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    MAN AND METAL


    We are surrounded by a cacophony of metals. Aluminum cans store sweet, caffeine-filled beverages that give an afternoon boost. Iron support structures weave throughout every modern building, and our pockets jingle with nickel and copper coins. The rare metals gold and platinum may be a little less common in our day-to-day lives, but they play important roles in electronics, internal combustion engines, and, of course, jewelry. In the past three decades, industrial needs have led to the use of a number of lesser known, rare metals to advance consumer electronics, health care, communications, and the defense industry.


    These “new” metals are often fugitives from the bottom rows of the periodic table—metals with names like niobium, tantalum, and rhodium. These elements were likely overlooked in your high school or college chemistry class, but they play a litany of roles in the technological growth of society, as engineers, chemists, and physicists push the boundaries of the exciting and possible.


    Humankind's past is littered with methods of using metals to fashion weapons and tools, with the earliest notations appearing six thousand years ago. While metals may vary in scarcity, this brotherhood shares a number of basic characteristics: they are overwhelmingly malleable and act as superb-quality conductors of electrons, for example. Our word metal derives from the Greek word metallon. The word loosely translates to “quarry” or “mine” and was often used in reference to bustling gold- and silver mining operations in ancient Greece. This is quite the adequate name, one defined by its source, with metals often requiring a phenomenal amount of work to pry from Earth's grip.


    Scientifically, metals are known for a common set of properties. Almost all metals have the ability to transmit electricity and heat—very useful properties in the world of electronics. Most metals can be easily bent and molded into intricate shapes. As a nice bonus, most metals are resistant to all but the most extreme chemical reactions in the outside environment, with the added stability increasing their usefulness. A very apparent exception to this stability, however, is the rusting of iron, a natural process that occurs as iron is exposed to oxygen and water over time in junkyards, barns, and elsewhere.


    Is a particular metal hard to find because there is a limited amount, is it simply difficult to retrieve, or does technological demand outpace supply? The acquisition difficulty is likely due to a combination of all these reasons with a dash of nostalgic value to top things off for good measure, particularly for rare metals like gold and platinum that have served as status symbols for thousands of years.


    ONE IN A BILLION


    Determining a definitive amount of an individual element is a tricky endeavor. If you dive into a physics textbook, you are greeted with estimates of percentage makeup of the universe, solar system, and galaxy by element. If humankind has yet to set foot on Mars, how do we have any idea what percentage of elements make up other galaxies? These estimates are made through a combination of techniques and theories taken from physics, chemistry, and astronomy, relying on high-tech instrumentation to obtain data—after all, several-hundred-million-dollar telescopes are not just for pretty pictures. By looking for fluctuations in the way light bounces back based on what is known regarding how individual atoms of a given element reflect light, rudimentary abundance estimates are made.


    Measuring the amount of a given metal on Earth is bit easier but is still an astounding feat. The abundance of metals within the planet's crust is often reported in arcane “parts per” notation. These parts-per-million (and often parts-per-billion) values are attained through painstaking analysis of large amounts of rocks taken from the earth's crust. Ideally, they represent an average amount should all the metals be uniformly distributed throughout the planet—which, as we know, they are not.


    Parts per million (or billion), when used without any context, is a horribly obscure measurement that plagued my afternoons spent in Analytical Chemistry Lab. A notation traditionally used to communicate the amount of a contaminant within water or air, parts per million takes a very tiny amount and casts it against a reasonable background. Due to its nature, “parts per” is a dimensionless measurement—it lacks units. These measurements describe a quantity, but not in relation to a known commodity as measurements like fifty miles per hour, ten feet, or one hundred kilometers do.


    Thanks to its analytical anonymity, a “parts per” measurement can be used to describe just about anything. By the time you finish the end of this sentence, you have used about two parts per billion of your life—about four and a half seconds of the average human life-span. This sort of measurement is a great way to obscure the facts—a local newscast might state there are three parts per billion of a toxic chemical like lead in the water supply. This is also the way the amount of rare earth metals is often reported. For example, platinum, a scarce, precious metal, exists in four parts per billion of Earth's crust—only four out of a billion atoms within the crust are platinum. This is an extremely small amount. To put the amount of platinum on Earth in an easier-to-visualize light, imagine if one took all the platinum mined in the past several decades and melted it down; the amount of molten platinum would barely fill the average home swimming pool.


    Silver, a metal many use on a daily basis to eat with, exists at only a twenty-parts-per-billion value—twenty out of every billion atoms on the planet are silver. Remind your significant other of that fact the next time you go jewelry shopping, and you might save some cash. Osmium, rhenium, iridium, ruthenium, and even gold exist in smaller quantities, much less than one part per billion, while some are available in such small concentrations that no valid measurement exists.


    On the extreme end of the scarcity spectrum is the metal promethium. The metal is named for the Greek Titan Prometheus, a mythological trickster who is known for stealing fire from the gods. Scientists first isolated promethium in 1963 after decades of speculation about the metal. Promethium is one of the rarest elements on Earth and would be very useful if available in substantial amounts. If enough existed on the planet, promethium could be used to power atomic batteries that would continue to work for decades at a time. Estimates suggest there is just over a pound of promethium (the most recent estimates suggest five hundred and eighty-six grams) within the crust of the entire planet. When the density of the metal is accounted for, this is just enough of the metal to fill the palm of a kindergartner's hand.


    We all know gold and platinum have value, and several other rare metals you might not have heard of, including palladium, rhodium, and osmium, are highly sought after and traded as commodities. But what if an element is on the opposite end of oxygen in the supply-and-demand battle? Let's say there are extremely small quantities of the element, but there isn't enough for the element to be experimented with or put into mainstream use. This is the case with some rare metals, like promethium, one so rare that it lacks an established use. As we will soon learn, lacking a use for promethium is not a loss at the moment, as the total amount of the metal estimated to exist on Earth is astonishingly small.


    PULLED INTO THE CORE


    Why are some metals spread throughout Earth's crust in an unevenly distributed manner? There are several theories, most of them stemming from a sort of chemical attraction between metals. A number of the rare but extremely useful metals we will be talking about are siderophiles. Siderophile is an odd word, meaning “iron loving,” and like metallon, it is of Greek origin. Osmium, gold, palladium, and platinum are four of the twelve metals classified by scientists as siderophiles: elements that seek out iron and bond with this common metal.


    This special attraction to iron explains why so many prized metals are hard to find. Earth's molten core is estimated to be comprised of up to 90 percent iron, leading the elements to sink into the depths of Earth's crust and continually move closer to the planet's iron core over billions of years. At the same time, this drive to the core depletes the amount of the metals available in Earth's crust. The pull poses a problem to mining efforts—a pull to the core prevents the formation of concentrated deposits that would be useful to mine, leading the metals to instead reside in the crust of our planet in spread-out, sparse amounts. Theoretically, there are a lot more of these highly desired siderophiles present; we just don't have the ability to extract and refine them from the extreme depths of the crust and possibly, from the planet's core.


    DIGGING DEEP


    The mass of Earth is approximately 5.98 × 1024 kilograms. There is absolutely no easy (or useful) way to put a number of this magnitude into a reasonable context. I mean, it's the entire Earth. I could say something silly, like the mass of the planet is equal to sixty-five quadrillion Nimitz-class aircraft carriers, each of which weighs ninety-two million kilograms a piece. This comparison might as well be an alien number, as it lends no concept of magnitude.


    The overwhelming majority of Earth's crust is made of hydrogen and oxygen. The only metals present in large amounts within the crust are aluminum and iron, with the latter also dominating the planetary core. These four elements make up about 90 percent of the mass of the crust, with silicon, nickel, magnesium, sulfur, and calcium rounding out another 9 percent of the planet's mass. Making up the remaining 1 percent are the one hundred–plus elements in the periodic table, including a number of quite useful, but very rare, metals.


    What is easier to understand are reports of the percentages and proportion of metals and other elements that reside on the surface of the planet and just below. At the moment, Earth's crust is the only portion of the planet that can be easily minded by humans. Deposits of rare metals, including gold, are found under the surface of the planet's oceans, but these deposits are rarely mined for a number of reasons. These metals often lie within deposits of sulfides, solid conjugations of metal and the element sulfur that occur at the mouth of hydrothermal vents. While technology exists that allows for the mining of deep-sea sulfide deposits, extremely expensive remotely operated vehicles are often necessary to recover the metals. Additionally, oceanic mining is a politically charged issue, as the ownership of underwater deposits can be easily contested.


    As technology advances, underwater mining for rare metals and other elements will become more popular, but, for the moment, due to cost and safety reasons, we are restricted to the ground beneath our feet that covers about one-third of the planet. Earth's crust varies in thickness from twenty-five to fifty kilometers along the continents, and so far, humankind has been unable to penetrate the full extent of the layer. The crust is thickest in the middle of the continent and slowly becomes thinner the closer one comes to the ocean.


    So what does it take to dig through the outer crust of our planet? It takes a massive budget, a long timescale, and the backing of a superpower, and even this might not be enough to reach the deepest depth. Over the course of two decades during the Cold War, the Soviet Union meticulously drilled to a depth of twelve kilometers into the crust of northwest Russia's Kola Peninsula. No, this was not part of a supervillain-inspired plan to artificially create volcanoes but was rather an engineering expedition born out of the scientific head-butting that was common during the Cold War. The goal of this bizarre plot? To carve out a part of the already thin crust north of the Arctic Circle to see just how far humans could dig along and to see exactly how the makeup of the outer layer of the planet would change. Work on the Kola Superdeep Borehole began in 1970, with three decades of drilling leaving a twelve-kilometer-deep hole in the Baltic crust, a phenomenal depth, yet it penetrated but a third of the crust's estimated thickness. As they tore through the crust in the name of science and national pride, the team repeatedly encountered problems due to high temperatures. While you may feel cooler than ground-level temperatures in a basement home theater room or during a visit to a local cavern, as we drill deep into the surface, the temperature increases fifteen degrees Fahrenheit for every one and a half kilometers. At the depths reached during the Kola Borehole expeditions, temperatures well over two hundred degrees Fahrenheit are expected. The extremely hot temperatures and increased pressure led to a series of expensive mechanical problems, and the project was abandoned.


    The Kola Superdeep Borehole is the inspiration for the late 1980s and 1990s urban legend of a Soviet mission to drill a “Well to Hell,” with the California-based Trinity Broadcasting Network reporting the high temperatures encountered during drilling as literal evidence for the existence of hell. The Soviet engineers failed to reach hell, and they also failed to dig deep enough to locate rare earth metal reserves.


    At the moment, we simply lack the technology to breach our planet's crust. The Kola Borehole fails to reach the midpoint of the crust, with at least twenty more kilometers of drilling to go at the time the project was shut down in 1992.


    Although Earth's crust holds a considerable amount of desirable metals, if the metals are not in accessible, concentrated deposits, it is usually not worth the cost it would take for a corporation to retrieve them (at least until scarcity and demand elevate desire). The composition of metals within the planet's crust is not uniform, unfortunately, further dividing the world's continents into “haves” and “have nots” when it comes to in-demand metals.


    NATIVE AND BOUND


    Some metals, like aluminum, are extremely applicable to modern life, with large supplies of the metal retrievable and made into a usable form with a reasonable amount of effort. Not all metals are easy to find or can be isolated in a pure form, adding increased difficulty and cost to the process of mining for rare metals.


    Although the metal is abundant and has been shaped and fashioned by humans for thousands of years, copper is very hard to isolate from the crust in a pure form. Bronze, a combination of copper with tin, was sufficient for our ancestors to make weapons and tools, but purer forms of copper and other metals are necessary for the varied number of modern uses. Copper is found within the mineral chalcopyrite. To isolate pure copper from chalcopyrite calls for a work-intensive process that involves crushing a large mass of chalcopyrite, smelting the mineral, removing sulfur, a gaseous infusion, and electrolysis before 99 percent pure, usable copper is obtained. Aluminum, a metal so common it is used to make disposable containers for soft drinks, undergoes a similar process before a form that meets standards for industrial use is obtained.


    Due to the difficulty in purifying aluminum found in ore, the metal became extremely prized and more valuable than silver in the eighteenth and nineteenth centuries. Thankfully, there are a variety of ways to separate a desired metal from a backdrop of other metals. In 1886, a chemist in his early twenties ended a five-year academic journey when he discovered a simple but unique process to separate aluminum from ore impurities using electricity. Charles Martin Hall, a professor at Oberlin College, would continue a career as an educator and spend several years teaching in Imperial Japan, but along the way he formed an aluminum-processing company to make use of his newfound process. In time, the company became the industrial giant Alcoa, with Hall serving as vice president. Thanks to this process, aluminum metal went from an expensive, coveted metal in its pure elemental form to a readily available and extremely useful metal akin to iron. Thanks to Hall's process, use of the metal increased exponentially. Hall's method also allowed for supply to keep up with demand, and the metal became relatively inexpensive in a matter of a few years.


    Due to its existence as a native metallic element, the process used to purify gold is rather simple—it is, ironically, Bronze Age technology. When found, gold is already in a rather pure form, with little processing needed to prepare the metal for use. To purify gold, samples from various sources are melted together to a temperature just below two thousand degrees Fahrenheit. Picking the proper container is important—you don't want to select a metal or other construct that will deform at extreme temperatures; a ceramic or charcoal-based container is best. The insecticide boric acid is added to increase purity by causing contaminates to remain solid as the pieces of gold are melted. In time, the contaminants aggregate as a thin layer on the top, where they can be skimmed off and the remaining purified gold poured into a form for cooling. The purification of gold is a rather easy process, quite different from the work-intensive steps required to purify the much more prevalent copper. Purifying gold requires only a sample, a proper container, a heat source, and the ability to keep your cool while handling molten metal. The high purity of gold in its initial form no doubt led to a portion of humanity's desire for the metal, allowing it to be readily identified when found.


    While many of these metals are scarce, there is one major bright side. Most of the rare earth metals are nonvolatile; they are elements content to be as they are. Thanks to this nature, these elements can be recovered and repurposed—just as the jewelry sold to a gold broker is melted down and resold—so that the usefulness of a finite quantity of these metals can be extended.


    Adventurous modern gold “prospectors” purify small pieces of scrap gold scavenged from circuit boards using microwaves. I'm relatively sure I would destroy my microwave or earn myself a trip to the emergency room using this modern smelting twist.


    ROCKS INTO SMARTPHONES


    The use of exotic metals has become commonplace to improve the activity of existing consumer goods. The piece of aluminum used as part of a capacitor within a smartphone is exchanged for a sliver of tantalum in order to keep up with processor demands, creating an enormous market for the rare metal. Rhodium, ruthenium, palladium, tellurium, rhenium, osmium, and iridium join the extremely well-known platinum and gold as some of the rarest metals on the planet that find regular uses in the medical industry. These rare metals play interesting roles in protecting the environment. A great example is the use of platinum, palladium, and rhodium in catalytic converters, a key component in every automobile built and sold in the United States since the 1970s. Each converter contains a little over five grams of platinum, palladium, or rhodium, but this meager amount acts as a catalyst that turns carbon monoxide into a water vapor and harmless emissions for hundreds of thousands of miles, with the metal unchanged throughout the process.


    An extremely recent and highly relevant example of a little-known metal that jumped to the forefront of demand is tantalum. Tantalum is in almost every smartphone, with a sliver in each of the nearly one billion smartphones sold worldwide each year. Prior to this valuable alternative use, tantalum's only major use was as a conducting filament in turn-of-the-twentieth-century lightbulbs, with the metal quickly replaced by tungsten.


    Smartphones are just the tip of the proverbial iceberg of innovative uses for these rare metals. Europium is used to create the color red in liquid-crystal televisions and monitors, with no other chemical able to reproduce the color reliably. As copper communication wires are replaced with fiber-optic cable, erbium is used to coat fiber-optic cable to increase the efficiency and speed of information transfer, and the permanently magnetic properties of neodymium lead to its extensive use in headphones, speakers, microphones, hard drives, and electric car batteries.


    WILL SUPPLY + DEMAND = CONFLICT?


    Metals are governed by the law of supply and demand, like most everything else in our lives. The quixotic pull of supply and demand, however, often makes for some unusual situations. Oxygen is necessary for life—ideally the highest demand. We need it to breathe, and it makes up a considerable portion of life-giving water. However, the abundance of air and what appears to be an unlimited supply renders life-giving oxygen free, except in concentrated forms for medical or industrial use. While a number of rare metals to be covered are not essential to life, they are quite rare, leading to the financial benefit of corporations and manufacture of cutting-edge gadgets, as well as the upheaval of lives and the destruction of villages in some cases.


    These relatively unknown but now essential metals are gathered from concentrated deposits in remote areas. Since the use of metal combines the principles of finite resources with the necessity of costly expeditions and retrieval processes, an immediate upsurge in demand often leads to the upheaval of lives across the world. In a world where many countries are quickly becoming “first world” nations, if not politically then technologically, there will be increased competition to acquire tantalum and other high-demand rare metals.


    Stories of upheaval and disruption are just one part of the mixed blessing that comes with the discovery of these resources in a region. Conflict metals share a number of parallels with a much sought-after and contested resource: oil. These metals may serve to be the catalyst for a number of political and even military conflicts in the coming centuries. All our heavy metal elements, to which many of the rare metals belong, were born out of supernovas occurring over the past several billion years. These metals, if not recycled or repurposed, are finite resources.


    Inside the stories of these rare metals are human trials and political conflicts. In the past decade, the Congo has been ravaged by tribal wars to obtain tantalum, tungsten, and tin, with over five million people dying at the crossroads of supply and demand. Afghanistan and regions near the Chinese border are wellsprings for technologically viable rare metals due to the disproportionate spread of these high-demand metals in the planet's crust. In an interesting move, the United States tasked geologists with estimating available resources of rare metals during recent military actions in Afghanistan.


    California, specifically the Mountain Pass Mine within San Bernardino County, was a leading supplier of rare earth metals in North America well into the 1990s. Mountain Pass, however, was shut down in the early 1990s after a variety of environmental concerns outweighed the additional cost of acquiring the rare earth metals mined there compared to overseas sources.


    Since the metals rarely form concentrated deposits, the places in the world that play home to highly concentrated deposits of in-demand metals become the target of corporations and governments. Areas of the world that do happen to contain large deposits of any one of these rare elements—like gold, for example—often experience a quick and violent extraction of these metals. North America witnessed this firsthand during the California Gold Rush of the nineteenth century, as an influx of prospectors attempted to capitalize on imbalance of supply and demand. Discovery of extensive deposits of a not-so-rare metal, tin, was enough to send a part of Africa into a bloody war at the turn of the millennium.


    What are these rare metals the world has come to rely on and go to extremes and often deadly lengths to acquire? Let's find out.
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    FLUCTUATING VALUE


    During his rule of fourteenth-century BCE Egypt, King Tushratta declared gold to be “more plentiful than dirt” due to its abundance in Northern Africa.1 Twenty-six hundred years later, Musa I of Mali, ruler of a gold-rich area in modern-day Ghana, made a Muslim pilgrimage with a twist. Musa brought an envoy of twelve thousand slaves to Mecca, each carrying a gold bar, and a select five hundred carrying a six-pound gold staff.2 During the trek Musa spent and gave away mind-bending amounts of gold, with the numbers of slaves and gold ascribed to the story becoming greater as the tale was repeated over the centuries. While our details of the quantities border on the apocryphal, Musa's pilgrimage had a very real effect on the region, and the influx of gold inflated the value of the precious metal in Cairo, Medina, and Mecca for over a decade. Musa I of Mali visited Mecca on a journey seeking religious inspiration and spreading good will, but he inadvertently caused widespread economic collapse as the value of gold plummeted.


    GOLD ABUNDANT AND WORTHLESS?


    Circumstances certainly do change. Gold towers above all other metals as the standard for wealth, a position it has held for thousands of years. Silver substantially trails behind gold in worth, with the gap between the two increasing with every passing moment. An ounce of gold in the days of ancient Rome was worth twelve ounces of silver, with this divide becoming a chasm in the intervening fifteen hundred years as an ounce of gold is now worth roughly sixty ounces of silver today. The gap continues to widen due to a combination of tradition, public perception, and scarcity. Our societies are comfortable with gold, silver, and even platinum as standards of worth, but what about other metals?


    Up-to-date prices for rare earth metals are not nearly as easy to come across as those for gold, silver, or platinum, and even when found, there is a large learning curve to overcome before one can successfully make a trade. It is not very easy for a private citizen to invest in any one of the seventeen rare earth metals as millions do every year with gold. Due to their relative lower price these rare earth metals and other prized metals are sold by the pound and kilogram. This presents a cumbersome space problem—while a few thousand dollars of gold coins could easily be hidden away in your sock drawer or safety deposit box, the same dollar amount of tantalum will fill a small closet. This barrier to acquisition puts the rare earth metals outside the reach of the run-of-the-mill investor, but these issues are not deterrents to manufacturers, electronics corporations, and countries.


    WHAT ARE THE RARE EARTH METALS?


    So what exactly is a rare earth metal? Rare earth metal (often abbreviated as REE) is a descriptor given to a group of seventeen different elements that sit side by side, for the most part, on the periodic table. Scandium and yttrium are the only two allowed residence in the main body of the periodic table, with the other fifteen metals comprising the REEs—lanthanum, cerium, praseodymium, neodymium, promethium, samarium, europium, gadolinium, terbium, dysprosium, holmium, erbium, thulium, ytterbium, and lutetium—relegated to a row below the middle of the periodic table, slotted just under the transition metals.


    The religious would look at the rare earth metals and deem them holy, elements set apart from the rest of the hoi polloi for an unknown but no doubt lofty reason. In reality, the fifteen rare earths along the bottom are not sacred but are “detained.” If the seventeen elements are left in the location deemed proper by their atomic numbers—seated between lanthanum and hafnium on the periodic table—the table becomes unwieldy, immediately doubling in width. Visually, the result would look far less organized than the rectangular grid we are accustomed to, and instead would resemble something like a barbell with oxygen, carbon, and helium on one end and hydrogen, lithium, and sodium on the other. This frankly would not fly with the handful of scientists that guided its creation over the decades, so the fifteen were excised and dropped below.


    The fifteen rare earth elements separated and placed below the periodic table are known in historic chemistry circles as the lanthanides. This awkward name is taken from their first member, lanthanum, with each of the remaining fourteen rare earth metals in the row having one more proton than the previous, exhibiting basic properties similar to lanthanum. Overlapping properties in consecutive elements as you look from left to right on the periodic table is an anomaly—elements typically exhibit radical changes with the addition of a proton. Carbon, nitrogen, and oxygen follow each other in the periodic table just as these fifteen do, but the one proton difference between the trio results in wildly different properties. All three are building blocks of life, but each one plays a different role—carbon is used for structural bonds, oxygen is a vital component of air and water, while nitrogen is necessary to every protein and each molecule of DNA—with a single proton difference causing the atoms to bond and behave differently.


    The rare earth elements suffer from an unfortunate happenstance—the adjective that takes the spotlight in their name. “Rare” suggests that the metals are nigh impossible to find in any form, but this is not really the case. The more common members of the seventeen metal group are present in Earth's crust in amounts similar to metals we may consider common. For example, the amount of europium, neodymium, ytterbium, holmium, and lanthanum is roughly the same as the amount of copper, zinc, nickel, or cobalt.3 Simply put, the majority of the seventeen are not rare; they are spread throughout the planet in reasonable amounts. The metals are in high demand and inordinately difficult to extract and process, and it is from a combination of these factors that the seventeen derive their rarity.


    RARE VERSUS DIFFICULT TO ACQUIRE


    While the seventeen metals may be distributed throughout the planet, finding an extractable quantity is a challenge. The elements are spread so well that they appear in very small, trace quantities—a gram here, a milligram there—in deposits and are rarely, if ever, found in a pure form. Extracting and accumulating useful, high-purity quantities of these seventeen metals is what lends them the “rare earth” name, as their scattered nature spreads them throughout the planet, but in tiny, tiny amounts.


    To obtain enough of any one of these seventeen to secure a pure sample, enormous quantities of ore must be sifted through and chemically separated through a series of complex, expensive, and waste-creating processes. The basics of chemical reactions act as a spanner in the works through processing, as the desired metal is lost through side-reactions along the way. Small losses in multiple steps add up quickly, further decreasing the amount of metal available for use.


    Why expend so much effort to discover and refine these seventeen rare metals? Many of them are necessary to fabricate modern electronics, metals woven into our everyday lives and used by brilliant scientists and engineers to fix problems and make electronics more efficient at the microscopic level. Think of the seventeen rare earth metals like vitamins—you may not need a large amount of any one of them to survive, but you do need to meet a regular quota of each one. If not, your near future might resemble that of a passenger traveling in steerage from Europe to the New World as you develop scurvy from lack of vitamin C. Yes, we can make substitutes of one of the rare metals for a similarly behaving one on a case-by-case basis, but we need every metal from lanthanum to lutetium, and in sufficient amounts, if we want the remainder of the twenty-first and the upcoming twenty-second centuries to enjoy the progress we benefited from in the twentieth.


    Along with the seventeen “not so” rare earths, we will address a handful of other metals with significant global impact. These “scarce” metals, for lack of a better term, include gold, silver, platinum, and other precious metals and are joined by a handful of elements you know of but might not perceive as metals, like uranium and plutonium. Due to radioactivity, it is best that only professionals come in contact with the latter two, and not without a fair amount of lead shielding and a protective gown.


    These nondescript rare metals will not be taking home any awards in beauty, with their rather ordinary-looking gray and silver sheen. Their sensitive complexion allows these metals to react freely with oxygen in the atmosphere, leading many of the seventeen to form a “crust” on their surfaces when exposed to the open air. One can remove this layer of tarnish through the use of cleaners and polishing, but not without removing a tiny layer of the metal. The metal is left with an undesirable crust due to an oxidation reaction—the same reaction that turns a 1967 Shelby GT500KR into a rust-covered, pitted shell when the car is forgotten and left to waste away in a barn for decades. Once removed, the patina will return unless the metal is kept sealed away from oxygen, hydrogen sulfide, and a barrage of other small molecules in the environment that can settle on the surface.


    ELECTRIC EXTERIORS AND THE CHARACTERISTICS OF RARE EARTH METALS


    Despite their rarity and vast array of uses, many metals have a relatively bland, shiny silver exterior. Why are these prized elements given such shabby clothing? The answer to this question is a little heartier than a layer of tarnish easily removed with a two-dollar cream from a jewelry store. Most of the silver and gray metals with which we come in contact put their electrons into organized sets, filling one of the outermost electron orbitals. The electrons in this set, called the “d” orbital by chemists and physicists, are constantly jumping to another set of elections in order to make the entire atom more stable. (Akin to a major league pitcher forgoing a possible free agent payday to sign a six-year contract with his hometown team, atoms are slaves to stability, with this yearning governing almost every chemical bond they form.) In order for our eyes to see any object, light has to bounce off the object and reflect in the direction of our eyes, allowing the light to pass through the lens of the eye and be interpreted by rods and cones in the retina. As light bounces off a sample of a metal rife with electrons jumping from set to set, the electrons in the outer sets of the atoms absorb a small amount of the energy from the incoming light. The remaining light energy is reflected back toward the eye in equal amounts across wavelengths in the visible range of light, with this now spread-out reflection of light becoming the characteristic silver-gray color we ascribe to metals from which our brain and eyes manipulate the information.


    So, how does this theory explain one of the more glaring exceptions among the gray-sky backdrop of metals, namely gold? The distance a given electron is jumping in an atom of gold is slightly smaller than it is in the silver-colored metals. The electrons making the shorter jump absorb incoming light a little differently, emitting light with a wavelength corresponding to what we see as yellow.


    But what is it about these seventeen metals that make them useful? Reasons vary, but the fifteen elements between lanthanum and lutetium huddled for shelter under the periodic table have a subatomic level of similarity—the fifteen can hide electrons better than the rest of the elements on the periodic table. As mentioned before, when one traces the row of fifteen rare elements from left to right, each additional element along the line gains two subatomic particles—a proton and an electron. Each proton resides in the center of the atom, the nucleus, where they provide a positive attractive force on the clouds of electrons whizzing through the surrounding area. Electrons counteract the positive charge of the protons in the nucleus, with this tug-of-war keeping each individual atom together.


    In most cases, extra electrons are deposited on the outside of an atom in distinct sets, where they orbit the nucleus (and the protons within) in arcs that mimic an ellipse or sphere, whizzing past each other like mosquitoes at two thousand kilometers a second. These electrons are moving at nearly six thousand times the speed of sound, yet this is still a tiny fraction of the speed of light—a difficult velocity to comprehend because we simply lack the frame of reference to compare. The electrons circle the nucleus so rapidly that we can view them as effectively surrounding the nucleus in a cloud of electrical charge.


    As we look along the rare earth elements, the electrons are added in an organized manner, but how they are added changes depending on the number of electrons already present in each rare earth metal. While it is easier for us to pretend the electrons are spinning around the nucleus in a spherical cloud, the electrons are actually added to different sets (like the “d” orbital we talked about earlier). Each one of these sets represents a different path taken by a group of electrons around a nucleus, akin to the different routes two flocks of birds will take as they depart from New York City and Los Angeles, respectively, as the flocks travel south for the winter. All electrons move around the nucleus, with some moving along a spherical path, others in a football-shaped path, and others in far more complex, lobed routes that annoy the most diligent of students.


    The electrons added to the rare earth elements as we move left to right along the row enter a quirky scenario, one that leads to an interesting phenomenon in the rare earth elements. When the new electron is added to its set (one electron for each element after lanthanide), another set of electrons is left unprotected to the positive pull of protons in the nucleus. This is like a football formation wherein a blocking tight end is pulled off the field in favor of an extra wide receiver. If a running play is called, the running back is left without the normal protection from his tight end, increasing the exposure of the runner to the opposing defense. When an electron, the subatomic particle wide receiver in this analogy, is added, another electron in a different area becomes exposed, allowing the protons, our defense, to exert more pull on the exposed electron.


    The extra “tug” from protons in the nucleus does not play a role as long as the atom is neutral, but should an electron become dislodged (as often occurs with metals) and an ion is formed, the ion will be smaller in size than normal due the extra pull. When metals form bonds with other atoms and elements, they often do so as ions, with this break from the norm giving the rare earth metals some of their interesting properties.


    Because of this phenomenon, ions of the rare earth metals from lanthanum to lutetium grow smaller in diameter from left to right across the row. This is the reverse of typical trends seen in the periodic table, as ions of elements typically become larger across the row. As seen in the rare earth metals, this alteration leads to making ions of these rare earth metals smaller; the electrons traveling along their unique path bestow on the elements interesting magnetic abilities, properties that make rare earth metals particularly sought after for use in electronics and a variety of military applications.


    BREAKING DOWN THE MINERALS


    Most of our metal supply is obtained through the mining and processing of minerals. “Mineral” is a rather vague term in modern usage. Your breakfast cereal claims to be filled to the brim with vitamins and minerals, but, for our sake, a mineral is a stable, solid material that is found within Earth's crust. Minerals contain a variety of elements, with multiple metals often found in a single mineral deposit. Rocks with a consistently high concentration of a given metal, like magnetite, which has a large amount of iron, are often commonly traded. In a perfect world, all metals would be evenly distributed across the planet and easy to process into a useful form.


    Silver and gold, however, tease us. These sought-after precious metals are two examples found in a native metallic form that need very little processing before they can be of use. Native metallic elements are also easy to identify—gold in its native metallic form looks just like gold, with a flicker of yellow sending miners west to California during the nineteenth century. This ease of access and identification has led to the use of silver and gold over several millennia, while metals like tantalum and tungsten are new arrivals on the scene, as technological advancements now allow for their separation from minerals and their subsequent use in a variety of industrial applications.


    Mineral deposits differ in the amount of usable metal they contain, with the concentration of metal, ease of extraction, and rarity playing a role in determining how mining operations proceed. Metals are found in a variety of purities, interwoven in a matrix of organic materials and often with other similar metals. Aluminum is found within bauxite deposits, tantalum and niobium are found with the coveted ore coltan, while cerium, lanthanum, praseodymium, and neodymium are found in the crystalline mineral monazite. Recovering a sample from the ground through hours of digging and manual labor is just the first step—before any of these metals can be used, an extensive process of purification is often necessary. This purification process is essential because high levels of purity are necessary for their efficient use.


    Five species of minerals dominate our concern in the
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