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8 Abundant metals 
Metals can be separated into two categories: the abundant metals whose presence in 
Earth‘s crust exceeds 0.1% which are silicon, aluminum, iron, magnesium, manganese 
and titanium; and scarce metals whose presence is less than 0.1%. The scarce metals can 
be subdivided into the following groups:  
1- The ferroalloy metals: nickel and chromium that are incorporated into iron-based 
alloys we call stainless steel. 
2- The base metals: copper and lead. 
3- The precious metals: gold, silver and platinum. 
4- The special metals: gallium, germanium, antimony, arsenic, lithium, beryllium and 
scandium.  
 
8.1 Metals and their properties 
Metals are unique among the chemical elements in being opaque, tough, ductile, 
malleable, and fusible, and in possessing high thermal and electrical conductivities. 
Without metals, technology as we know it could not have come into being. 
 
Today 35 metallic elements are available through mining and processing of their ores. 
The metals are generally separated into two groups, the abundant metals as listed in tab. 
8.1 and the scarce metals to be discussed in next chapter. 
 
Tab. 8.1: The abundant metals 

   
Metals are used either in pure forms, or mixed (alloys) with other metal or metals or nonmetals. 
Alloys are also metallic, but usually they have properties of strength, durability, or corrosion 
resistance that improve upon the properties in the component-pure metals. Examples of alloys 
are steel, brass, bronze and solder. Steel is an alloy in which the main constituent, iron, is 
combined with other metallic elements such as nickel, vanadium, or molybdenum, or a 
nonmetallic element such as carbon. 
 
Brass is an alloy of copper and zinc. It melts at a lower temperature than copper, and it is much 
easier to cast. Bronze is an alloy of copper and tin that melts at a lower temperature, is very 
easily cast, is harder than pure copper, and is corrosion resistant. Common solder is an alloy of 
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lead and tin that has an especially low melting temperature. The molten alloy has the property of 
combining with certain other metals. This property allows a solder, when cooled and solidified, 
to create a join between two pieces of the same metal or, in some cases, two fragments of 
different metals. 
 
 
8.2 The nature of ore deposits 
Most metals are dispersed at low concentrations throughout the common rocks of the crust. Each 
of the abundant metals occurs in a wide variety of minerals, but a few listed in Tab. 8.2 serve as 
ore minerals for these metals. 
 
Tab. 8.2: The abundant metals and their principal ore minerals 

 
 
Note that most of the ore minerals listed in Tab. 8.2 are oxides, hydroxides or carbonates. Even 
though silicate minerals are the most abundant in the crust, they are rarely used as the source foe 
metals because they are difficult to handle and extremely expensive to smelt. 
 
8.3 Iron: the backbone of industry 
 Iron is the third most abundant element in the crust, and historically, it has been the workhorse 
of industry. Today iron and its alloys, steel, account for more than 94% by weight of all metals 
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consumed, and the significant proportion of the remainder, most of the nickel, chromium, 
molybdenum, tungsten, vanadium, cobalt, and manganese, are mined principally for use as alloy 
components in the steel industry. 
 
The reasons for iron‘s abundance are: the first is the abundance and ready accessibility of rich 
iron ores; the second is the relative ease with which the smelting process can be carried out; the 
third is the low cost; and fourth, and the most important, is the special property of iron and its 
alloys which allow them to be tempered, shaped, sharpened, and welded to give products that are 
exceptionally strong and durable. 
 
In industrial countries, such as US, 600 kg of iron per capita is consumed annually. It enters in 
many categories: construction (30%), transportation (25%), and machinery (20%). Other 
important uses include grocery cans, home appliances, and oil, gas, and water drilling equipment. 
 
8.3.1 Iron minerals and deposits 
Iron occurs in hundreds of different minerals, but as an ore it is extracted from few minerals 
listed in Tab. 8.2. The iron oxides, hematite (Fe2O3) and magnetite (Fe3O4) are the most 
important ore minerals. Pyrite does not serve as an ore, although widespread and locally 
important, because processing release large amounts of noxious sulfur gas and produces inferior 
quality iron because of remaining traces of sulfur. 
 
Iron deposits occur worldwide (Fig. 8.1) and have been formed as a result of many geologic 
processes and at many geologic times. 
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Fig. 8.1: The locations of some of the major iron deposits in the world. The banded iron 
formation (BIF) constitute the world‘s major producers today and are the major reserves that will 
provide iron in the twenty first century.  
 
Iron is deposited in the Earth‘s crust and in deep, oxygen-free waters in the ferrous state as the 
mineral siderite (FeCO3) and chamosite. Close to the surface iron is deposited in the ferric state 
as hematite or goethite (FeO.OH). Iron ore deposits may be formed by igneous, metamorphic 
and sedimentary processes. 
 
Deposits formed through igneous activity 
Three major types of iron ores arise from igneous activity: 
1- Accumulation in large mafic intrusions 
2- Contact metamorphic deposits especially of limestone origin (Fig. 8.2). 
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Fig. 8.2: The Cornwall mine in Pennsylvania is an example of contact metamorphic iron oxide 
(magnetite) deposit formed where iron-rich fluids from an intrusive Triassic diabase replaced 
part of a limestone bed with magnetite. 
 
3- Seafloor volcanism accompanied by submarine hot springs that issue forth solutions rich in 
iron and silica that when reaching seawater cause precipitation of iron oxide and silica known as 
Algoma-type deposits. 
 
Residual deposits 
These deposits are formed where the weathering processes leaches soluble minerals, oxidizes 
ferrous iron, and leaves behind a concentration of insoluble ferric iron minerals. The deposits 
termed laterites or lateritic soils (Fig. 8.3) are formed in tropical areas formed by intense 
weathering of Fe-rich parent rocks.   
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Fig. 8.3: Laterites are hard, red, residual soils rich in iron minerals that formed in tropical to 
subtropical regions. The shaded regions on the map show where intense leaching has removed 
more soluble compounds and formed iron-rich laterite soils.  
 
Sedimentary deposits 
Three important types of iron ore are formed by sedimentary processes: 
1- Bog iron deposits are formed in glaciated regions and in coastal plain sediments where ferrous 
iron put into solution by the reducing conditions created by decaying organic matter, is oxidized 
and precipitated as lenses and diagenetic cement (Fig. 8.4). These deposits are local and not 
significant.  
 

 
Fig. 8.4: Bog iron ores form where reduced iron carried in groundwater is oxidized and 
precipitates as insoluble ferric iron compounds. 
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2- Ironstones are continuous sedimentary beds extending hundreds of kilometers, with few to 
dozens of meters thickness containing significant amounts of goethite, hematite, siderite or 
chamosite as ooides and replacing fossil fragments. They originated in shallow, near-shore 
marine sediments and the iron minerals were formed by direct precipitation and diagenetic 
replacement. They were deposited during the Phanerozoic Eon. They have been exploited in 
Europe: the United Kingdom, France, Germany and Belgium, and in North America. 
 
3- The banded iron formations (BIF) are the largest iron concentrations and supply most of the 
worlds iron ores (Tab. 8.3). 
 
Tab. 8.3: World iron ore reserves and production in 2008 in millions of metric tons. 

 
 
They are also called Lake Superior-type, and they occur in Precambrian rocks of all continents. 
They are mined in US, Canada, Brazil, Australia, South Africa, India, China, and Russia. They 
are from 30 to 700 m in thickness and often extend over hundreds to thousands of square 
kilometers.  
 
Many of them are metamorphosed, and consist of fine-grained magnetite and /or hematite in 
matrix of quartz, iron silicate, and iron carbonate minerals as laminated rocks (Fig. 8.5). The iron 
content of mined BIF varies from 20 to 40%. 
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Fig. 8.5: Precambrian BIF consisting of iron minerals (red color) and fine crystalline chert (gray 
color).  
 
 BIF were formed in broad sedimentary basins following prolonged periods of continental 
weathering and erosion and the inundation of land surface by shallow seas. Origin of iron is 
weathering of continental rocks, leaching of marine sediments, and submarine hydrothermal 
systems that discharged iron-rich fluids onto the seafloor. This iron was transported in soluble 
ferrous state according to lack of oxygen in the atmosphere of the Archaeozoic. When oxygen 
increased in the atmosphere by action of photosynthesis achieved by blue green algae 
(cyanobacteria) formations of BIF stopped. 
 
8.3.2 Mining and beneficiation 
Today more than 85% of the world iron ore production is mined from open-pit operations. Open-
pit mining is done primarily with large power shovels and with trucks having capacities of a s 
much as 350 tons. The ore is removed in a series of steps, called benches (Fig. 8.6), by drilling 
blast holes (30-38 cm in diameter), that are charged with an explosive mixture of ammonia 
nitrate and fuel oil; individual blasts can break up to 1.5 million metric tons of ore at a time. 
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Fig. 8.6:  Open-pit mining of BIF. The ore is blasted out in series of benches and is then 
transferred by large power shoves into trains or large trucks for transport for the ore processing 
plant. 
 
The iron ore may be upgraded by beneficiation, which serves to concentrate the valuable iron 
minerals and to remove valueless silicate minerals. The final product is powdery, or fine, sand-
sized grains of iron oxides that are difficult to handle. Therefore, the iron oxide grains are formed 
into 1-2 cm pellets by adding a binder such as bontonite, volcanic ash or clay and then fired. 
 
8.3.3 Iron and steel smelting 
The iron ores consists of iron combined with other elements that require smelting to obtain pure 
metal from the ore mineral. The modern blast furnace (Fig. 8.7) consists of a refractory-lined 
cylindrical shaft into the top of which the charge can be introduced and from the bottom of 
which molten iron and slag can be drawn. 
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Fig. 8.7: Diagrammatic presentation of the interior of a blast furnace. A limestone as a flux and 
coking coal are added to the iron pellets to produce pig iron.   
 
To produce 1 metric ton of iron, 1.6 metric tons of iron ore pellets must be mixed with 0.7 metric 
ton of coke and 0.2 metric ton of limestone. The mixture is introduced into the blast furnace 
where it reacts with 3.6 metric tons of air at temperatures of about 1600ºC. 
 
The two principal reactions are the controlled combustion of the coke to produce carbon 
monoxide, and the reduction of iron oxides to iron metal by the CO, which is simultaneously        
oxidized to carbon dioxide. 
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The limestone aids the formation of a slag that floats at top of the molten iron and absorbs 
undesirable elements from the charge. Molten iron, referred to as “hot metal” is tapped from the 
bottom of the blast furnace into a transfer ladle that delivers it to the steel-making furnace. The 
slag which is tapped separately, used to be discarded, but today may be used as concrete 
aggregate, railroad ballast, or soil conditioner. 
 
Two-third of the iron produced is used to produce steel, an alloy of iron with one or more other 
elements that give the resulting metal specifically desired properties. Carbon steel, the most 
easily made and most widely used, is produced by adjusting the amount of carbon left after 
original smelting. Steel production takes place in a separate furnace where the alloying elements 
are carefully admixed. After the steel is refined, it is cast, rolled, or otherwise shaped.  
 
8.4 Manganese  
Manganese is a metal essential for the production of iron and steel. Manganese occur in nature 
having more than an oxidation state (Mn2+, Mn3+, Mn4+) that control its geological behavior and 
distribution.  
 
Manganese tends to be concentrated by chemical sedimentary processes, and important 
manganese resources in the world are sedimentary rocks, mixed sedimentary and volcanic rocks, 
or residual deposits formed by leaching of primary deposits. 
 
Like iron, manganese is very soluble in acidic or reducing solutions that carry it as Mn2+, but 
when it becomes oxidized to Mn4+, it is quite insoluble and precipitates as minerals such as 
pyrolusite (MnO2), or psilomelane (BaMn9O18.2HO). 
 
Manganese is not used on its own as a pure metal, and as an alloy in steel, but it is used as a 
scavenger of detrimental impurities such as sulfur and oxygen during the smelting of iron. Also it 
is used in ferromanganese, an alloy of iron containing 78-90% manganese. Moreover, 
manganese oxides are used in chemical industry; potassium permanganate is a powerful 
oxidizing agent used for water treatment and purification, and manganese dioxide, necessary 
component in dry cell batteries. 
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Manganese ores usually consist of dark brown to black oxides, especially pyrolusite and 
romanechite that range from hard and compact to friable and earthy; locally the carbonate, 
rhodochrosite (MnCO3) or the silicate, rhodonite (MnSiO3) are important ores. 
 
At present, only deposits containing 35% or more manganese constitute reserves (Fig. 8.8). 
 

 
Fig. 8.8: The major world reserves of aluminum, titanium, and manganese are shown. Also 
shown are the major producers of silicon and magnesium.       
 
There is another potentially exploitable manganese resource, the deep ocean floor in form of 
black nodules up to several centimeters in diameter (Fig.8.9) referred to as ferromagnesian 
nodules, or manganese nodules. 
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Fig. 8.9: a) Manganese nodules are common on many parts of the deep ocean floor. These 
nodules in the Pacific Ocean are 5 to 10 cm in diameter. b) A cross section cut through a typical 
manganese nodule shows the concentric nature of the manganese and iron oxides within the 
manganese nodule. 
 
These manganese nodules are complex mixture of iron, manganese oxides and hydroxides, with 
minor but potentially important amounts of other metals (Tab. 8.4). 
 
Tab. 8.4: Average elemental composition of ferromanganese nodules from the major oceans. 
Values are in weight percent.   
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The nodules consist of onion like concentric layers that have grown over a central nucleus of a 
rock or shell fragment (Fig. 8.9a). 
 
The manganese and iron were probably derived from weathering of rocks on land, and from 
submarine hydrothermal and volcanic vents that occur along mid-oceanic ridges. 
 
The ultimate exploitation of the seafloor nodules presents economic, technological and legal 
challenges. Possible recovery methods, shown schematically in Fig. 8.10, make use of simple 
drag dredges, of a continuous bucket line, or of a vacuum cleaner-like device in which air 
bubbles injected at the base provide the suction.  However, this recovery from a depth of 4000 m 
is difficult and expensive.   
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Fig. 8.10: Recovery of manganese nodules might be accomplished by vacuum cleaner-like 
system s such as shown here or by bucket-line systems. The major problems would be in 
maintaining continuous and economic recovery in ocean depths of 3300 to 5000 m.   

 
8.5 Aluminum, the metal of the twenty one century 
Aluminum is the second most abundant element in the crust after silicon, attaining an average 
concentration of 8.2%. Aluminum is a remarkably useful element. It weighs only about one-third 
as much as either iron or copper; it is malleable and ductile, easily machined and cast; it is 
corrosion resistant; and it an excellent conductor of electricity. Therefore, it the second used 
metal after iron. 
 
8.5.1 Aluminum products and usage 
Aluminum is used in transportation (38%), packaging (mainly in aluminum cans) and containers 
(22%), and building products (16%); other important used include electrical (7%) and consumer 
durable goods, such as refrigerators (7%).      
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Aluminum is widely used in construction because of its light weight and resistance to 
weathering. Aluminum is used in high-power transmission lines that extend across the 
countryside. 
 
Aluminum compounds are used in petroleum industry as absorbents in oils and gas refining, as 
fire retardants, as fillers in plastics and paper, as refractory in steel industry, in grinding and 
polishing, and the production of synthetic rubies and sapphires used in construction of lasers and 
as synthetic gemstone. 
 
8.5.2 Aluminum ores 
Aluminum is a constituent of many common minerals. The most important are feldspars, micas, 
and clays. To date, and probably for the near future, most aluminum production comes from 
bauxite, a heterogeneous material composed of chiefly of aluminum hydroxide gibbsite Al(OH)3 
and bohemite and diaspore (both AlO.OH). These minerals are formed by the breakdown of 
aluminum-bearing rocks under latertic weathering taking place in tropical to subtropical climates 
where there is abundant rainfall, the groundwater is neither too acid nor too alkaline, and there is 
a subsurface drainage but a low relief so that mechanical erosion is slow relative to chemical 
leaching. Bauxites often show a pisolitic texture (Fig. 8.11). 
 

 
Fig. 8.11: Bauxite, the ore of aluminum, commonly exhibits a characteristic pisoltic texture. 
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8.5.3 Aluminum smelting and production 
The conversion of raw bauxite into alumina then into aluminum metal is a multistep process, as 
shown in Fig. 8.12. 
 

 
Fig. 8.12: Schematic diagram showing the steps in mining, processing and smelting of 
aluminum.      
 
Bauxite mining is straightforward because it lies close to surface and it is soft, but processing 
and production of metallic aluminum is complex and extremely energy-intensive. The bauxite 
ore in tropical countries is first crushed, washed to remove impurities, and then dried as shown in 
Fig. 8.12. The washed concentrate is then shipped to countries such as Norway, Canada, and the 
US where there is (or was) cheap electrical power. 
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The production of aluminum metal is accomplished by the electrolytic reduction of alumina in a 
molten bath of natural or synthetic cryolite (Na3AlF6) that serves both as an electrolyte and 
solvent. The actual metal production takes place in a series of large bathtub-like vats called a pot 
line, where hundreds of aluminum ingots, each weighing up to a metric ton, are produced 
simultaneously.  
 
The metal reduction uses very large amounts of electricity because the temperature must be 
maintained at 950ºC or more and because the electric current and voltage must reach as much as 
150,000 amperes and 1000 volts, respectively.  On the other hand, recycling aluminum scraps 
needs on 5% of energy required for making aluminum products from bauxite. 
 
8.5.4 Bauxite reserves 
World bauxite reserves (Fig. 8.8) are concentrated in tropical and subtropical countries. Presently 
27 X 109 metric tons of reserves are documented in 2008. These amounts are adequate for many 
years, but several other minerals will continue to be investigated as possible aluminum source, 
such as clays, plagioclase nepheline (Na, K)AlSiO4, and alunite KAl3(SO4)2(OH) 7. 
 
8.6 Titanium 
Titanium is the least common of the abundant metals in the crust. It has now two major 
applications. First it enters in many alloys where it imparts a high strength-to-weight ratio, a high 
melting point, and great resistance to corrosion. Accordingly it used in aircraft engines and air 
frames, electricity-generating plants, welding rods, and a wide variety of chemical processing 
and handling equipment, and to its designation as  a strategic metal. 
 
Second use, which accounts for 95% of the world‘s consumption of titanium minerals, is he 
preparation of white titanium oxide pigment. Because of its whiteness, opaqueness, performance 
of color, and low toxicity, it is now the first whit pigment used in paint, paper, plastic, rubber, 
and, many other materials. Formerly, white lead oxide was used had been used in paints, but it 
resulted in many numerous case of lead poisoning.  
 
Titanium occurs in minor amounts in most types of rocks as the oxide mineral rutile (TiO2) and 
ilmenite (FeTiO3); locally, leucoxene, an alteration product of ilmenite, is also present. In mafic 
rocks (gabbro or anorthosite), lenses or layers of ilmenite are concentrated at bottom of the 
intrusion. 
 
Most sedimentary rocks contain minor amounts of titanium oxide minerals derived from igneous 
and metamorphic rocks by weathering and erosion. The ilmenite and rutile are hard (5-6.5 on the 
Mohs scale) and resistant to solution or chemical attack, thus, they survive the weathering and 
erosional processes intact (Fig. 8.13). 
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Fig. 8.13: The principal mineralogical sources of titanium are rutile and ilmenite and commonly 
occur as black sands in beaches and streams. Placer rutile and ilmenite from beach deposit.  
 
Because of the higher specific gravity of rutile (4.25) and ilmenite (4.5) than that of quartz (2.65) 
and feldspar (2.6-2.7) which compose the river and beach sands, the titanium minerals are 
selectively concentrated into specific zones or sedimentary horizons, forming what are known as 
placer deposits. 
 
The TiO2 content of ilmenite varies from 48 to 65%, whereas that of rutile is about 93-96%. The 
unconsolidated nature of placer deposits makes processing both simple and economic. 
 
Titanium minerals are mined from igneous rocks (hard rock mines) and from placer sand 
deposits. World reserves from titanium on land are sufficient to meet our demands for many 
years to come. Moreover, in the future it can be mined from continental shelves.  
 
Titanium, like silicon, aluminum, and manganese require large amounts of energy for processing 
from it source mineral forms to produce either pigment or metal. 
 
Titanium from hard rocks is mined in Quebec, New York (Tahawus), Norway, and Finland. 
Placer deposits of titanium occur in Australia, India, South Africa, Russia, and Sri Lanka. 
 
The mining of titanium minerals does not create any environments problems, since it mines from 
shallow open pits or benches. After scooping up the loose sands, the recovery is usually 
accomplished by the use of spiral separators or jigs that separate the titanium minerals on the 
basis of specific gravity.  Hence, there is no blasting and no use of chemicals. 
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8.7 Magnesium 
Magnesium, the eighth most abundant element in the Earth‘s crust, is the lightest of the abundant 
metals. Magnesium is used largely as oxide, magnesia (MgO), and the silicate minerals forsterite 
(Mg2SiO4), both of which are used as refractories in the steel industry and some base-metal 
industries.   
 
As a metal, magnesium is commonly mixed with aluminum to produce light-weight, corrosion-
resistant alloys that are widely employed in beverage cans, automobiles, aircrafts, and 
machinery. In addition, magnesium compounds are used in such varied materials as cement, 
rubber, fertilizers, animal feed, paper, insulation, and pharmaceuticals. 
 
Magnesium occurs in many minerals, brines and seawater (Fig. 8.14). 
 

 
Fig. 8.14: The uses of the principal raw materials of magnesium.   
 
Magnesite (MgCO3) was long used as magnesium source. Refractory materials can be extracted 
from dolomite by intense baking (called calcining) to drive off CO2. 
 
Magnesium is unique in being the only metal to be extracted directly from brines and seawater. 
In seawater, magnesium is the third abundant element. The extraction method is simple 
chemically (Fig. 8.14) but requires large quantities of electricity. 
 
The amounts of magnesium reserves, in form of magnesite, dolomite, in brines and seawater, are 
so vast that they will never be exhausted. 
 
8.8 Silicon 
Silicon is the second abundant element, and occurs in all igneous, metamorphic and most 
sedimentary rocks. It occurs combined with oxygen, in quartz, feldspars and all silicate minerals, 
but very rarely as free element.  
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Pure silicon is a lightweight, silvery substance that has a lustrous semimetallic appearance and is 
very brittle. Although the use of silicate is known since old times, as clays used in ceramics, and 
quartz in glass, free silicon is recently known. First it was used as a deoxidizing (oxygen 
removing) agent for steel production.  
 
Today, silicon (or an iron-silicon alloy called ferrosilicon) is prepared by melting clean quartz, 
usually coarse-vein quartz, or well cemented quartzite (Fig. 8.15) with iron or steel scrap and 
coal, coke, or charcoal (as a reductant) in a large electric arc furnace.  
 

 
Fig. 8.15: Quartz in the form of: a) sand, quartzite, and quartz crystals serves as the source of 
silicon that now finds broad applications as b) chips in many computers.   

 
The furnaces are periodically tapped and molten silicon or ferrosilicon is cast into ingots. The 
ferrosilicon is mixed with the molten iron or steel to remove oxygen and to serve as an alloying 
agent. The addition of up to 17% silicon in cast iron reduces scaling and corrosion at high 
temperatures. 
   
Silicon is also added to aluminum and copper alloys in amounts up to 25% because it improves 
the casting properties, adds strength, and reduces corrosion.  
 
In 1949, the first pure silicon was produced to be used in transistors and other semiconductor 
devices. Today, the silicon chip (Fig. 8.15b) is the basis for many electrical devices, being used 
in computers, calculators, and communications equipment. The chips are prepared first by 
producing ultrapure single crystals of silicon and then by introducing in these crystals specific 
amounts of certain chemical elements in order to produce desired electrical properties. 
 
Another important use is in photovoltaic devices, commonly called photocells or solar cells (Fig. 
8.16) which convert sunlight into electrical current and contain thin layers of silica, either as 
single crystals or as amorphous films. 
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Fig. 8.16: Modern solar cells produce electricity for an increasing variety of applications. These 
contain layers of crystalline or amorphous silica in which the incident solar radiation produces 
electricity.     
Silicon is also used to produce compounds such as silanes (silicon-hydrogen compounds, for 
example, SiH4) hat are used in the manufacture of many kinds of silicon resins, rubbers, 
lubricants, adhesives, antifoaming agents, and water-repellent compounds. 
 
Silicon carbide (SiC), also known as carborundum, has a hardness of 9.5, is an abrasive and is 
commonly found in hardware stores on some of the better grades of sandpaper. 
 
The world‘s resources of silicon in the form of silica (SiO2) in quartz and other silicates is 
virtually limitless. Constraints on the production of silicon or ferrosilicon are purity and 
availability of electrical power. Pure quartz is obtained from quartzite, pegmatite, and gravel 
deposits. Silicon producers now are Norway, due to availability of hydropower and China. 
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9 The geochemically scarce metals 
The backbone of industry is built from the geochemically abundant metals, but it is the 
geochemically scarce metals that keep industry efficient, effective, and healthy because they 
control the properties of alloys of the abundant metals which carry electric currents, and allow 
automobiles to run and planes to fly. 
 
The geochemically scarce metals (Tab. 9.1) have an abundance of less than 0.1% of the crust by 
weight. 
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Tab. 9.1: The geochemically scarce metals in 2007 

 
 
Some of them make up only a millionth of a percent or less such as gold having abundance of 
0.0000004%, and ruthenium having an abundance of 0.00000001%. Despite of the very 
abundance of these metals, they have special properties that make them important, or even 
essential, commodities for industry. 
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Scarce metals could be the enzymes of industry. It is their special properties that have led to such 
technological marvels as the generation and distribution of electricity, and the invention of the 
telephone, radio and television, automobiles, aircraft, rockets, computers, and the internet. 
 
9.1 Distribution of scarce metals in the crust 
Ninety-two chemical elements have been identified in the Earth‘s crust. The average 
concentration of these elements ranges from 10-8% to 45% by weight. Nine elements account for 
99% of the mass of the crust (Fig. 9.1). 
 

 
Fig. 9.1: Nine elements account for 99% of the mass of the continental crust of Earth. The 
geochemically scarce metals are nearly all present in abundances of less than 0.01%, as shown in 
Tab. 8.1.     
 
The remaining 93 elements make 1% of mass of crust. Most of them fulfill the definition of 
geochemical scarcity in that their individual abundances are less than 0.01% by weight of the 
crust. 
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The nine major elements form minerals occurring in common rocks. Only the most common of 
the geochemically scarce metals: copper, zinc, and chromium, form minerals that can be found in 
common rocks, but are of very limited occurrence. 
 
The geochemically scarce elements occur in the common minerals by atomic substitution, or 
solid solution. Atoms of nickel can substitute for atoms of magnesium in olivine (Mg2SiO4), and 
atoms of lead can substitute for atoms of potassium in orthoclase (KAlSi3O8). The mounts of 
scarce metals in the crust do not allow formation of minerals composed totally of scarce metals. 
The elements having more than 0.1% abundance make their own minerals, whereas below that 
level, scarce metals occur only as solid solutions. 
 
If we grind granite, to break down the solid solutions and to recover the scarce metals, the result 
appears in Tab. 9.2, would be economically ludicrous. 
 
Tab. 9.2: Calculated value of geochemically scarce metals in solid solution in a metric ton of 
average granite. 

     
        
It cost $15 to $50 a metric ton just to mine and crush granite, and hundreds of dollars to extract 
the scarce metals. 
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Therefore, we look for ore deposits, those localized geological circumstances in which ore 
minerals are found that carry unusually high contents of a desired scarce metal and that can be 
mined at a profit. 
 
The minimum grade that a scarce metal ore deposit must reach ranged from as low as 0.0001% 
for gold, to 1-3% for zinc, to nearly 4% for chromium and manganese. This means that a metal 
should be concentrated many times (concentration factor) than the average concentration in the 
crust to constitute an ore deposit. For example, mercury has a concentration factor of 12,500. 
Therefore, ore deposits of scarce metals tend to be small and rare by comparison with ore 
deposits of the abundant metals. 
 
The minimum concentration factors can change as the price of metals changes or as the 
technological developments occur. Over the last 200 years, the minimum concentration factors 
have tended to decline (Fig. 9.2) because great advances have occurred in both mining and 
metallurgical technologies. 
 

 
Fig. 9.2: The average grade of copper ore mined has dropped in US from 2.5% in the early part 
of the twentieth century to 0.5% by the end of the century. This has been the result of mining 
away richer ores through time and the development of technologies that have permitted 
extraction of copper from lower-grade ores. 
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9.2 Ore minerals of the scarce metals 
Between 99.9 and 99.99% of total amounts of any given scarce metal is present in the crust in 
atomic substitution in common silicate minerals. Therefore, only 0.01 and 0.1% of a given metal 
occurs in ore minerals. Fortunately, the ore minerals tend to be found in localized concentrations 
rather than being scattered and disseminated. Also, the scarce metals tend to form ore minerals 
that are sulfide or oxide compound, or in few cases native metals, that are easy to separate from 
the associated valueless silicate or carbonate gangue minerals. However, most of the scarce 
metals are not mined directly from their ores but are by-products of mining abundant or other 
metals. 
 
The most important geochemically scarce metals and the most important ore minerals they form 
are listed in Tab. 9.3.   
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

 159 

Tab. 9.3: Kinds of ore minerals formed the geochemically scarce metals 

 
 
9.3 Classification of the scarce metals by usage 
All the geochemically scarce metals can be divided into four main groups based on their 
properties and on the way the metals are used. The four groups are: the ferrous or the ferro-alloy 
metals, the base metals or the nonferrous metals, the precious metals, and the special metals. 
 
9.3.1 The ferro-alloy metals 
Deposits of the ferro-alloy metals are widespread, as shown in Fig. 9.3. 
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Fig. 9.3: World map showing the locations of the largest reserves of the ferro-alloy metals.    
 
9.3.1.1 Chromium 
Chromate compounds have long been used in tanning industry and in the manufacture of 
pigments for textiles. Ferrochrome, an iron chromium mixture was produced by chemically 
reducing the mineral chromite (FeCr2O4), and is used now to make chromium-bearing steel. 
 
Chromium plating on steel and chromium-containing alloys, such as stainless steel, are the shiny, 
noncorroding metal surfaces we find on automobiles, in kitchens, on faucets, and in the cutlery 
we use. Chromium is a strategic metal, since it is vital to defense and industry; chromium-iron 
alloys are used in aircraft engines, military vehicles, weapons, and the chemical industry. 
 
Chromium is used in three broad fields: metallurgy, chemistry, and refractories. Steel containing 
between 12 and 36% chromium by weight has a greatly reduced tendency to react with oxygen 
and water, which explains why chromium bearing steel rusts very slowly. Also, when it is added 
to steel used to make various machine tools because it increases hardness and resistance to 
wearing.  
 
For refractories, chromium plays a vital role in the manufacture of high-temperature bricks used 
to construct furnaces. The ore mineral chromite is used for making bricks used to line very high 
temperature smelter, blast, and gas furnaces.    
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Chromium pigments range in color from deep green and intense yellow to bright orange. Such 
pigments are used in paints, inks, roofing materials, and textile dyes. Chromium is used widely 
in tanning animal skins. The lightweight leathers used for furniture, clothing, shoes, wallets are 
produced by soaking raw animal hides in solutions of chromium sulfate under controlled 
conditions of temperature and acidity. Chromium in solution forms chemical bonds with the 
amino acids in the leather; this stabilizes the organic material by reducing its tendency for 
biological decay and, at the same time, increases its resistance to heat. 
 
Geological occurrence    
Chromium is present in ultramafic and mafic rocks. Chromite is the major ore of chromium. It 
occurs in two major types of ore bodies, podiform and stratiform. The podiform deposits appear 
as irregular pods or lenses that may range in mass from a few kilograms to several million metric 
tons. Chromite appears as rounded or eye-like granules (Fig. 9.4). 
 

 
Fig. 9.4: Pelletal grains of chromite in a podiform deposit. 
 
The pods are enclosed in deformed masses of dunites and serpentinites, and related ultramafic 
rocks that are believed to be solid fragments from the upper mantle that were forced up during 
tectonic collision between continents. 
 
Startiform chromite deposits constitute sharply bounded layers of essentially pure chromite (Fig. 
9.5) that occur in large layered intrusions. 
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Fig. 9.5: Stratiform layers of chromatite, a rock composed entirely of chromite, interbedded with 
anorthositic norite.     
 
The layers of chromite have a thickness of a meter or less but extend laterally for dozens of 
kilometers, and the famous layered intrusion of the Bushveld complex in South Africa extends 
hundreds of kilometers. Now it is proposed that chromite formed from a magma contaminated 
from above and below, where the new composition rich with chromium permitted crystallization 
of chromite that settled to the base of the magma chamber. 
 
9.3.1.2 Vanadium 
Vanadium, like chromium, was used in tanning of leather and in the preparation of colored 
pigments for textiles, pottery, and ceramics. Then it was used in its metallic state as an alloying 
agent. Afterwards, it is found that vanadium toughened steel that it could withstand the impact of 
bullets and, hence, could be used to make armor plate. Also it was found the vanadium steel also 
toughened the cutting edges of knifes and swords and greatly increased the strength of 
constructional steel.  
 
Now it is still used in automobiles and in industry in general because the incorporation of as little 
as 0.2% vanadium in an ordinary carbon steel greatly increases its strength, high temperature 
abrasion resistance, ductility, and even the ease with which steel can be welded. The use of high-
strength vanadium steel allows a minimum weight of steel to be used in an automobile and this, 
in turn, leads to an increased efficiency and to a reduction in the amount of fuel needed to run the 
automobile. The ease and reliability with which vanadium steel can be welded has led to its 
widespread use in gas and oil transmission pipeline. 
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Geological occurrence 
Despite that vanadium is one of the more common of the geochemically scarce metals, vanadium 
ore deposits are rare. This because vanadium readily substitutes for ferric iron in common 
minerals such as magnetite. Thus the substitution of vanadium for iron is so extensive that the 
limits are rarely exceeded, hence, local concentration of vanadium minerals are rare. Therefore, 
the most ore deposits of vanadium are vanadium-rich magnetites (containing approximately 2% 
V2O3). These are found as monomineralic stratiform layers of magnetite in certain mafic layered 
intrusions. The vanadium magnetite layers appear to have formed as a result of monomineralic 
crystal growth on the floor of the magma chamber. Upon chemical weathering of vanadium 
minerals, vanadium is oxidized from trivalent V3+ state to the soluble pentavalent V5+ state. 
Precipitation of vanadium minerals occurs through evaporation or reduction upon contact with 
organic matter. Thus it is found concentrated in coals, tar sands and crude oil. Uranium and 
copper have more than one valence state, thus uranium and vanadium are found concentrated 
together.      
 
9.3.1.3 Nickel 
Metallic nickel was first used in a nickel-silver alloy, the so-called German silver that has been 
used for trays, teapots, and other household utensils. Nickel was then used extensively in 
electroplating. Nickel dissolves when connected to the anode (the positive terminal of the 
battery) then moves through solution as a result of the electrical current and is deposited as a thin 
layer on the metal object connected to the cathode. Because nickel resists corrosion and can be 
polished to a high luster, nickel plating became popular. The durability of nickel-copper alloys 
led to their usage in coinage. 
 
Nickel was used in iron alloys. Nickel and chromium steels do not corrode or rust, hence they are 
stainless. Nickel-bearing steels have many uses in the manufacture of aircraft, trucks, railroad 
cars, and other structures where great reliability and high strength are required. It can be stated 
that nickel has proved to be the most versatile of all ferro-alloy metals. The major use of nickel 
today is an alloying agent with iron. 
 
Geological occurrence     
All of the important nickel deposits are found in or adjacent to mafic and ultramafic rocks. 
Nickel is depleted in the crust but is enriched in the mantle. Thus, mafic and ultramafic rocks 
derived from magmas generated in the mantle have high nickel contents. The nickel is present in 
these rocks in solid solution in pyroxenes and olivines, where it substitutes iron and magnesium.      
 
Nickel is formed in magma by a magmatic segregation process involving liquid immiscibility. 
Immiscible iron sulfide drops are not mixed with the silicate magma but settle down to bottom of 
magma chamber due to high density and then crystallize there. The immiscible liquid is not pure 
iron sulfide, but tends to scavenge atoms of nickel, cobalt, copper, platinum and other elements, 
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so it is really an iron-nickel-copper sulfide liquid. The mineral pyrrhotite (Fe1-xS) is formed that 
is intergrown with nickel sulfide mineral pentalandite [(Fe, Ni)9S8]. 
 
Other way of formation of nickel deposits is weathering of mafic and utramafic rocks, such as 
peridotite. Chemical weathering under tropical and subtropical conditions cause the hydrolysis of 
olivine, pyroxene and plagioclase, and oxidation of iron and the release of the small amounts of 
nickel that could form nickel silicate mineral (collectively called garnierite) or incorporated into 
the structure of other minerals formed during weathering such as chlorite and serpentine. 
Residual weathering ores are referred to as laterite ores. The nickeliferous peridotite could be 
weathered to form lateritic garnierite ore (Fig. 9.6). 
 

 
Fig. 9.6: Chemical weathering of nickeliferous rocks, such as peridotite, release nickel trapped in 
the mineral olivine. The nickel is then precipitated in a new mineral called garnierite.       
 
9.3.1.4 Molybdenum  
Molybdenum is a versatile metals employed in a wide assortment of products. It has alloying 
properties that it could make tough and resilient steel that was ideal for armor plating. 
Molybdenum steels could be substituted for the widely used tungsten steels in high-speed cutting 
tools and in armaments.  
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About 80% of the molybdenum mined today is used as an alloying element in steels, cast irons, 
and superalloys where it imparts hardness, toughness, resistance to corrosion and abrasion, and 
adds strength at high temperatures. The molybdenum content of steel ranged from 0.1 to 10%. 
This steel is used in all areas of industry, particularly in cutting tools, in transportation, and in the 
manufacture of oil and gas production equipment. Also molybdenum has non-metallic 
applications such as lubricants, catalysts and pigments. 
 
Geological occurrence 
Molybdenite (MoS2) is the most common ore of molybdenum that occurs in porphyry-type 
igneous intrusions related to subduction zones at the edges of continental boundaries. Also, the 
molybdenite was deposited with large amounts of quartz by hydrothermal solutions that were 
episodically released from the crystallization of magma. Smaller amounts of molybdenite are 
formed in contact metamorphism zones adjacent to silica-rich igneous rocks, in quartz vein 
deposits, and in pegmatites. 
 
9.3.1.5 Cobalt 
Cobalt was used early in history as a brilliant blue coloring agent in potters, glass and ceramics. 
It was found that the addition of 5% cobalt to steel containing chromium and tungsten greatly 
improved its qualities as a tool-steel. It is used in superalloys that retain their mechanical strength 
at high temperatures and are resistant to corrosion by hot gases. These superalloys are employed 
in jet engines, rocket nozzles, and gas turbines making cobalt a strategic metal. Cobalt alloys 
have remarkable magnetic properties, where the magnetism is very strong and it is retained 
forever. 
 
Geological occurrence 
Most of world‘s cobalt is produced as a by-product of the mining and metallurgical treatment of 
ores of copper, nickel, and silver. The most important cobalt ores are stratiform copper sulfide 
ores that consist of copper sulfide minerals, such as chalcopyrite (CuFeS2), together with cobalt 
sulfide minerals, such as linnaeite (Co3S4) and cobaltiferous pyrite (Fe, Co)S2 enclosed in fine-
grained clastic sedimentary strata.    
 
Cobalt also tends to be concentrated wherever nickel is concentrated. Thus, cobalt is an 
important by-product from the exploitation of both magmatic segregation nickel sulfides ores 
and lateritic nickel ores. 
 
9.3.1.6 Tungsten 
Tungsten is a grayish-white metal that has many alloying properties similar to those of chromium 
and molybdenum. It has the distinction of being the metal with the highest melting temperature 
(3400ºC), and highest tensile strength. Alloys of tungsten are therefore extremely hard and 
extremely stable at high temperature. 
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Tungsten alloys are used in many circumstances where toughness, durability, and resistance to 
impact are needed. The single most important use of tungsten is not for alloying properties but 
for the manufacture of tungsten carbide (WC), a compound with hardness approaching that of 
diamond. Tungsten carbide is used in the preparation of tungsten carbide tools, drill bits, cutting 
edges, and even armor-piercing projectiles. 
 
The high melting temperature of tungsten facilitates its use in such places as the filaments of 
incandescent electric light bulbs (Fig. 9.7) and in various heating elements.   
 

 
Fig. 9.7: The filaments of incandescent lamps are prepared from tungsten because it has the 
highest melting point of any metal. Visible light is emitted when an electrical current heats the 
filament to temperatures of at least 800ºC.  
 
Geological occurrence 
Tungsten forms only two minerals of economic importance, scheelite (CaWO4) and wolframite 
((Fe, Mn)WO4). The most important tungsten deposits were formed by hydrothermal solutions. 
Such solutions deposited small amounts of scheelite and wolframite in quartz-rich veins closely 
related to granitic intrusions, and in closely spaced quartz stringer called stockworks. Less 
significant tungsten deposits were formed by contact metamorphism of limestone (skarns). A 
small amount of production arises as a by-product of gold, tin, or copper mining.     
 
9.3.2 The base metals 
A base metal is defined as a metal of comparatively low value and one that is relatively inferior 
in certain properties such as corrosion resistance. However, they have many important and 
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unique properties. They were used by our ancestors to shape into useful objects, such as needles, 
arrowheads and axes. The Copper Age and the Bronze Age were based upon these metals. 
 
The base metals of antiquity were copper, lead, tin, and mercury. Zinc was known later on. 
Cadmium is the last base metal to be known by humans. Base metals occur in a variety of 
geologic settings; the major occurrences are shown in Fig. 9.8. 
 

Fig. 9.8: World map showing the locations of the largest reserves of the base metals.  
 
9.3.2.1 Copper 
The value of copper, from antiquity (before about 8000 years) until the later years of the 
nineteenth century, was related to its malleability and the ease with which both copper and its 
alloys can be worked and cast. Copper metal and the main copper alloys, bronze (copper with 
tin) and brass (copper with zinc) are attractive to look at, durable, and relatively corrosion 
resistance. Copper and its alloys found innumerable uses in weapons, utensils, tools, jewelry, 
pipes, roofs, and architectural features. 
 
In nineteenth century the high electrical conductivity of copper was discovered, thus it was very 
widely used. Not only can copper transmit electricity with a minimum loss of power, but the 
transmission wires are flexible and malleable, and they can be easily joined and soldered.    
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Geologic occurrence   
Copper has the highest abundance among the geochemical scarce metals (0.0055% in continental 
crust and highest in oceanic crust). Most of important copper ore minerals mined today are 
sulfides: they are chalcopyrite (CuFeS2), digenite (Cu9S5), chalcocite (Cu2S), bornite (Cu5FeS4), 
enargite (Cu3AsS4), and tetrahedrite (Cu12Sb4S13). Historically, ores containing native copper, 
the two carbonate minerals azurite (Cu(CO3)2(OH)2) and malachite (Cu2(CO3)(OH)2); the two 
oxide minerals cuprite (Cu2O) and tenorite (CuO) have also been important. 
 
If a primary sulfide copper ore is subjected to weathering, the ore minerals will be oxidized and 
leached by groundwater to be deposited at water table as a high grade secondary ore mineral 
(Fig. 9.9). Once the rich secondary ores are exhausted, mining turned to lower grade 
disseminated sulfide ore.   
 

 
Fig. 9.9: Descending groundwater oxidizes and impoverishes copper ore above the water table, 
forming an acid solution that removes soluble copper compounds and leaves a residue of 
limonite (gossan). The descending acid solution deposits copper at and below the water table, 
producing secondary enrichment below.    
 
In recent years, the development of the new process called “solvent extraction-electrowinning” 
has permitted high rate of copper recovery from the oxidized ores or from wastes left after 
mining the major ore. After dissolution of copper mineral by acids percolating through the pile of 
wastes or low-grade ores, copper in solution is recovered through electrolysis. 
 
Primary copper sulfide deposits are formed by three processes: magmatic segregation, 
hydrothermal processes and sedimentary processes.  
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Magmatic segregation copper deposits are the least significant sulfide ores. They are produced 
similar to nickel deposits by magmatic segregation of immiscible sulfide liquid. 
     
Hydrothermal copper deposits are usually small quartz-veins, but could be large and rich 
constituting profitable deposits (Fig. 9.10). 
 

 
Fig. 9.10: mineral zoning developed in a system of veins formed around a granite stock in 
Cornwall, England. Each of the veins is mineralized and contains the tin mineral cassiterite 
(SnO2), copper minerals of which chalcopyrite is the most important, and zinc and lead minerals 
sphalerite (ZnS) and galena (PbS). The zonation is believed to arise from a drop in temperature 
of the hydrothermal solutions as they flowed through the fractures in which the veins now occur. 
 
The hydrothermal copper deposits are mainly the porphyry copper deposits, because the intrusive 
rock with which h they are always associated has a porphyritic texture. The deposit consists of 
innumerable tiny fractures, usually no more than one millimeter or so thick, spaced every few 
centimeters through a body of intensely fractured rock. The porphyry copper and the rocks 
within which they occur represent subsurface conduits and chambers that once lay beneath 
volcanoes (Fig. 9.11). 
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Fig. 9.11: Idealized section through a strato-volcano showing the location of the mineralized 
zone and the nature of the groundwater convection established in the surrounding rocks. 
        
The process of copper ore formation started after intrusion of the magma, crystallization of non-
hydrous feldspars, leaving water in residual magma that increases the pressure so as the steam 
explosion shattered the crystallized rocks. The escaping hydrothermal solutions carrying silica, 
potassium, sodium salts, and also dissolved metal sulfides moved outward, precipitating minerals 
and sealing the fractures. As cooling continued, this process was repeated several times, leaving 
many generations of small fractures, several of which contain small but significant amounts of 
copper ore minerals.  The deposits have distinctive zonal patterns that can be related to the fluid 
circulation system (Fig. 9.11). 
 
The copper porphyry deposits are concentrated around the rim of the Pacific Ocean Basin, where 
they were formed as a result of volcanic activity associated with the subduction of oceanic crust 
(Fig. 9.11, 9.12). 
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Fig. 9.12: The world‘s greatest concentration of porphyry copper deposits exists along the 
western edge of The Americas where the oceanic tectonic plates of the Pacific are subducted 
beneath the continental plates of the American continents. The belt extends around the entire 
Pacific Basin.    
 
There are two other kinds of copper hydrothermal deposits: the contact metamorphic or skarn, 
discussed above, and the volcanogenic massive sulfide deposits. The latter copper deposits are 
enclosed in volcanic rocks erupted on the seafloor. The ore minerals are always sulfides. The 
term massive indicates that very little volcanic debris or silicate gangue minerals are present to 
dilute the sulfides pyrite, chalcopyrite and sphalerite and other sulfide minerals are present in 
significant amounts. 
 
These volcanogenic massive sulfides could be related to the black smokers vents found at bottom 
of Pacific Ocean and the Red Sea. From submarine hot springs along volcanic first that mark the 
mid-oceanic ridges hot seawater erupts after it has been heated at depth in the piles of volcanic 
rocks of the upper part of the oceanic crust and from the magma chambers that underlie the 
ridge. This hot seawater reacts with, and alters, the basaltic lava it passes through forming a jet of 
brine as hot as 350ºC. When such jet erupts into cold oceanic water, it is quickly cooled; as a 
result its dissolved load precipitates, sometimes as very fine soot-like sulfide minerals (thus 
giving the name black smokers to some vents) and sometimes forms a blanket of massive sulfide 
ore around the vent.       
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Sediment-hosted stratiform copper deposits 
These copper deposits are in clastic, marine sedimentary rocks, usually shales, that contain a 
certain amount of organic matter and calcium carbonate, and they are usually stratiform, which 
means that mineralization occurs in strata-like layers. The ore minerals are usually sulfides, but 
native copper metal may also be present.  
 
Origin of these deposits could be hydrothermal solutions that circulated in coarse, clastic 
sedimentary layers beneath the now mineralized shales. Reactions occurred between the 
solutions and minerals of the shales soon after deposition or before consolidation to solid rocks. 
 
The most famous of the sediment-hosted startiform copper deposits are enclosed in the 
Kupferschiefer, Permian–aged shale found through much of northern Europe. The 
Kupferschiefer has a thickness not exceeding 20 cm, by extends laterally over more than 600 
square kilometers, and have been mined since the fourteenth century. 
 
9.3.2.2 Lead and Zinc    
Lead and zinc are discussed together because their ore minerals occur together. Lead is another 
metal with a history that stretches back to antiquity. Lead was used in weights, sheet metal, 
solders, ceramic glazes, and glassware by different civilizations.  
 
Lead has unusual combination of properties that make widely used in industry. The metal is soft 
and easily worked, it is very dense, it has a low melting temperature, and it possesses very 
desirable alloying properties; it also resists corrosion, and it is an excellent shield against harmful 
radiations.       
 
The principal use of lead today is foe automobile storage batteries; it is used also in crystal glass, 
for flashing in building construction, in ammunition, in various alloys (especially solders), in 
bearings, and in printer‘s type. But lead has unpleasant properties. Many lead compounds are 
toxic, this has resulted in reduction of its use in situations where humans may ingest lead or lead 
compounds. Thus the use of lead in paints and gasoline has been banned, for that unleaded 
gasoline is only permitted in most countries. 
 
Zinc is a relatively soft, bluish white metal. The largest part of the world‘s zinc production is 
used for galvanizing, a process by which protective coatings are put on steel and iron, mainly by 
a hot-dipping process in which the object to be coated is dipped into a bath of molten zinc. 
Because zinc resists corrosion, even a thin coating prevents rust from forming on iron and steel. 
 
Zinc also has a desirable alloying properties; it prevents abrasive wearing. It is a constituent of 
brass, and in its oxide form (ZnO), it is used in paint pigments, ointments, lotions, and creams to 
prevent sunburn. 
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Geological occurrence 
 Lead and zinc are similar to copper deposits. Galena (PbS) and sphalerite (ZnS) are the major 
ore minerals. They occur in hydrothermal veins, volcanogenic massive sulfides associated with 
subduction plate edges, and the Mississippi Valley Type (MVT) deposits. The MVT deposits 
occur in limestones where the ore minerals have either replaced the limestone beds or have been 
precipitated in between rock fragments in a limestone breccia. The solutions that form the MVT 
deposits develop in sedimentary basins and flow laterally outward until they come in contact 
with limestones around the margins of the basin. There, the solutions may dissolve the limestone 
and precipitate the galena and/or sphalerite. 
 
Also, lead and zinc may occur in sediment-hosted stratiform deposits, such as the 
Kupferschiefer, where a zonal pattern of lead and zinc mineralization occurs around the copper 
deposits.    
 
9.3.2.3 Tin 
Tin was used an alloying agent with copper to produce bronze. Bronze is tougher and more 
durable than copper. The second alloy is pewter produced by addition of tin to copper, which is 
an inexpensive, harder, and very useful alloy. 
 
Tin is a soft white metal with a low melting temperature. It does not corrode or rust, and so is an 
effective coating agent to cover metals that do corrode. The method of plating tin on copper was 
developed at least 2000 years ago. Today, the use of steel, aluminum, and plastic cans has largely 
replaced tin-plated cans, though for some specialty purpose, tin-plating is still an important 
process. 
 
The low melting temperature of tin, and of alloys of tin and lead, make tin the prime constituent 
of solders. Thus the principal use of tin is in solders. Bronze is used in certain soft-metal 
bearings, in ornamentation, in automobiles, and in air crafts. 
 
Geological occurrence 
There are many tin minerals, but almost all production comes from cassiterite (SnO2). Cassiterite 
is found in hydrothermal deposits related to andesitic or rhyolitic volcanism, in form of veins, 
disseminations in altered rocks, or even skarns. Also it occurs in pegmatites associated with 
granitic rocks. 
 
Cassiterite is a dense, chemically stable mineral that does not alter or dissolve in stream waters. 
As a result, it is readily concentrated in placers; worldwide, almost as much as tin is produced 
from placers as from hard-rock mines because placer mining is inexpensive compared to hard 
rock mining. 
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9.3.2.4 Mercury 
Mercury is the only metal that is liquid at room temperature. It combines with readily with other 
metals to form alloys that are called amalgams. One common use for silver-mercury amalgam is 
filling cavities in teeth. 
 
There is only one important ore mineral of mercury, cinnabar (HgS). It is a soft, blood-red 
colored mineral found in hydrothermal vein deposits at a few place around the world. Mercury is 
produced y primary mining and as a by-product from zinc and copper mining. 
 
The principal uses of mercury are in batteries, for chemical production, and in scientific 
measuring devises.      
       
9.3.2.4 Cadmium 
Cadmium is a soft, malleable, silver white metal. Cadmium minerals are rare, but cadmium itself 
is widespread in trace amounts in the principal zinc mineral, sphalerite. Cadmium replaces zinc 
by atomic substitution, and in smelting of zinc, the cadmium can be recovered.  
Cadmium was used in chemical compounds as pigments for paints. Cadmium compounds have 
very bright and intense colors: yellow, reds, blues, and greens. Then it was used as a metal in 
low-melting alloys, in chemical reagents and in cadmium-electroplating, similar to zinc plating. 
Today, most of cadmium is used in cadmium plating. Other uses are in batteries, pigments, and 
alloys. 
 
It is now well known that cadmium can be toxic to human beings. This has increased workplace 
safety regulations and brought about special concerns over cadmium in paints and in the 
leachates from landfills.    
 
 9.3.3 The precious metals 
The precious metals owe their names to their high values. Two of them, gold and silver, have 
been known since antiquity. The metals are precious (and expensive) for several reasons: they 
are rare and cost to find and recover, and they resist corrosion and have great lasting qualities. 
Their resistance to chemical reaction is said to be due to their nobleness, hence, their alternate 
name, noble metals. The precious metals are found in widely in small quantities (Fig. 9.13). 
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Fig. 9.13: World map showing locations of the largest reserves of the precious metals: gold, 
silver, and platinum. South Africa contains the largest reserves of both gold and platinum.     
 
9.3.3.1 Gold 
Metallic gold is soft and malleable, but also extremely resistant to chemical attack, and it is 
corrosion-free. Indeed, gold is so stable and has little tendency to corrode that most of the gold 
mined is still in use. Once gold has been recovered from the ground, it can be melted down 
repeatedly and used again and again.  
 
Today half of the world‘s annual gold production is used in electronic products, aerospace 
applications, special alloys, and dentistry.  
 
Geological Occurrence 
Gold deposits can be formed by hydrothermal solutions. By far, the most important mineral in 
such deposits is native gold, but in few instances, telluride minerals such as calaverite (AuTe2) 
and sylvanite ((AuAg)Te2) are also important. 
 
Gold can be mined by bulk mining and processing techniques that permit economic recovery of 
gold from roes with grades below 1/10 of a troy ounce (troy ounce equals 31.104 gm) per ton 
(below 3 ppm).  
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There are two types of large low-grade deposits. One is represented by the Carlin deposit, 
formed where hot spring waters circulated deeply in Earth‘s crust along major faults dissolving 
out trace amounts of gold and then redepositing them near the surface.  
 
The other ore type is the large porphyry copper-bearing intrusions formed near subducting plate 
boundaries. The grades are low (about 1ppm) and were marginally economic to recover until the 
new technologies and higher prices made gold recovery very profitable. 
 
Gold is a dense, almost indestructible mineral. It is therefore readily concentrated in streams 
where the action of flowing water washes away the less dense sand grains and leaves the gold 
concentrated behind barriers, and near the base of stream channel (Fig. 9.14).  
 

 
Fig. 9.14: a) Typical sites of placer gold accumulations where obstructing or deflecting barriers 
allow faster-moving waters to carry away the suspended load of fine –grained material while 
trapping the denser and coarser particles that are moving along the bottom by rolling or partial 
suspension. b) Grains of placer gold from California. By continual pounding in fast-moving 
streams, malleable gold is freed from the brittle quartz and other valueless minerals. The tiny but 
dense gold grains accumulate in placers.   
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9.3.3.2 Silver 
Silver occurs as native metal, but more important as silver-bearing sulfide minerals. 
Silver was used in coinage. Today, the major uses of silver include coinage, medals, industrial 
applications, jewelry, silverware, and photography. Industrial usage is increasing, including 
medical (where it helps reduce infection), batteries, solders, catalytic converters, cell phones, 
dental amalgams, and photography (now is declining since it is replaced by digital photography). 
 
Geological occurrence 
 Silver is similar to copper, thus it can replace it in copper minerals. Thus, silver can be a by-
product of mining copper and lead (also it has affinity to lead). However, a number of deposits 
are still mined, including the mineral argentite (Ag2S) and tetrahedrite ((CuAg)12Sb4S13) present 
in hydrothermal veins located in andesitic and rhyolitic rocks. 
 
9.3.3.3 Platinum group metals 
The six platinum group metals: platinum, palladium, rhodium, iridium, ruthenium, and osmium, 
always occur together. They occur in the same geological setting and can replace each other in 
minerals by atomic substitution. 
 
Each of the metals is silvery white in color and only platinum and palladium are malleable. 
Platinum metal occurs in the native form in placers, and grains of platinum, could be intermixed 
with silver grains. 
 
All of the platinum group metals are resistant to corrosion, each has a high melting temperature, 
and each has interesting properties as a catalyst. Speeding chemical reactions through catalysis, 
plus the use of the metals in highly corrosive and very high temperature environments, account 
for the main uses of all the platinum group metals. 
 
Of particular importance is the use of platinum group elements in automobile catalytic converters 
(Fig. 9.15), where platinum or palladium deposited on the inner surfaces of the sieve-like 
openings of a ceramic base convert harmful exhaust gases into inert ones. 
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Fig. 9.15: Automotive catalytic converters are prepared of cordierite (Mg2Al 4Si5O18) in the form 
of narrow square tunnels and are coated with platinum-group metals, which convert hot noxious 
gases into harmless compounds as the exhaust pass through.  
 
Geological Occurrence 
The platinum group metals are found as native metals and as sulfides and arsenide minerals. 
They are found in mafic and ultramafic rocks where the platinum group metals are concentrated 
in both chromite horizons and nickel-rich sulfide layers in layered intrusions. As a result, 
production of platinum group metals comes from the same deposits that produce nickel, copper 
and chromium from magmatic segregation ores. 
 
The platinum group metals can be also concentrated in placers. Like gold, the metals are dense 
and very resistant to corrosion. They concentrate readily in alluvial deposits that delivered the 
metals from ultramafic peridotites and serpentine. 
 
9.3.4 The special metals 
The special metals earned their name because of their unique properties and special roles they fill 
in modern-day technology. 
 
9.3.4.1 Niobium and tantalum 
Niobium (also called columbium) and tantalum have similar properties and commonly occur 
together in nature. Tantalum was used in chemical and electrical industries then it was used in 
electrical capacitors and in alloys for armaments. Niobium was used to make steel to produce 
very high-temperature alloys. 
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Niobium is still used for high-strength alloys needed in such demanding environments as gas 
turbines and the engines of jet aircrafts. It is also used to make superconducting magnets. Most 
of the tantalum is used in electronics industry for capacitors and rectifiers. It has very important, 
relatively new market in the essential components of cell phones, DVD players and computers. 
Other application of tantalum include tantalum carbide for high-temperature cutting tools and 
because it is so corrosion resistant, insertion of tantalum mesh and pins in the human body 
during surgical repairs. 
 
The main minerals that contain niobium and tantalum are columbite ((FeMn)Nb2O6) and tantalite 
((FeMn)Ta2O6). Tantalum and niobium minerals are found in several kinds of igneous rocks. The 
first is an alkali-rich rock called nepheline syenite. The second type of igneous rocks is 
carbonatite. This rare and unusual rock consists largely of calcium carbonate, and it is known 
both as an intrusive and extrusive igneous rocks. The third type of rocks containing niobium and 
tantalum is the pegmatite. 
 
Both tantalite and columbite are chemically stable, hard, and dense. Therefore, the minerals are 
concentrated in placers. 
 
9.3.4.2 Arsenic, antimony and bismuth  
The three elements arsenic, antimony and bismuth have similar properties and tend to occur in 
the same kinds of geological environments. Arsenic is a brittle, grayish-colored substance that 
lacks malleability usually associated with metals, thus it is called semimetal. It is used mainly in 
chemical compounds, mainly as arsenates used in wood preservation, fungicides, insecticides, 
and pesticides, although the notorious toxicity of arsenic has led to it being used less today than 
in the past. All of the arsenic produced comes as a by-product from base-metal mining. 
 
Antimony is also a semimetal but it has useful alloying properties. Antimony metal is added to 
the lead in batteries to toughen the lead. It is also used as an alloying agent with other base 
metals to harden the alloys and to make them more resistant to corrosion. Antimony compounds 
are used as pigments in paints and plastics, as fire-retarding agents, as stabilizers in glass, and in 
many other applications.        
 
Bismuth, the heaviest of the three semimetals, is used in many medicinal purposes. The two 
largest uses of bismuth are in medicine and cosmetic compounds. The third use is as an additive 
to low-melting alloys. 
 
Arsenic, antimony and bismuth are all produced as by-products of the mining for more abundant 
metals such as lead, zinc, and copper. All of the producing deposits, whether direct of by-
product, are hydrothermal and all of the ore minerals are sulfides. 
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9.3.4.3 Germanium, gallium and indium 
Germanium, gallium and indium are very much metals of the twenty-first century. In each case, 
production is a by-product of the processing of the major metals, principally aluminum and zinc 
but, to a lesser extent, lead and copper. Germanium has a high electrical conductivity, and it is 
the material from which some of the semiconductors in computers are made. 
 
Gallium has the unusual property of expanding on crystallizing, and this leads to some of the 
most important alloying effects. 
 
Indium has a very low melting temperature and it is very soft and highly malleable, so it too has 
very interesting, although highly specialized, alloy properties. The principal uses of the three 
metals are in the electronics industry. 
 
The reserves of germanium and indium are held almost entirely in the form of solid solutions in 
sphalerite. Thus the availability of the three metals depends on mining zinc. Germanium could be 
recovered from the fly ash and flue dusts that result from burning coal. Gallium is present also in 
bauxites.  
 
9.3.4.4 Beryllium 
Beryllium metal production is a relatively a young industry because many of its uses have arisen 
as a result of the nuclear and space programs. But one beryllium compound has been known and 
used since antiquity: the two gemstones emerald and aquamarine are green and blue forms of the 
beryllium silicate mineral, beryl (characterized by hexagonal crystal shape). 
  
Beryllium has a light-reddish color, is strong and has a high melting temperature. Mixed with 
copper, beryllium produces a very hard but elastic alloy. The low atomic weight of beryllium 
makes it almost transparent to X-rays and to thermal neutrons, so the metal is used for the 
windows in X-ray tubes. 
 
Beryllium can be recovered from beryl of pegmatite origin, but unfortunately there are no large 
amounts of these deposits. The second source of beryllium is the mineral bertrandite 
(Be4Si2O7(OH)2), which occurs in certain hydrothermal deposits associated with rhyolite. 
 
9.3.4.5 Rare-Earth elements 
The rare-earth elements (REE) do not deserve their name since they are of higher abundance 
than many of the geochemically scarce metals. The fifteen REE (Tab. 9.4), starting with 
lanthanum (atomic number 57) and ending with lutetium (atomic number 71), all have very 
similar chemical properties. 
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Tab. 9.4: The rare-earth elements. The relative amount of each REE produced is in proportion to 
its geochemical abundance in the crust.    

  
 

The REE are the basis of a small industry that started more than a century ago. The oxides are 
stable at high temperatures and they were added to the thorium oxide gas lamp mantles used by 
our great-grandparents. In more recent times, they have found such diverse applications as lasers, 
petroleum cracking catalysts, opacifiers, coloring agents in the glass and ceramics industry, 
inhibitors of radiation in television tubes, and special optical glasses. 
        
The REE are produced mainly from two minerals, monazite (CeYPO4) and bastnaesite 
(CeFCO3). Although the formulae of both minerals are written for cerium compounds, all of the 
REE replace cerium in the structure by atomic substitution. 
 
The REE minerals are found in pegmatites, carbonatites, and granites. Monazite could be 
concentrated in placers and can be recovered as a by-product of mining rutile, ilmenite, 
cassiterite, and other placers. 


