
 



  



 

Fundamental Stuff of the Universe 

 

The story of the kinds of atoms has been long in composition, with many 
minds and hands putting it together. The ancients knew and recognized some 
of the elements, such as gold, silver, copper, etc., found in their native state. 
Others, even some of the most common, long remained hidden, in disguise of 
some other element or in the crudeness of early chemistry. 

There are just so many kinds of matter out of which the universe is made. 
Man has been able to discover 102 chemical elementsðsome of which he has 
created for a very momentary existence, and others like hydrogen and helium 
which seem to hold a heavy and stable majority in the universe. Some of these 
elements have been found or created in only the few years after the great 
atomic-energy push. There are hundreds of varieties of these elementsð
isotopes they are calledðmany artificially radioactive and not found in nature. 

An outline of the elements, such as follows in these pages, is needed by 
anyone who attempts to work with them or understand them. This story is 
unfinished, although it is more nearly complete today than in the recent past. 
The blank holes in the periodic table are filled. Chemists may add to the 
elements known, but not with the speed, precision and practicality with which 
the dawn of our atomic age added neptunium, plutonium, americium, curium, 
berkelium, californium, einsteinium, fermium, mendelevium and 102. 

The present frontier of the chemical elements lies in the mystery of what 
composes them. Just what more fundamental particles make them up and what 
laws and forces keep their nuclei together is the prime question of physical 
science. Scientists are trying to pry loose the answer with cosmic rays and 
gigantic accelerators. 

The chemistry of the elements has some blank pages to be filled and some 
figures to change in the future. To give individuality to the many names in 
today's list of elements, and provide a guide to the varied literature about 
them, is the purpose of this introduction to the chemical elements. 
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The Chemical Elements 
 

Ÿ  Elements are those substances which go through chemical manipulation without being 
resolved into simpler structures. They make up the distinct varieties of matter of which the 
universe is composed. 
 One hundred and two elements are now known, from hydrogen, the lightest, to man-
made element 102, the heaviest and most recent. There are believed to be no gaps 
representing unknown elements in this list. 
 The neutron, since it is a material particle, may be included in the list of elements 
and assigned atomic number zero. Its properties place it in the group of inert elements 
which form no chemical compounds. 
 Matter is made up of the elements. An element may exist alone and uncombined. 
This is often the case with metals. The oxygen and the nitrogen of the air are also 
uncombined elements. 
 In most substances, the elements occur in combination with one another. Some 
elements, of which carbon is the outstanding example, form many compounds of complex 
structure. Some form only a few compounds. The inert gases form no compounds at all. 
 An atom is the unit quantity of each element. Its behavior displays the characteristic 
properties which distinguish that element from all the others. 
 Atoms of all the elements are made up of standard interchangeable parts, protons, 
neutrons and electrons. The differences between the elements are due to the number and 
arrangement of these sub-nuclear particles. 
 Although such particles are too small to be seen, their existence is deduced from 
direct evidence. Electrical phenomena are caused by these particles, and can be used to 
give information about them. 
 The proton is the atom of hydrogen, the lightest element, in a particular state of 
electrification. This results in the proton having a unit charge of positive electricity. 
 The neutron is a particle very similar to the proton in size and mass, but in an 
electrically neutral state. It can be studied by its effect on other substances. 
 The electron is a particle of electricity itself. Although it is thought of as the unit of 
electrical energy, certain of its manifestations are consistent with the idea that it also has 
some of the properties of matter, including the ability to spin on its 
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axis. At this level the dividing line between matter and energy vanishes. 
 
Other Subatomic Particles 
 Other subatomic particles have been found by physicists exploring the records 
left on their measuring devices. 
 The positron or anti-electron (to be distinguished from the proton) is of the same 
dimensions as the electron, but with a positive electric charge instead of the electron's 
negative one. The antimatter equivalents of the neutron and the proton were recently 
discovered. The difference between these particles of antimatter and particles of 
ordinary matter is that these antiparticles are converted into other forms of matter and 
energy on contact with ordinary matter. The apparent existence of this symmetry in 
nature has caused much speculation about the existence of star galaxies composed of 
anti-matter, whose atoms consist of nuclei of antineutrons and anti-protons surrounded 
by clouds of positrons. The light coming from such stars would be identical to that 
from stars composed of ordinary matter; the only way astronomers could detect 
antimatter in space would be through the energy released if it collided with normal 
matter. 
 The terms "positive" and "negative" were applied arbitrarily, very early in the 
history of electricity. There is some evidence that a different set of terms would be 
helpful in visualizing subatomic phenomena. Many phenomena would be explained 
equally well by assuming one kind of electricity, that now called "negative", and 
considering "positive" electricity as its lack. 
 Discovery of the positron places a difficulty in the way of describing electricity 
in terms of one kind of particle. Yet the positron differs from the electron in being 
very scarce and having a very fleeting life. 
 
Mesons 
 Studies of cosmic rays which originate in distant space resulted in the discovery 
of mesons. These particles are formed by the interation of cosmic rays with atomic 
nuclei and have some remarkable properties: they may have a positive, a negative, or no 
charge at all; most mesons have masses between those of the electron and the proton, 
although some (known as hyperons) are apparently heavier than the proton. All have a 
very short existence, being converted into other forms of matter and energy very 
rapidly. The production of artificial mesons has been made possible by the development 
of high-energy accelerators. Even though the energies of artificial mesons are much less 
than those appearing in nature, the ability to produce mesons in considerable number is 
a great advance in physical science. 
 All tentative speculations about little-known particles in the 



X-Ray Spectra      3 

subatomic field point up the limitations of our senses. The remarkable thing is that 

so much information has been obtained. Glimpses into the subatomic world can 

sometimes be had by using special properties of one element or another. 

Electrically charged particles can be observed because they affect the silver 

chloride of a photographic plate just as light does. When the plate is developed, the 

paths the particles have followed show up as lines. These lines are bent when the 

particles have passed between the poles of a magnet. By using a thick layer of 

photographic emulsion a three-dimensional record of the path can be obtained. The 

thick layer of emulsion can be cut into thin slices to study the track in more detail. 

 By varying the strength of the magnetic field between the poles, the particles 

can be made to change their courses. The curve of the track in the photographic 

plate then shows the velocity, and hence the energy, with which the particle that 

made it was travelling. 

 The mutual effect of the travelling particle and the varying magnetic field is 

the principle on which the cyclotron is built. The familiar tricks of static 

electricityðthe charge built up when a non-conductor is rubbed, the jump of a spark 

across an insulating gap or the leaking away of the charge when the system is 

groundedðare also used to study subatomic phenomena. They have evolved into 

such instruments as the Van de Graff generator and the Geiger counter. 

 Atoms send out other communications, besides electrical signals. When 

compounds of many elements are heated, or when they are vaporized in an electric 

spark, light is given off which can be analyzed by a spectroscope. 

 The series of colored lines into which that instrument resolves the light is so 

distinctive that it can often prove the presence of one element in a mixture of 

many. 

 Among the Rare Earths, whose separation was long the despair of analytical 

chemists, the spectrum lines furnished proof of discovery of several of the 

individual elements. 

 Recognition of lines characteristic of the elements came long before the 

discovery of any regularity in spectral lines. 

 

X-ray Spectra 

 It was not until the spectra made with X-rays were photographed and studied 

that the rhythm of certain groups of lines was recognized. These groups occur in the 

spectra of all elements, but shift to a different part of the spectrum as the mass of 

the elements increases. 

 With this key, the order of the elements was standardized. The problem 

caused by irregularities in the atomic mass of certain elements was settled, 

although not completely explained until later. The idea that all the elements are in 

some way built up of the same fundamental stuff was strengthened. 



4     The Chemical Elements 

 

Out of the measurement of spectrum lines of the elements came the formulation of 

wave mechanics. With the newer mathematics as a tool, and the spectrum lines as 

evidence, a great deal has been learned about the way the successively heavier 

elements are built up out of subatomic particles. 

 The way similar chemical properties among the elements recur in periodic 

fashion gave the first clue to relationships among the elements. Mendeleeff, whose 

formulation of the Periodic Table was based on empirical data, was sure that the 

regular recurrence of similar properties among the elements when they are arranged 

in the order of their atomic masses represented a fundamental fact about them. He 

insisted that atomic masses which would place elements in the wrong groups must 

be wrong. He predicted the properties of elements needed to fill out his table, and 

lived to see three of his predictions fulfilled by the discovery of elements with the 

properties he expected for them. 

 A few pairs of elements persistently seemed to have the wrong atomic 

masses, no matter how carefully the analyses were made. These irregularities, it is 

now known, are due to mixtures of isotopes of different masses. The evidence of 

the X-ray spectra place such pairs of elements in the right order to correspond with 

their chemical properties. The rank of the elements as determined by the spectra is 

referred to as the atomic number. Except for the few irregularities mentioned, the 

order of elements by atomic number is the same as that by atomic mass. 

 

Atom Structure 

 The periodic variation in the properties of the elements with increase in their 

masses is due to recurring similarity in the structure of their atoms. 

 Each atom is composed of a central nucleus surrounded by one or more 

electrons, a structure often likened to that of the solar system. Electrical forces bold 

the electrons, which are the units of electricity and have a negative charge, in their 

orbits around the positively charged nucleus. 

 In the case of hydrogen, the nucleus of the atom is one proton. Around it 

one electron revolves. The mass of the proton is 1845 times as great as that of the 

electron. 

 "Heavy hydrogen," also known as deuterium, has a nucleus consisting of one 

proton and one neutron. The neutron is a particle similar in size and mass to the 

proton. This makes the atomic mass of deuterium 2. 

 The nucleus of every atom is made up of protons and neutrons. A special 

kind of force holds these particles together. Its disruption releases atomic energy 

and results in transmutation of one element into another. 
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Isotopes 

Elements whose nuclei have the same number of protons have practically identical 

properties, regardless of the number of neutrons.  The neutrons merely add to the atomic 

mass.  Such elements, alike in every property except mass, are called isotopes. 

Some isotopes are radioactive, some are stable.  Hydrogen has a radioactive 

isotope, tritium, besides the stable one, deuterium.  Tritium has one proton and two 

neutrons in its nucleus.  Its atomic mass is 3.  Its symbol is written 1H
3
.  

The subscript number before the letter symbol represents the atomic number of the 

element, which is the number of protons in the nucleus.  The superscript number after the 

letter symbol represents the atomic mass of the isotope. Thus deuterium is written 1H
2
 or 

1D
2
. Ordinary hydrogen is 1H

1
.  Chemical energy results from the activities of the 

electrons which circle the nucleus.  These electrons may be pictured as tiny planets, each 

spinning on its axis, occupying orbits whose paths outline a series of concentric shells 

surrounding the nucleus of the atom.  The mathematical formula of wave mechanics 

explain the conditions for the existence of these shells. 

The attraction between the positive electrical forces of the protons in the nucleus 

and the negative charge on each electron revolving around the nucleus holds the atom 

together, but the electrons in the outer orbits are less firmly held than those nearer the 

center.  The balance between the forces results also in some configurations of electrons 

being extremely stable while others are much less so. 

The chemical properties of the elements depend upon these configurations.  Eight 

electrons in the outside shell of any atom cause the inner forces to be so well balanced 

that the resulting element forms no compounds with other elements.  Such are the inert 

elements of Group Zero in the Periodic Table. 

 

Valence 

Addition of one more proton to the nucleus and one more electron outside the 

complete shell of 8 accounts for the great chemical activity of the alkali metals of Group 

I.  The fact that there is only one electron in the outside shell accounts for the valence, or 

combining power, of one, which is characteristic of those metals. 

Two electrons in the outer shell give the Alkaline Earth metals of Group II their 

valences of two, and so on until, with Group IV, more stability is reached with a half-

filled shell.  With still more electrons, the character of the compounds formed emphasizes 

the lack of electrons to make up a new stable shell of 8, instead of the surplus over the 

earlier shell. 

Whereas elements with a few excess electrons outside a closed shell have the 

property of alkalinity or basicity, (Groups
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I, II, and III), those lacking three, two or one electrons to complete their shells form 

acids, (Groups V, VI and VII).  The halogens of Group VII are strongly acidic, and com-

bine directly with alkaline elements to form stable salts. In general within a group, 

alkalinity increases with atomic weight, and acidity decreases.  Thus, among the 

halogens, fluorine and chlorine combine more avidly with basic elements than do 

bromine and iodine.  Metallic qualities also increase with atomic weight, and this is again 

illustrated in the halogen group.  Iodine is an example of an element in transition toward 

metallic properties, and astatine is reported to be still more metallic. Elements of the 

acidic type frequently combine to form radicals, closely linked combinations of atoms 

which also form salts with alkaline elements.  Nitrates, sulfates and chlorates are salts of 

this type, and many heavier elements also form such compounds.  Oxides of many 

metals, for example chromium, are frequently referred to as acids, and indeed, when in 

solution in water, they behave as true acids.  Oxygen is not the only element which joins 

in such radicals. Sulfur forms a whole series of such acids, which are distinguished by the 

prefix sulfo-, or sometimes thio-. 

 The general theory of compound formation holds that there is always a tendency 

toward the formation of shells of eight electrons as the outer layer of atomic systems.  

When an atom of sodium, with one excess electron, joins an atom of chlorine, with seven 

electrons, the eight electrons they have between them thus make up a closed shell and the 

resulting salt is a compound of considerable chemical stability. 

 Like many pictures of phenomena at the atomic level, this is an over-

simplification.  It does not go into the gain and loss of electrons when compounds are 

ionized in solution, or in air when electrically charged, or how elements form series of 

compounds with a change in their valences.  These phenomena are real.  They can be 

measured easily by electrical instruments. It is better to learn the phenomena by actual 

experience first, and then fit the phenomena into imaginary pictures as a memory device 

than to become deeply involved with theory before making the acquaintance of the actual 

chemicals. 

 The concept of electron shells, has, however, simplified the explanation of the 

periodic change of properties among the elements, both vertically in the Periodic Table, 

and horizontally from group to group. 

 The general formula for the number of electrons in each shell is 2n
2
, where n 

increases by whole numbers from one shell to the next.  In the K shell, n = 1, and the 

number of electrons in the shell is 2 X 1
2
=2. In the L shell, n=2 and the number of 

electrons is 2 X 2
2
=8.  Similarly, in the complete M shell, 2 X 3

2
=18, and in the complete 

N shell, 2 X 4
2
=32.  Beyond this, the known elements do not fill the shells theoretically 

possible according to this formula.
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Bonds and Free Radicals 

 Ordinary chemical compounds are held together by bonds between the atoms.  

These bonds consist of pairs of electrons localized in the space between the atoms and 

lying closer to the more acidic atom.  As a result the entire compound molecule
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has an even number of electrons. Sometimes, however, molecules exist with an odd 

number of electrons. The unpaired electron has a strong tendency to pair with any other 

electron it can find, and as a result such molecules, known as free radicals, are often very 

reactive. The odd electron also causes the molecule to be colored. An example is the 

brown gas nitrogen dioxide, NO2, which pairs up its odd electron by reacting with itself 

to form a colorless gas consisting of the double molecule O, N, NO2. 

 

Neutrons in the Nucleus 

 The idea of electron shells outside the nucleus suggested that there may be similar 

"shells" of protons and neutrons inside the nucleus. The protons (or neutrons) in a given 

"shell" would have similar properties. This idea gained support with the recognition of 

certain "magic numbers" which signify numbers of neutrons and protons which result in 

extraordinary nuclear stability. Outside of the lightest elements, these magic numbers are 

28, 50, 82, 126. 

 

The Periodic Law 
 

 Excerpt from the following: 

 THE PERIODIC LAW of the Chemical Elements. By Professor Mendeleeff.
1
 

(Faraday Lecture delivered before the Fellows of the Chemical Society in the Theatre of 

the Royal Institution, on Tuesday, June 4th, 1889). 

Ÿ THE HIGH honor bestowed by the Chemical Society in inviting me to pay a 

tribute to the world-famed name of Faraday delivering this lecture has induced me to take 

for its subject the Periodic Law of the Elementsðthis being a generalization in chemistry 

which has of late attracted much attention..... 

 It was in March, 1869, that I ventured to lay before the then youthful Russian 

Chemical Society the ideas upon the same subject which I had expressed in my just 

written "Principles of Chemistry." 

 Without entering into details, I will give the conclusions I then arrived at, in the 

very words I used: 

 "1. The elements, if arranged according to their atomic weights, exhibit an evident 

periodicity of properties. 

 "2. Elements which are similar as regards their chemical properties have atomic 

weights which are either of nearly the same value (e.g., platinum, iridium, osmium) or 

which increase regularly (e.g., potassium, rubidium, cesium) . 

 "3. The arrangement of the elements, or of groups of elements in the order of their 

atomic weights corresponds to their 

 
 

1
 Mendeleeff is variously transliterated from Russian into English, a modern preferred form 

being Mendeleyev. It appeared as Mendeleeff in the Faraday Lectures.
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so-called valencies as well as, to some extent, to their distinctive chemical propertiesðas 

is apparent among other series in that of lithium, beryllium, barium, carbon, nitrogen, 

oxygen and iron. 

 "4. The elements which are the most widely diffused have small atomic weights. 

 "5. The magnitude of the atomic weight determines the character of the element 

just as the magnitude of the molecule determines the character of a compound body. 

 "6. We must expect the discovery of many yet unknown elements, for example, 

elements analogous to aluminum and silicon, whose atomic weight would be between 65 

and 75. 

 "7. The atomic weight of an element may sometimes be amended by a knowledge 

of the contiguous elements. 

 "8. Certain characteristic properties of the elements can be foretold from their 

atomic weights. 
 

Harmonic Periodicity 

 "The aim of this communication will be fully attained if I succeed in drawing the 

attention of investigators to those relations which exist between the atomic weights of 

dissimilar elements, which, as far as I know, have hitherto been almost completely 

neglected. I believe that the solution of some of the most important problems of our 

science lies in researches of this kind." 

 Today, 20 years after the above conclusions were formulated, they may still be 

considered as expressing the essence of the now well-known periodic law.  The periodic 

law has shown that our chemical individuals display a harmonic periodicity of properties, 

dependent on their masses. Now, natural science has long been accustomed to deal with 

periodicities observed in nature, to seize them with the vise of mathematical analysis, to 

submit them to the rasp of experiment. And these instruments of scientific thought would 

surely, long since, have mastered the problem connected with the chemical elements, 

were it not for a new feature which was brought to light by the periodic law and which 

gave a peculiar and original character to the periodic function.  If we mark on an axis of 

abscissae a series of lengths proportional to angles, and trace ordinates which are 

proportional to sines or other trigonometrical functions, we get periodic curves of a 

harmonic character. So it might seem, at first sight, that with the increase of atomic 

weights the function of the properties of the elements should also vary in the same 

harmonious way. But in this case there is no such continuous change as in the curves just 

referred to, because the periods do not contain the infinite number of points constituting a 

curve, but a finite number only of such points. An example will better illustrate this view.  
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The atomic weights - 
 

Ag = 108, Cd 112, In = 113, Sn = 118, Sb = 120, Te = 125, I = 127 
 

steadily increase, and their increase is accompanied by a modification of many properties 

which constituted the essence of the periodic law.  Thus, for example, the densities of the 

above elements decrease steadily, being respectively - 10.5, 8.6, 7.4, 7.2, 63, 6.4, 4.9 

while their oxides contain an increasing quantity of oxygen- 

 

 AgO Cd2O2 In2O3, Sn2O4 Sb2O5 Te2O6, I2O7 

 

 But to connect by a curve the summits of the ordinates expressing any of these 

properties would involve a rejection of Dalton's law of multiple proportions. Not only are 

there no intermediate elements between silver, which gives AgCl, and cadmium, which 

gives CdCl2, but, according to the very essence of the periodic law there can be none; in 

fact a uniform curve would be inapplicable in such a case, as it would lead us to expect 

elements possessed of special properties at any point of the curve.  The periods of the 

elements have thus a character very different from those which are so simply represented 

by geometers.  They correspond to points, to numbers, to sudden changes of the masses, 

and not to a continuous evolution. 

 

Elements Predicted 

In the remaining part of my communication I shall endeavor to show, and as briefly as 

possible, in how far the periodic law contributes to enlarge our range of vision. Before 

the promulgation of this law the chemical elements were mere fragmentary, incidental 

facts in Nature; there was no special reason to expect the discovery of new elements, and 

the new ones which were discovered from time to time appeared to be possessed of quite 

novel properties.  The law of periodicity first enabled us to perceive undiscovered 

elements at a distance which formerly was inaccessible to chemical vision; and long ere 

they were discovered new elements appeared before our eyes possessed of a number of 

well-defined properties.  We now know three cases of elements whose existence and 

properties were foreseen by the instrumentality of the periodic law. 

 I need but mention the brilliant discovery of gallium, which proved to correspond 

to eka-aluminum of the periodic law, by Lecoq de Boisbaudran; of scandium, 

corresponding to eka-boron, by Nilson; and of germanium, which proved to correspond 

in all respects to eka-silicon, by Winckler. When, in 1871, I described to the Russian 

Chemical Society the properties, clearly defined by the periodic law, which such 

elements ought to possess, I never hoped that I should live to mention their discovery to 

the Chemical Society of Great Britain as a confirmation of the exactitude and the 

generality of the periodic law.  Now, that I have had the happiness of doing so, I 

unhesitatingly say that although greatly enlarging our vision, even now the periodic law 

needs further improvements in 
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order that it may become a trustworthy instrument in further discoveries.* 

 

Abundance of the Elements 
 

Ÿ WHETHER one takes a cosmical or an earthly view of atomic abundance will 

determine which elements are most plentiful. 

 In the crust of the earth which consists of igneous rocks, the most abundant 

element is oxygen, then silicon, then aluminum, then iron, followed by calcium, sodium, 

potassium, magnesium and titanium. These nine elements make up 99.25 % of the earth's 

crust. 

 Hydrogen, with helium as a close second, is by far the most plentiful element 

taking into account the stars and the whole universe. 

 Two tables are reprinted from authoritative sources giving elemental abundances. 

 The table showing the average composition of igneous rocks, listing major and 

common elements by per cent by weight, is from the chapter in the Internal Constitution 

of the Earth, edited by G. Gutenberg (Dover, 1951) which gives revised figures for the 

famous relative abundance of the chemical elements that goes back to the work of F. W. 

Clarke, H. S. Washington, etc. as arranged by L. H. Adams. This shows the relationship 

of elements in the ground beneath our feet, which is what we have to use. (Page 14). 

 A universal view of atomic abundances of the elements is given by the table 

prepared by Harold C. Urey for his The Planets, Their Origin and Development (Yale, 

1952). This question of how much there is of what in the universe is still far from settled, 

but Dr. Urey's figures are based upon the values of both V. M. Goldschmidt and Harrison 

S. Brown as well as his own calculations. In this table, the amounts of other elements are 

in terms of silicon being 10,000. (Page 13). 
 

 * I foresee some more new elements, but not with the same certitude as before. I shall give one 

example, and yet I do not see it quite distinctly.  In the series which contains Hg = 204, Pb = 206 and Bi 

= 208, we can guess the existence of an element analogous to tellurium, which we can describe as dvi-

tellurium Dt, having an atomic weight of 212, and the property of forming the oxide DtO3. If this 

element really exists, it ought in the free state to be an easily fusible, crystalline, non-volatile metal of a 

grey color, having a density of about 9.3, capable of giving a dioxide. DtO2, equally endowed with 

feeble acid and basic properties. This dioxide must give on active oxidation an unstable higher oxide, 

Dt03, which should resemble in its properties PbO2 and Bi2O5.  Dvi-tellurium hydride, if it be found to 

exist, will be a less stable compound than even H2Te. The compounds of dvi-tellurium will be easily 

reduced and it will form characteristic definite alloys with other metals. 



Atomic Abundance of the Elements 

Silicon = 10,000 

1. He  3.5 X 10
7
 

2. Li   1.0 

3. Be  0.2 

4. B  0.24 

5. C  80,000 

6. N  160,000 

7. O  220,000 

8. F  90 

9. Ne  9,000 - 240,000 

10. Na  462 

11. Mg  8,870 

12. Al   882 

13. Si  10,000 

14. P  90 

15. S  1,800 

16. CL  170 

17. A  130-2,200 

18. K  69 

19. Ca  660 

20. Se  0.18 

21. Ti  27 

22. V  2.4 

23. Cr  93 

24. Mn  75 

25. Fe  7,250 

26. Co  22 

27. Ni  300 

28. Cu  7.1 

29. Zn  2.6 

30. Ga  0.11 

31. Ge  1.4 

32. As  2.3 

34. Se  0.35 

35.  Br  0.43 

36.  Kr 

37. Rb  0.071 

38.  Sr  0.41 

39. Y  0.10 

40. Zr  1.5 

41. Cb  0.0077 

42. Mo  0.072 

 

 

43. Tc 

44.  Ru  0.019 

45.  Rh  0.0067 

46.  Pd  0.0091 

47.  Ag  0.023 

48.  Cd  0.055 

49.  In  0.0048 

50.  Sn  1.42 

51.  Sb  0.0097 

52.  Te  0.013 

53.  I  0.014 

54.  Xe   

55.  Cs  0.001 

56.  Ba  0.039 

57.  La  0.021 

58.  Ce  0.0023 

59.  Pr  0.0096 

60.  Nd  0.033 

61.  Pm  0.0028 

62.  Sm  0.012 

63.  Eu  0.0028 

64.  Gd  0.017 

65.  Tb  0.0052 

66.  Dy  0.020 

67.  Ho  0.0057 

68.  Er  0.016 

69.  Tm  0.0029 

70.  Yb  0.015 

71.  Lu  0.0048 

72.  Hf  0.007 

73.  Ta  0.0029 

74.  W  0.14 

75.  Re  0.00066 

76.  Os  0.011 

77.  Ir  0.0025 

78. Pt  0.016 

79. Au  0.0015 

80. Hg  0.00016 

81. Tl  0.0011 

82. Pb  <0.02 

83. Bi  0.0013 

90. Th  0.0012 

92 U  0.0002 
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Average Composition of Igneous Rocks, 

Per Cent by Weight 
0   46.59    F   0.030 

Si   27.72    Zr   0.026 

Al    8.13    Ni   0.020 

Fe   5.01    Sr   0.019 

Ca   163    V   0.017 

Na   2.85    Ce,Y   0.015 

K   2.60    Cu   0.010 

Mg   2.09    U   0.008 

Ti   0.63    W   0.005 

P   0.13    Li    0.004 

H   0.13    Zn   0.004 

Mn   0.10    Cb,Ta    0.003 

S   0.052    Hf   0.003 

Ba   0.050    Th   0.002 

Cl   0.048    Pb   0.002 

Cr   0.037    Co   0.001 

C   0.032    B   0.001 

       Be   0.001 
 

Useful Materials 
 

 Excerpt from RESOURCES FOR FREEDOM, VOL IV: The Promise of 

Technology, U. S. Govt. Printing Office, Washington, D. C., 1952. 
 

Ÿ OUR MATERIALS and energy resources may be divided into two major 

categories: (a) those that we use on a large scale as the basic production ingredients of 

our economy and (b) those that we presently use very little or not at all. These two 

categories may be further subdivided into materials which are plentiful when we 

compare the rate of use with known reserves and those which are scarce by the same 

criterion. Each of these four categories has its technological problems, which differ in 

kind and importance. 
 

Present Materials 

 The abundant materials we now use on a huge scale include iron, aluminum, 

coal (both as a source of energy and as a raw material); materials, such as sulfur and 

salt, for making basic chemicals (i.e., sulfuric acid, chlorine, caustic soda, and soda 

ash); and the nonmetallic building materials. Because of the large-scale use and basic 

importance of these materials, slight increases in cost can have tremendous effects on 

the whole economy of the country. Therefore, technology has the task of holding costs 

down. Ample resources of varying concentrations exist for all of 
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these materials. For this reason discovery techniques, while important, are not the 

chief problem. If rich iron ores are no longer available, we know where other ores are, 

and we can use a lower grade ore at a tolerable cost. If sulfur deposits suitable for the 

Frasch process can no longer be found at a sufficient rate, we can use volcanic sulfur, 

pyrites, pyrrhotite, or even gypsum. With this group as a whole the chief concern is to 

develop techniques for processing lower grade resources without permitting costs to 

throttle development.  

 The resources that are plentiful in relation to their use include: 
Coal and lignite 

Iron ore 

Sulfur and pyrites (sulfuric acid) 

Salt (chlorine, caustic soda, etc.) 

Bauxite (aluminum) 

Potash 

Phosphates 

Air (oxygen, nitrogen, etc.) 

Boron compounds 

Water 

Clay 

Stone 

Sand 

Gypsum 

Limestone 

Bromine 

Iodine 

 

 When we come to the scarce production materials we find ourselves dealing 

chiefly with metals and their ores, particularly the materials needed for making steel 

and its alloysðmanganese, nickel, chromium, molybdenum, tungsten, vanadium, and 

cobalt. Fluorspar, the hydrocarbons, petroleum, and natural gas, and forest resources 

also fall into this category. These are our problem materials. 

 In this classification the main problem is availability and cost, though vital, is 

secondary. These substances we presently cannot do without, and their supply is 

limited. In each case the question is whether the material is irreplaceable in the 

particular uses to which it is put, or whether some more plentiful material can give the 

same service. We must also make sure that mining and processing operations do not 

unnecessarily disperse some of the material which is being extracted. We must find 

further ways of recovering and recycling dispersed material so that the total of new 

material required will be reduced. With this group especially we must find ways of 

discovering new sources of supply. In the case of our forest resources we must try to 

increase their rate of renewability as well as decrease unnecessary dispersion. 
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The resources that are scarce in relation to their use include: 
 

COMMON METALS: 
Copper 

Lead 

Zinc 

Tin 
 

UNCOMMON METALS: 
Mercury 

Cadmium 

Selenium 

Cerium 

Antimony 

Bismuth 

Noble Metals (gold, etc.) 

Radioactive Metals 

Germanium 

Beryllium 

Platinum Group 
 

ADDITIVE METALS:  
Manganese 

Chromium 

Nickel 

Molybdenum 

Tungsten 

Tantalum 

Vanadium 

Cobalt 

Columbium 
 

OTHER MATERIALS: 
Fluorspar 

Petroleum 

Natural Gas 

Forest Products 
 

Potential Materials 

Some materials are abundant in nature but, compared to that abundance, little used. 

The problem with these materials is essentially one of learning how to produce and to 

use them in larger quantities and at lower cost. These are the materials from which 

substitutes for our problem materials could come.  How can we produce titanium and 

where can we best use it?  Can we make it cheaply enough so that it can be widely 

used as a substitute for scarce metals? What can we do to make silicon useful as a 

metal? How else can we use it? Can we expand its use in silicones as substitutes for 

scarce materials? 




