sa chu setts Institute of Technology (MIT) 
theoretical physicist, who was the co-chair of a  joint Amer-
ican Physical Society and Materials Research Society report, 
Securing Materials for Emerging Technologies, has diffi  culty 
convincing skeptical lawmakers that the United States does 
not need to be mineral in de pen dent. Is the United States coff ee-, 
banana-, or even saff ron-in de pen dent? Jaff e asked me. “For us 
to be in de pen dent in all these panoply of foods is crazy,” he told 
me. Adding that it’s expensive because “bananas don’t  really 
grow  here.”

He has a point. Th e United States imports   percent of 
all the seafood it consumes, despite controlling more of the 
world’s oceans than any other country. But  people in the 
United States aren’t clamoring for fi sh in de pen dence. As long 
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as the country has reliable and inexpensive seafood supplies, 
does it  matter where they come from? So why do we have to 
be metal in de pen dent, Jaff e wonders. It’s a question without a 
clear answer.

It’s not that Jaff e is unconcerned about  future supplies of 
rare metals. When the rare earth crisis occurred in , he re-
ferred to rare earths as the “fl avor of the month” because of 
the furor focused only on this one set of rare metals. Jaff e was 
just as troubled about the supplies of a slew of other critical 
materials including tellurium, germanium, and lithium. “A 
host of other elements are poised to pre sent problems in the 
 future,” Jaff e testifi ed before Congress in .

Jaff e feels the notion that the United States can mine it-
self into resource security is absurd. But he is fi ghting against 
the long- held American populist obsession with resource in-
de pen dence. Th e sense of U.S. self- reliance harks back to ex-
plorers heading West in search of natu ral resources, from gold 
to coal, when the country had an abundance of the resources 
it needed. It  wasn’t  until the early part of the past  century that 
Americans began to acquire resources from abroad.

Th e United States still has a self- suffi  ciency tendency as 
well as relative abundance compared to other countries, but it 
has a stubborn faith in the  free market. Th e market allocates 
resources and capital; the government is not supposed to pick 
winners. Th is is why, in , when Solyndra, a solar panel 
manufacturer, went bankrupt, even  aft er receiving federal gov-
ernment subsidies, President Obama faced a backlash from the 
conservative wing of Congress. A stark choice challenges U.S. 
politicians— have resource self- suffi  ciency or a  free market.

Without government intervention, investment dollars 
will fl ow to the mineral deposit with the greatest potential for 
production. For many metals, those deposits are not in the 
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United States. To become self- suffi  cient is a costly endeavor, as 
Jaff e notes. But for those in Congress who are more concerned 
about national security than economics, his arguments fall on 
deaf ears.

Although the U.S. military uses limited quantities of rare 
metals— only about   percent of all rare earths consumed in 
the United States— military needs are the main driver of the 
U.S. resource policy debate. “Th ere is no consensus of what is a 
strategic and critical material. But we are all well aware of the 
be hav ior of China,” one staff  member of the Committee on 
Natu ral Resources told me. He added, “It’s hard to get min-
eral issues on the radar of Congress if there is no security or 
critical angle.”

Instead of passing legislation on natu ral resource secu-
rity, Congress uses the concern over rare metal supply as a way 
to rehash long- running mining, environmental, and land use 
battles. In fact, Congress has been loath even to defi ne what 
critical materials are. Committee chairman “Doc” Hastings 
noted that such a defi nition would create a scenario where basic 
materials like sand and gravel, hardly strategic, would be un-
available for emergency construction.

With  little congressional action, the government has 
made modest eff orts to increase research on the development 
of alternative materials to replace rare metals, to enhance mar-
ket research on rare metal markets, and to continue to add to 
the defense stockpile. Despite the jockeying and the cursory 
eff orts to ensure rare metal resource access, many of the eff orts 
miss the larger picture. With so many rare metals, refi ned in 
so many grades that go into numerous components, ensuring 
rare metal supply is complex.

Th e world needs more resilient minor metal supply lines 
to meet growing needs. Steps to reduce reliance on rare met-
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als cede opportunities to countries where the rare metal re-
source supplies are secure. And that has profound economic 
implications.

Jaff e’s report warned that a shortage of critical metals 
“could signifi cantly inhibit the adoption of other wise game- 
changing energy technologies. Th is, in turn, would limit the 
competitiveness of U.S. industries and the domestic scientifi c 
enterprise and, eventually, diminish the quality of life in the 
United States.” But the dangers are more profound on the long- 
term economic health of a nation.

Th ree researchers from Carnegie Mellon University have 
shown that U.S. innovation of rare earth magnets dropped 
when U.S. rare earth industries shift ed to China. Cut off  from 
the supply of raw materials, U.S. researchers  were less likely to 
continue development on rare earth material science. Mean-
while, Asian countries increased their expertise.

Th e shift ing of research jobs to countries where the most 
technologically promising materials exist should not be under-
estimated. It is a large economic concern because rare met-
als are at the heart of  future sustainable industries like green 
technology.

About   percent of all U.S. patents issued between  
and  involve rare earths. Adding the number of patents 
that are associated with molybdenum and tungsten, two other 
minor metals involved in a  U.S.- led trade case that China 
lost, the number roughly doubles. With so few employees in 
the section, the United States is losing the expertise to develop 
its own resources and allowing  future technological advances 
to go to other countries.

U.S. universities are also not minting the number of sci-
entists that the Rare Metal Age demands. Luka Erceg, founder 
of Simbol Materials, a lithium extraction com pany, stated that 
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because no university in the United States off ers geothermal 
energy degrees, it has taken him nearly a year to fi nd quali-
fi ed candidates.

Th e United States has already witnessed the same fall in 
stature in the nuclear industry. Once a global leader in tech-
nology, it is now struggling to regain the position it lost in the 
early s. Japa nese offi  cials have the same concern. One la-
mented that the country was losing its expertise in glass pol-
ishing, which is crucial to high- end lenses, as fi rms leave Japan 
out of concern for rare earth metal shortages. Japan responded 
quickly to China’s rare earth export ban in , because Japan 
is the world’s largest rare earth import market because of its 
high- tech and heavy industries. Conversely, the current lack 
of high- tech manufacturing in the United States appears to act 
as insulation from China’s resource strength.

Th is could change quickly. Th e United States is beginning 
to bring manufacturing back within its borders, or to “reshore.” 
Take Apple’s  decision to begin producing computers at a 
Texas plant for the fi rst time since . Other companies such 
as General Electric and Caterpillar have followed suit. In fact, a 
Boston Consulting Group study in  revealed that   percent 
of large companies are bringing manufacturing back to the 
United States, more than a doubling in two years. As more tech 
manufacturing returns to the United States and green tech 
companies fl ourish within its borders, Washington, like Tokyo, 
will over time wake up to the increasing importance as well as 
the perilous state of rare metal supply lines.

Th e policy response to the increasing demands for rare metal 
is not straightforward, nor is it simply to promote resource 
production at home, at any cost. As Jaff e’s report notes, import 
reliance is benefi cial to the United States “if foreign sources are 
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diverse in number and location and can supply the elements 
at a lower cost than domestic alternatives.” Th e United States 
must remain diligent, the report concludes, because if just a 
few of these green energy applications take off , the geologic 
scarcity, the long lead times to develop supply lines, and the 
complicated methods of pro cessing rare metals could mean 
there won’t be enough of them to meet the demand.

“History is on the side of fi nding new supplies,” Jaff e tells 
me, referring to the fact that investment money goes into fi nd-
ing new deposits when metal prices are high, “but I’m very 
concerned that this argument may fail for these materials.”

Th at is,  unless we have a plan.



XI
How to Prosper in the Rare 

Metal Age

In , yellow  legal pads, typewriters, and double- stacked 
in-  and out- boxes covered desktops, not icons. Al-
though computers had yet to make their appearance on 
the average desk, a resource change was coming. Cen-

tronics introduced the dot matrix printer, Intel began selling 
microchips, and programmers had just sent the fi rst e- mail 
message on ARPANET (Advanced Research Projects Agency 
Network), the roots of  today’s Internet. A few years  later, 
George Pake, who headed Xerox Corporation’s Research Cen-
ter, predicted that by , TVs attached to keyboards on 
offi  ce desks would strike the death knell for paper. “I’ll be able 
to call up documents from my fi les on the screen, or by press-
ing a button,” he said. “I can get my mail or any messages. I 
don’t know how much hard copy [printed paper] I’ll want.” As 
it turns out, he’d want much more.

Despite all the high- tech gadgets that appear to negate 
the need for paper, paper use in Ame rica has nearly doubled 
since Pake’s days. We now consume more paper than ever: 
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 million tons globally and growing. Th at’s roughly  pounds 
of paper per offi  ce worker every day.

Paper is not the only resource we are using more of. Tech-
nological advances oft en come with the promise of using fewer 
materials, but the reality is that they have historically driven 
more materials use, making us reliant on more natu ral re-
sources. Th e world now consumes far more “stuff  ” than it ever 
has. We use thirty- four times more construction minerals such 
as stone and cement and twenty- seven times more ore and in-
dustrial minerals, such as gold, copper, and rare metals, than 
we did just over a  century ago. We also each individually use 
more resources. A person  today consumes more than ten times 
the amount of minerals than one did at the turn of the twenti-
eth  century. Much of that is due to our high- tech lifestyle.

In the s, Americans huddled around a TV, maybe an 
Atari game system.  Today entertainment fl at- panel systems are 
hooked up to DVRs, speakers, and game systems replete with 
cameras and motion sensors. Th e cassette and rec ord players 
of past years have been relegated to the antique stores, but 
many new products complement existing ones rather than 
rendering them obsolete. Th e micro wave revolutionized the 
Western kitchen but it did not replace the stove, oven, or grill. 
Likewise, since the tablet computer and smartphone sync with 
each other, we fi nd them complementary despite their similar 
functionality. Americans seem to have  little trou ble with this 
redundancy: even in , more than a third of Americans 
owned a tablet, laptop, and smartphone. Meaning Americans 
are purchasing a lot of gadgets. According to Consumer Elec-
tronics Association, the average U.S.  family owns twenty- eight 
 diff erent electronic devices not including kitchen appliances, 
power tools, or washing machines.
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For proof of this consumption pattern globally, we need 
to look no further than our trash. Th e amount of electronic 
waste the world is producing is growing at an estimated  per-
cent annually, even though total amount of waste collection in 
some countries has leveled. We are on a global trajectory to 
toss out over a billion computers annually. Th is is not just be-
cause we have more of these devices but because we use them so 
briefl y. Th e average lifecycle of a smartphone is about twenty- 
one months. Likewise, laptops, tablets, and many of our high- 
tech gadgets have life spans of less than three years. Th is is not 
because the product is useless when we junk it but because its 
obsolescence, in many cases, is by design.

iFixit, a site dedicated to repairing those irreparable high- 
tech gadgets, notes, “Apple is making billions by selling us 
hardware with a built-in death clock,” referring to a built-in 
battery that iFixit believes starts to lose power just as the war-
ranty ends. To replace the smartphone’s battery, you must 
 either go to an Apple store or mail the phone to Apple along 
with $. As few  people are willing to forgo their phone for the 
time it takes to repair, they are more likely to upgrade. Amer-
ican mobile telephone companies also institutionalize minor 
metal consumption by off ering to provide a new, “ free” phone 
as frequently as every six months. Because of this, product life 
cycles are now mea sured in months not years. And this has a 
profound eff ect on our resource use.

According to a Japa nese industry study, in the s the 
average commodity had a life cycle of fi ve years and about 
  percent of all the materials in them had a life cycle of at least 
three years. Just  aft er the turn of the millennium, that dynamic 
nearly fl ipped. Twenty  percent of all commodities  were dis-
carded in one year, and half, in less than two years.
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 Today consumers also fi nd it far easier to buy many high- 
tech goods because by comparison they are cheaper, in some 
cases drastically cheaper compared to other items such as food. 
Since the early s, the consumer price of a tele vi sion and 
other video equipment fell by more than   percent. But these 
trends don’t even address what might be the biggest use of rare 
metal resources: the technology of the  future.

With a sprinkling of rare metals, Robert Tenent, se nior scien-
tist at the National Renewable Energy Laboratory in Golden, 
Colorado, turns no- tech glass into high- tech windows. Tenent’s 
windows allow the sun’s light to shine through, but not its heat, 
or alternatively, the sun’s heat, but not its light. Sometimes the 
windows keep both out— fl ip a switch and they darken within 
fi ve minutes. Th e windows are part- curtain, part- insulation, 
and undoubtedly contain advanced technology. Tenent’s secret 
ingredients are a few grams of tungsten and indium.

His windows are part of the laboratory’s showcase 
building—an of offi  ce of , square meters that uses no ex-
ternal electricity, so keeping cold in during the summer and 
heat in during the winter is crucial. Tenent’s windows are not 
just good for the lab; they pre sent a great green opportunity: 
replacing old energy- ineffi  cient windows can save up to  per-
cent of all energy consumed in the United States. But at the 
same time, the windows pre sent a tremendous challenge for 
our rare metal supply lines because the United States alone 
has more than , square kilometers of traditional windows. 
Th e windows mark the next stage in the Rare Metal Age when 
demand soars: when the infrastructure that underpins our 
modern lives becomes high- tech— fl eets of electric buses, roads 
built out of solar panels, or elevators that rely on magnets 
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instead of cables. Michael Silver, the chief executive offi  cer of 
American Elements, a material science com pany, tells me, 
“Th e spigot [of ideas] is on full blast. You start seeing astro-
nomical volumes of material ten years out.”

New innovations include not only new products but also 
existing technologies used in new ways. Imagine the interior 
walls of a bedroom lined with fl at panels that change color to 
adjust your mood. Or bathroom “mirrors” that display your 
body’s vital signs gathered from sensors and cameras around 
the  house. General Electric foresees a kitchen designed around 
a hub with a cooking surface that uses voice, motion, and fa-
cial recognition to help you share your culinary creations with 
 others via the Internet.

Th ese products may seem far off , but for some perspec-
tive on how quickly new technologies can proliferate, look back 
at the smartphone. In just four years  aft er its introduction, 
   percent of the world population owned one, making such 
phones, by some metrics, the fastest growing technology ever. A 
few years  later, the tablet accomplished the same feat in half the 
time and now nearly half of all Americans own one. Th is rate of 
technological penetration is the new norm and it drives up rare 
metal use. Cisco, the American network equipment com pany, 
reports that in  over . billion devices  were connected to 
the Internet. Th at number will qua dru ple by  to  billion. 
Interconnectivity will drive rare metal demand, not just for the 
products themselves, but also for the infrastructure to power 
them. Th is is especially true if it’s new green technology.

At the same time that the wealthy world is using more 
rare metals, the speed at which developing countries are play-
ing technological catch up is unpre ce dented. For example, in 
, only   percent of Chinese city dwellers owned refrigera-
tors, twelve years  later,   percent of them did.
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Th e U.S. government’s National Intelligence Council pre-
dicts that the global  middle class may nearly  triple over the 
next two de cades, adding roughly two billion more  people—
the equivalent population of roughly two more Chinas or six 
Americas. “Such an explosion will mean a scramble for raw 
materials and manufactured goods,” a  council report 
says. Add to this our global quest to fi nd green energy alter-
natives, and the demand for rare metals will soar. Th e Japan 
Institute of Metals, meanwhile, reports that demand for rare 
metals like cobalt, tungsten, and lithium will increase by a 
 factor of fi ve by , and will outpace our current reserves 
for many of them.

Th e coming resource crunch raises the likelihood that 
resource- rich countries will use their own increasingly valu-
able resources to gain strategic and economic advantage. Th is 
portends tense showdowns between individual companies and 
countries as these countries continue to tighten their control 
over the metals, or worse, cut rare metal trade again. All this 
resource use scares Roger Agnelli, former president and CEO 
of the mining  giant Vale. As he told me in , “Th e reality is 
the planet is very small for the number of inhabitants we will 
see in . As technology is getting cheaper, resource de-
mands are increasing and we are facing changes in geopoli-
tics. Th is is real.”

And yet, I would argue, the answer to our concerns about 
rare metals is not to shy away from using them because of our 
geopo liti cal supply fears. Rather it is to search for more sources, 
use them more effi  ciently, and advance our knowledge of ge-
ology, metallurgy, and material science.

To deal with potential resources shortages, we must think 
about minor metal supply in several dimensions. Th e world, 
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and indeed each country, needs a secure supply of suffi  cient re-
sources, at minimal environmental cost, arriving through re-
silient supply lines. Th erefore, we need to turn rare metals into 
commodities—we should strive to make them cheaper, more 
abundant and produced with the least environmental impact. 
Th at means international eff orts are critical, including to de-
velop, understand, and improve material development and 
fl ows; to invest in education regarding the use and conserva-
tion of resources; and to adjust regulations to better govern the 
start-up of new mining operations.

In the Rare Metal Age, we  either need to get better at pre-
dicting the  future or set up robust supply chains for a variety 
of rare metals that could possibly be in demand (or both). But 
the track rec ord of our experts in predicting the technologi-
cal  future is muddy at best.

• “Tele vi sion won’t be able to hold on to any market it captures 
 aft er the fi rst six months.  People will soon get tired of star-
ing at a plywood box,” Darryl Zanuck, founder of Twenti-
eth  Century Pictures ().

• “Th ere is no reason anyone would want a computer in their 
home,” Ken Olsen, founder of Digital Equipment Corpora-
tion ().

• “I predict the Internet . . .  will soon go spectacularly super-
nova and in  catastrophically collapse,” Robert Metcalfe, 
founder of Com and the Ethernet ().

Since we don’t know which invention will take off , we 
 can’t estimate which rare metal will  either. Th irty years ago, 
dysprosium had  little use. Now, in part because of its use in 
magnets, it is essential for our new high- tech lives. Gallium, 
because of its low melting point, could fi nd itself in high de-
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mand in D printing, a type of home- based manufacturing. 
Or gadolinium, a sister ele ment to dysprosium, has long shown 
promise in a magnet to produce energy- effi  cient cooling. Th is 
 future technology could revolutionize the refrigerator market, 
putting that appliance within reach of the billions who do not 
now have one. Or it may always be a technology of the  future.

Rather than predicting the  future, we should prepare for 
it. And for that we need to mint more  people like Toru Okabe. 
Okabe, a Tokyo University material science professor, is so en-
amored with titanium that he gives it out as gift s. When we 
met at a conference in southern China, he handed me a small 
sealed bag with a thin titanium coil to explain the concept of 
shape memory. (He told me that if I stretched out the coil, it 
would return to its original shape, which makes titanium 
useful in glass frames, for example.) Titanium is not just a 
material science toy, it has an abundance of uses and if it  were 
less expensive it would transform our resource demands be-
cause titanium is stronger than steel,   percent lighter, and 
corrosion resistant.

Th e challenge involved in titanium, the fourth most com-
mon metal in the earth’s crust, is that it’s expensive to pro-
duce because of the high temperatures needed in pro cessing, 
making it environmentally taxing. Okabe wants to improve 
titanium’s pro cessing effi  ciency and turn it into an abundant 
commodity. If he succeeds, a fraction of titanium could re-
place steel in bridges, buildings, and even tools. Titanium could 
be the green alternative. Products that use titanium instead of 
steel would require less metal, which means less mining and 
greatly reduced carbon dioxide emissions.

Okabe has a leg up on researchers elsewhere. He lives in 
Japan where his university receives a modicum of government 
support, whereas most metallurgists elsewhere have been less 
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fortunate. In the United States, since the government shuttered 
the Bureau of Mines in , Colorado School of Mines pro-
fessor Patrick Taylor has had almost no way of securing gov-
ernment funding to support extractive metallurgy research. 
So he must increasingly work with industry from overseas. 
Funding is crucial, but as the industry is focused on the bottom 
line, corporate funders are not interested in experimental re-
search, the kind of work that pushes frontiers, as Taylor tells 
me— the research that can truly revolutionize the industry. 
For Taylor, U.S. government support would be a boon. Fur-
thermore, studies show that government research spending 
in physics and chemistry is the best predictor of economic 
growth in many countries and can yield up to $ for every $ 
invested in materials research.

Beyond economic growth, the world needs more 
university- level mining, metallurgy, and material science pro-
grams to help alleviate the shortage of mining and metals 
professionals. Th ey are needed to create the scientifi c break-
throughs that the world demands. Increased government sup-
port is crucial, but it is not enough.

Unfortunately, our best and brightest who have material 
science and physics degrees aren’t conducting research. Th ey 
head off  to Silicon Valley or Wall Street, Elisa Alonso, a for-
mer Mas sa chu setts Institute of Technology material scientist, 
tells me. When I ask her  whether many of her colleagues will 
stay in material science  aft er nearly a de cade of study, she 
laughs, “You are not  going to do that.” Th e other jobs being of-
fered are too exciting and lucrative to turn down. We need 
to bring prestige and romance to toiling with metals and to 
start companies that ask big questions, which only advances 
in material science can answer: for example, how to build a 
more fuel effi  cient car and commercialize space travel.
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Visionaries like Elon Musk, the cofounder of PayPal who 
was admitted into Stanford’s material scientist doctoral pro-
gram, has started companies that ask just those questions, 
Tesla and Space- X. We need more of them. Simply, we need 
to create excitement around material science as we have for 
entrepreneurship. Now   percent of millennials want to work 
in more entrepreneurial endeavors outside a corporate struc-
ture. We need that same level of excitement for science so 
Alonso’s colleagues will stay in the fi eld. Th ey are not only crit-
ical to fi nding new breakthroughs with rare metals, but also 
in developing ways to be more effi  cient with the metals we cur-
rently use, as well as discovering more abundant and greener 
materials that can limit our growing dependence on certain 
limited resources.

While research is crucial to unlock material science secrets, we 
also must change consumer habits and business models to en-
sure sustainable supplies of resources. Th erefore, we need to 
fundamentally change our relationship with our gadgets; we 
cannot continue to buy a new smartphone when the battery 
dies. Our gadgets must last longer. Changing a cracked smart-
phone screen must become as  simple as changing a battery in 
a remote control. High- tech repair ser vices need to be as ubiq-
uitous as dry cleaners. Companies like Apple, which make 
lengthening the life of its products diffi  cult, must play a role 
in prolonging the lifecycle of its products by selling component 
replacements and providing easy access to materials  under the 
hood. In essence, it needs to open its products’ ecosystem to 
help save our planet’s.

Selling fewer products that last longer may sound as if it 
is anathema to a market economy; it’s not doom and gloom. 
For Caterpillar, which began a remanufacturing program in 
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, taking back equipment is a core part of its business. In 
fact, remanufacturing helped the com pany to open markets in 
the developing world and provided new profi ts because re-
manufactured products are less costly to produce and they sell 
for up to   percent of the price of a new tractor. Companies 
could also lease products much the way car dealerships do, tak-
ing the product back  aft er use. Th ey need to put as much ef-
fort into the end- of- life care of their products as they do into 
its functions.

Governments need to hold companies responsible for the 
eff ects of their products. One com pany that recycles millions 
of phones is easier and creates more profi t opportunity than 
would be achieved by asking millions of  people to recycle one 
phone each. Not only is it more effi  cient, it creates recycling 
feedstock and economies of scale that help create a profi table 
recycling supply chain.

Regulators would do well to require companies to include 
aft erlife care as part of the products they make as Dell Corpo-
ration does. Mandating that companies must recycle their 
own products encourages companies to more effi  ciently use 
materials— especially rare metals; to design products that are 
easier to recycle or reuse; and to develop less environmentally 
harmful and more easily recycled alloys. Effi  cient recycling 
will extend the life cycle of rare metals and reduce the need to 
dig for more. But only one quarter of U.S. electronics end up 
in eff ective recycling systems. Now, in places like South Port-
land, Maine, companies are already mining landfi lls for valu-
able metals the previous generation junked in the s. We 
must not set up the same dynamic by tossing away rare 
metal– laced gadgets.

One step to improving minor metal resource effi  ciency 
could be as  simple as labeling. For  people to begin to make ed-
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ucated decisions about their resource consumption, they need 
to know what they are consuming. Labeling also encourages 
companies to know what materials are in their products and 
can facilitate recycling when the information is placed in 
bar codes on the side of a product.

A report by the Ellen MacArthur Foundation states that 
a circular economy, based on remanufacturing, reuse, and re-
cycling would save $ trillion in material costs by  and 
create one million jobs in Eu rope alone. It could also fuel the 
next generation of recycling techniques, which the world des-
perately needs.

An even better way to keep minor metal resource use in 
check is decidedly low- tech: conservation. Energy conservation 
measures— such as improving the effi  ciency of energy grids, 
electronics, and buildings— reduce the need to build or expand 
infrastructure that relies on minor metals. For example, it’s far 
less resource intensive to add extra insulation to reduce energy 
demand than to install a solar panel to produce more effi  cient 
energy; it’s also a good way to consume fewer rare metals.

While the answer for resource security won’t come solely 
from government capitals, the right legislation and regulatory 
changes can have a great infl uence. In addition to extending 
producer responsibility, providing greater funds for technolog-
ical innovation and adopting energy conservation mea sures, 
governments should develop long- term plans to increase rare 
metal supply. A good start for countries with resources would 
be to clarify the time frame and review pro cess for new min-
ing operations and specify the places that are off  limits to ex-
ploration. With the length of time required to open a mine 
extending over a de cade, governments should examine ways 
to speed up an environmentally sound development pro cess. 
Wealthy governments should not outsource pollution.
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Another role for government is to help produce and dis-
seminate market data to solve market prob lems discussed in 
chapter . Th is is a role that the U.S. Geological Survey helps 
to fi ll, although cuts in funding over the years have adversely 
aff ected the consistency of the information. Such research can 
help to identify gaps in supply and anticipate  future trends. 
Governments should also work more closely with research 
institutions and the tech industry to better understand  future 
demands for rare metals.

Governments can help to encourage production by off er-
ing tax incentives; subsidized insurance to reduce risks for 
mining investments; and by taking debt or equity stakes in 
companies. Less traditional incentives, such as purchasing 
agreements, can ensure production and investment during 
periods of volatile pricing. And for start- ups like Avalon Rare 
Metals in Canada, government support and broad statements 
of policy support could be the boost needed to secure long- 
term investor funding. But most governments outside of Asia 
are less likely to “pick” winners.

Some studies argue that stockpiling rare metals is a key 
government policy tool to ensure material in times of shortages. 
However, stockpiling rare metals is unlikely to be successful 
because manufacturers need a variety of grades of material, 
making it nearly impossible to stock enough material in the 
right grades. What’s more, if a stockpiling country lacks pro-
cessing facilities, stockpiling a rare metal is like stockpiling cans 
of tuna without a can opener: well- intentioned, but useless. 
Stockpiling may well be very expensive because governments 
oft en buy when prices are high, forcing prices even higher.

What may be more useful, although less po liti cally pal-
atable, is for governments to set regulations or off er incentives 
for companies to stockpile the rare metals they require and the 
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components made from them. Companies know what their 
needs are and therefore have an advantage over governments 
in choosing which materials to stockpile. But as we saw in 
chapter , companies are reticent to tie their cash up in re-
sources that may fall in value.

Just as setting the right policy is crucial, avoiding hasty 
decisions is likewise im por tant.  Aft er China restricted access 
to rare earths in , Tokyo quickly made the strategic deci-
sion to reduce the country’s reliance on China’s rare earths, 
encouraging companies not to use materials from China. Th e 
Japa nese looked prescient as the rare earth price skyrocketed 
through . But the price quickly crashed because the spike 
was more related to geopolitics than to economics. And Japan’s 
plan began to backfi re.

 Aft er an initial rush to stock up on rare earth elements, 
Japa nese companies reduced their use of them dramatically 
and quickly, especially the light rare earths, the ones Japan 
used in copious amounts. In the following two years, when 
prices dropped, they likely fell far lower than they would have 
due to the dramatic reduction in  Japan’s demand. Th e lower 
prices left  many Western rare earth companies struggling. 
Many of those companies may not last, which would, para-
doxically, make Japan more reliant on China and set up long- 
term dependencies.

Tokyo’s hasty decision to help companies to shift  from 
using rare earth elements also had another, more subtle eff ect. 
When companies followed government policies and reduced 
the amount of rare earths in their products, it led to less 
energy- effi  cient motors for products ranging from air condi-
tioners to elevators. Although the loss in effi  cacy from switch-
ing to a less effi  cient magnet or  diff erent system may be small 
for each product, its eff ect is large when the world is buying, 
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for example, air conditioners that are even just a few  percent 
less effi  cient.

Governments need to let companies deal with the short- 
term vagaries of the market. Th e truth is that  unless govern-
ments are willing to fi nancially guarantee the development of 
an international supply chain of raw materials, and to contin-
uously assess it, there is no way to ensure consistent supply. Th e 
only time governments should step in is to off er a short- term 
solution to avoid an economic collapse or to ensure that there 
are no gaps in a country’s military defense supply lines.

As we have seen, countries can only do so much individ-
ually to improve resource security because supply lines are 
global. What’s more, while rare metal supply lines are unique, 
many of the strategies to ensure their viability are similar to the 
strategies for ensuring supply lines of other natu ral resources. 
For example, individual resource- dependent countries need 
to bolster po liti cal ties with neighbors, especially resource- 
rich ones, as the United States did with Latin Ame rica in the 
fi rst half of the twentieth  century. Setting up trade missions 
and signing trade agreements to increase trade and investment 
in resources benefi ts the home country, but the additional pro-
duction that would result will also benefi t the world. Ultimately, 
however, just as one country cannot dig itself to resource secu-
rity the world cannot do so  either. Th ere is a role for working 
together.

To avoid  future confl ict, it would be useful to address rare 
metal supply concerns in a global forum. But since none ex-
ists, it’s time to create one.  Aft er oil shortages in the early s, 
sixteen countries founded the International Energy Agency 
(IEA) to ensure the uninterrupted fl ow of oil. Th e agency’s mis-
sion expanded to “promote diversity, effi  ciency and fl exibility 
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within all energy sectors.” We now need an International Ma-
terials Agency, an IEA for mineral resources, including rare 
metals.

It is critical to have an or ga ni za tion that collects statis-
tics, writes market reports, and provides a forum for countries 
to discuss issues related to natu ral resources. An International 
Materials Agency with its own staff  can develop strategies 
for best practices in managing resources. Dialogue and an at-
tempt to make markets transparent is the best hope we have 
of preventing  future resource confl icts. And a materials agency 
is a far more eff ective venue than the World Trade Or ga ni za-
tion for hashing out disagreements, especially for the rare earth 
materials that go into Masato Sagawa’s magnet.

Rare earth magnet manufacturers now use lower amounts of 
rare earths, including dysprosium, in their magnets than in 
 when China cut exports to Japan. Part of the reason is that 
companies, including the one Sagawa runs, have become bet-
ter at using dysprosium selectively. Other companies have 
found that adding terbium, a rare earth ele ment produced only 
in China, can help reduce the need for dysprosium.

When I ask Sagawa about the switch from dysprosium to 
terbium, he warns me, “Th e scarcity of terbium will become 
much more serious than for dysprosium.” He adds that using 
terbium, which is four times less abundant than dysprosium, 
is a temporary move. But adding terbium reminds me of a 
similar decision thirty years ago when he added dysprosium 
to his magnet re cipe. Companies may be able to reduce the 
amount of terbium and dysprosium in magnets by – per-
cent over a fi ve- year period, but the growth rate of magnets 
over the same period may well exceed   percent or more. Th is 
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means that despite using these rare earth elements in smaller 
quantities per magnet, our total demand for rare earths will 
rise.

We are now at a critical moment. Th e speed of techno-
logical change will soon outpace the ability of our supply lines 
to produce rare metals at the prices demanded. Meeting this 
growing demand for rare metals requires profound changes in 
how we use and sell our products. My fear is that a lack of at-
tention to and understanding of this new dynamic in the Rare 
Metal Age, as well as a lack of attention and understanding in 
regard to these critical materials, will limit our prosperity and 
undermine our environment. My hope is that this book in 
some mea sure will serve as a rallying call to inspire a new gen-
eration to learn more about the ingredients of our gadgets, 
guns, and sustainable  future.
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