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Abstract

The periodic table is a tabular representation of the 118 known chemical elements, 
including 92 naturally occurring elements. These elements are classified based on their 
atomic structure and properties, and are essential components of all matter in the 
universe.
The elements can be broadly categorized into metals, non-metals, and metalloids. 
Metals, such as iron, copper, and gold, are good conductors of electricity and have high 
melting and boiling points. Non-metals, such as carbon, nitrogen, and oxygen, are poor 
conductors of electricity and have lower melting and boiling points. Metalloids, such as 
silicon and germanium, have properties that are intermediate between metals and non-
metals.
The properties of the elements vary widely, from the noble gases that are chemically 
inert and have low boiling points, to the highly reactive alkali metals that are easily 
oxidized and have low melting points. Many of the elements are essential for life, such 
as carbon, nitrogen, and oxygen, while others have important industrial applications, 
such as iron, aluminum, and copper.
The study of the elements and their properties is essential to understanding the 
behavior of matter and the natural world. Advances in science and technology have led 
to the discovery of new elements and the development of new materials with unique 
properties and applications.
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Use of Chat.GPT
While chat can be a valuable resource for certain types of communication and 
collaboration, it may not always be the ultimate resource for information.  Other 
resources, such as reputable websites, databases, and experts in the field, may be 
more appropriate for obtaining accurate and comprehensive information.
Despite these caveats, I have used chat extensively; most of the text in this book was 
created by Chat.GPT.  Chat has proven indispensable in the preparation of the book.  
Seven years ago I wrote the outline of the book and then the script languished for seven 
years as other projects took precedence.  Finally, I decided to get on with the project 
and, using chat, I completed most of the book in a few days.  Chat provided more 
information in readily verifiable form than I could have created in months.   Chat is a true 
marvel. 

How Does Chat.GPT Work?
Chat.GPT is an API (Application Programming Interface) that provides developers with 
access to a large language model trained by GPT. This language model is based on the 
GPT (Generative Pre-trained Transformer) architecture and is currently one of the 
largest and most advanced language models available.
When a user sends a request to the Chat.GPT API, the API receives the request and 
sends it to the language model for processing. The language model then generates a 
response based on the input it received and sends it back to the API, which returns it to 
the user.
The language model is trained on a massive corpus of text data, including books, 
articles, and websites, which enables it to understand a wide range of topics and 
generate responses that are contextually appropriate and grammatically correct. The 
model is also able to learn from user interactions, so it can improve over time and 
provide more accurate and helpful responses.
Developers can use the Chat.GPT API to build conversational interfaces for a wide 
range of applications, including customer service bots, virtual assistants, and chatbots 
for social media platforms.
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Preface

Introduction to the 92 Naturally Occurring Elements
The 92 naturally occurring elements are the building blocks of matter, comprising 
everything from the air we breathe to the stars in the sky. Each element is characterized 
by a unique set of properties, such as atomic number, mass, and chemical reactivity, 
which determine its behavior and interactions with other elements. From the lightest 
element, hydrogen, to the heaviest, uranium, the periodic table of elements organizes 
these fundamental substances according to their properties and relationships. The 
study of these elements has contributed greatly to our understanding of the universe 
and the workings of the natural world, from the formation of the cosmos to the chemistry 
of life.
There are 92 naturally occurring elements, each with its own unique properties and 
characteristics. These elements are the building blocks of all matter in the universe, and 
they are arranged on the periodic table according to their atomic structure.
The first element is hydrogen, which has the atomic number 1 and is the most abundant 
element in the universe. It is followed by helium, which has the atomic number 2 and is 
also very abundant, particularly in stars.
The next elements are lithium, beryllium, boron, carbon, nitrogen, oxygen, fluorine, and 
neon. These elements make up the second row of the periodic table, known as the 
"alkaline earth metals" and the "non-metals".
The third row contains the elements sodium, magnesium, aluminum, silicon, 
phosphorus, sulfur, chlorine, and argon. These elements are known as the "alkali 
metals" and the "halogens".
The fourth row includes the elements potassium, calcium, scandium, titanium, 
vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, gallium, 
germanium, arsenic, selenium, bromine, krypton.
The fifth row includes the elements rubidium, strontium, yttrium, zirconium, niobium, 
molybdenum, technetium, ruthenium, rhodium, palladium, silver, cadmium, indium, tin, 
antimony, tellurium, iodine, xenon.
The sixth row includes the elements cesium, barium, lanthanum, cerium, 
praseodymium, neodymium, promethium, samarium, europium, gadolinium, terbium, 
dysprosium, holmium, erbium, thulium, ytterbium, lutetium, hafnium, tantalum, tungsten, 
rhenium, osmium, iridium, platinum, gold, mercury, thallium, lead, bismuth, polonium, 
astatine, and radon.
The seventh row contains the elements francium, radium, actinium, thorium, 
protactinium, uranium, neptunium, plutonium, americium, curium, berkelium, 
californium, einsteinium, fermium, mendelevium, nobelium, lawrencium, rutherfordium, 
dubnium, seaborgium, bohrium, hassium, meitnerium, darmstadtium, roentgenium, 
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copernicium, nihonium, flerovium, moscovium, livermorium, tennessine, and 
oganesson.
Each element has its own unique properties, including its atomic number, atomic mass, 
electron configuration, and chemical reactivity. The study of these elements and their 
properties is fundamental to the fields of chemistry and physics.Chapter Summaries

Chapter Summaries

Chapter 1.  Star Formation in the Early Universe
The formation of stars in the early universe is a complex and fascinating process that 
played a crucial role in shaping the structure and evolution of the universe.
In the early universe, the universe was very different from what it is today. The universe 
was hot, dense, and filled with a soup of subatomic particles. As the universe expanded 
and cooled, these particles combined to form the first atoms, primarily hydrogen and 
helium.
The first stars in the universe, known as Population III stars, are thought to have formed 
from the primordial gas clouds that existed in the early universe. These gas clouds were 
composed almost entirely of hydrogen and helium and were much denser than the 
interstellar medium in modern galaxies.

Chapter 2.  Formation of the Solar System
The Solar System formed approximately 4.6 billion years ago from a cloud of gas and 
dust known as the solar nebula. This cloud was made up of primarily hydrogen and 
helium, along with small amounts of other elements.
The formation of the Solar System began with the gravitational collapse of a dense 
region within the nebula, which formed a protostar at the center. As the protostar grew in 
mass, its gravitational pull increased and it began to accrete material from the 
surrounding nebula. The gas and dust in the nebula began to coalesce into larger and 
larger bodies, known as planetesimals.
Through collisions and accretion, these planetesimals grew into protoplanets, which in 
turn grew into the planets we see today. The inner planets, including Earth, formed from 
the protoplanetary disk of rocky and metallic material, while the outer planets, including 
Jupiter and Saturn, formed from the protoplanetary disk of gas and ice.

Chapter 3.  Properties of the Elements
The universe is composed of a vast array of elements, which are the basic building 
blocks of matter. There are currently 118 known elements, 92 of which occur naturally 
on Earth. These elements are classified on the periodic table, which is arranged in order 
of increasing atomic number, with elements in the same column sharing similar 
properties.

Page  of 10 96



The 92

The 92 naturally occurring elements are organized into several categories, including 
metals, nonmetals, and metalloids. The metals are generally shiny, malleable, and 
conductive, while the nonmetals are typically brittle and poor conductors of electricity. 
The metalloids have properties that fall somewhere in between those of metals and 
nonmetals.

Chapter 4.  Nucleosynthesis
Nucleosynthesis refers to the process by which the elements, both light and heavy, are 
synthesized or produced within stars, during supernova explosions, and in the early 
universe. Nucleosynthesis is one of the key processes in astrophysics and plays a 
significant role in shaping the chemical composition of the universe.
The first stage of nucleosynthesis occurred during the early universe, during the first few 
minutes after the Big Bang. During this period, the extreme temperatures and pressures 
allowed for the fusion of protons and neutrons into light elements such as helium and 
lithium.
The heavier elements, including carbon, oxygen, and iron, are formed through fusion 
reactions that occur within stars. These reactions involve the fusion of lighter elements 
into heavier ones, releasing energy in the process. This energy is responsible for the 
light and heat that is emitted by stars.
The heaviest elements, such as gold, platinum, and uranium, are believed to be formed 
through explosive nucleosynthesis during neutron star mergers.

Chapter 5.  Abundance of the Elements
The abundance of the elements refers to the relative occurrence of different chemical 
elements in the universe, in the solar system, or on Earth. Understanding the 
abundance of elements is important because it provides insight into the physical and 
chemical processes that shape our world and the universe around us.

Chapter 6.  Deposits of Key Elements
The deposits of elements on Earth refer to the accumulation of minerals and other 
materials containing various chemical elements that can be extracted and used for a 
variety of purposes. These deposits are typically formed through geological processes 
such as volcanic activity, sedimentation, and hydrothermal activity, and can occur in a 
wide range of environments, including on land and under the sea.

Chapter 7.  Spectra of Selected Elements  
The spectra of elements refer to the set of wavelengths of electromagnetic radiation 
emitted or absorbed by atoms or ions of a particular element when their electrons 
transition between different energy levels. The study of spectra has been an essential 
tool for identifying and understanding the properties of elements and molecules.
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Each element has a unique set of spectral lines that are determined by the energy 
levels and transitions of its electrons. These spectral lines can be used to identify the 
presence of a particular element in a sample, as well as to study the physical and 
chemical properties of the element.
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Chapter 1

Star Formation in the Early Universe

1.0  Introduction
The formation of stars in the early universe is a complex and fascinating process that 
played a crucial role in shaping the structure and evolution of the universe.
In the early universe, the universe was very different from what it is today. The universe 
was hot, dense, and filled with a soup of subatomic particles. As the universe expanded 
and cooled, these particles combined to form the first atoms, primarily hydrogen and 
helium.
The first stars in the universe, known as Population III stars, are thought to have formed 
from the primordial gas clouds that existed in the early universe. These gas clouds were 
composed almost entirely of hydrogen and helium and were much denser than the 
interstellar medium in modern galaxies.
The formation of these stars was triggered by small fluctuations in the density of the gas 
clouds, which allowed gravity to overcome the pressure of the gas and cause the cloud 
to collapse. As the gas cloud collapsed, it began to heat up, and at its center, the 
temperature and pressure became high enough for nuclear fusion to occur. This fusion 
of hydrogen into helium released a tremendous amount of energy, which caused the 
star to shine brightly.
The early universe lacked the heavy elements necessary to form planets, so the first 
stars likely did not have any planets orbiting them. However, these stars played a crucial 
role in the formation of heavy elements through nucleosynthesis. When these massive 
stars ran out of fuel and exploded as supernovae, they ejected heavy elements into 
space, which would later form the building blocks of planets, and other celestial bodies.
The study of star formation in the early universe provides insights into the evolution of 
the universe and the formation of the first galaxies. It also helps us understand the 
chemical composition of the universe and the formation of the first generations of stars 
and galaxies.
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1.1  The Big Bang
The Big Bang is the scientific theory that explains the origin and evolution of the 
universe. According to this theory, the universe began as a hot, dense and infinitely 
small point, known as a singularity, around 13.8 billion years ago. It then rapidly 
expanded and cooled, with matter and energy spreading out in all directions.
In the first few minutes of the Big Bang, protons and neutrons began to combine to form 
atomic nuclei, mostly hydrogen and helium. Over time, the universe continued to 
expand and cool, eventually allowing electrons to combine with atomic nuclei to form 
neutral atoms.
As the universe continued to evolve, the formation of galaxies and stars began. 
Galaxies formed from the gravitational attraction between clouds of gas and dust, and 
stars formed from the collapse of these clouds under their own gravity. Through the 
process of nuclear fusion, stars converted hydrogen and helium into heavier elements.
The study of the cosmic microwave background radiation, a faint radiation that 
permeates the universe and is the remnant of the Big Bang, provides strong evidence 
for the theory. Additionally, the observed abundances of light elements such as 
hydrogen and helium, as well as the large-scale structure of the universe, can be 
explained by the Big Bang theory.

Section Table of Contents for Chapter 1.  Star Formation in the Early 
Universe

1.0 Introduction

1.1 The Big Bang

1.2 Star Formation

1.3 Molecular Clouds

1.3.1 Giant Molecular Clouds

1.3.2 Small Molecular Clouds

1.4 Stellar Evolution

1.5 The Hertzsprung-Russell Diagram

1.6 Formation of the Galaxy

1.7 Further Reading for Chapter 1 - Star Formation in the Early Universe
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The Big Bang theory has been refined over time as new observations and data have 
become available, but it remains the prevailing scientific explanation for the origin and 
evolution of the universe.

1.2  Star Formation
Star formation is the process by which dense regions of gas and dust in space collapse 
under their own gravity, leading to the formation of a new star.
The process of star formation typically begins with the collapse of a cold, dense 
molecular cloud, which is a region of space where gas and dust are clumped together. 
These clouds are primarily composed of hydrogen, with smaller amounts of other 
elements.
As the cloud collapses under its own gravity, it begins to heat up and spin faster, 
flattening into a disk-like structure called a protoplanetary disk. The center of the disk 
becomes the protostar, which continues to grow as it accretes more material from the 
disk.
At some point, the temperature and pressure at the core of the protostar become high 
enough to trigger nuclear fusion, the process by which lighter elements are fused into 
heavier elements, releasing energy. This marks the birth of a new star, and the 
protoplanetary disk can go on to form planets and other objects.
The process of star formation is still not fully understood, and remains an active area of 
research. Observations of young stars and their surrounding disks, as well as computer 
simulations, are helping to shed light on the complex physical processes involved in the 
birth of new stars.

1.3  Molecular Clouds
Molecular clouds are large, dense regions of interstellar gas and dust in space that are 
primarily composed of molecular hydrogen (H2) along with other molecules such as 
carbon monoxide (CO), water (H2O), and ammonia (NH3).
Molecular clouds are typically cold, with temperatures ranging from a few tens of 
degrees above absolute zero to a few hundred Kelvin. They are also very dense, with 
gas densities that are orders of magnitude higher than the average density of the 
interstellar medium. These high densities, combined with the low temperatures, allow 
gravity to overcome the gas pressure, leading to the collapse and formation of stars and 
planets.
Molecular clouds are also important sites of astrochemical reactions, with a wide variety 
of molecules and ions being formed through photochemical and gas-phase reactions. 
These reactions are responsible for the formation of many of the complex organic 
molecules that have been detected in space, including amino acids, the building blocks 
of proteins.
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Molecular clouds are often observed using telescopes that detect the emission from the 
various molecules present in the cloud, such as radio telescopes that observe the 
emission from carbon monoxide (CO) or other molecules. Studying molecular clouds 
and the processes that occur within them is important for understanding the formation 
and evolution of stars, planets, and the chemical building blocks of life.

1.3.1  Giant Molecular Clouds
Giant molecular clouds (GMCs) are the largest and most massive molecular clouds in 
our galaxy, with masses ranging from tens of thousands to millions of times the mass of 
the Sun. They are typically hundreds of light years across, and are located in the spiral 
arms of our galaxy.
GMCs are characterized by their high densities and low temperatures, which allow 
gravity to overcome the gas pressure and trigger the collapse and formation of new 
stars. They are often the birthplaces of massive stars, which have a profound impact on 
their surroundings through their strong winds and eventual supernova explosions.
GMCs are also sites of intense astrochemical activity, with a rich variety of molecules 
and ions being formed through gas-phase and surface reactions. This chemical 
complexity is thought to be important for the formation of planets and the development 
of life, as many of the chemical building blocks of life have been detected in GMCs.
Observations of GMCs are typically done using telescopes that detect the emission 
from various molecular species, such as radio telescopes that observe the emission 
from carbon monoxide (CO) or other molecules. Studying GMCs is important for 
understanding the processes involved in star and planet formation, as well as the 
chemical evolution of our galaxy.

1.3.2  Small Molecular Clouds
Small molecular clouds are regions of interstellar gas and dust that are smaller and less 
massive than giant molecular clouds (GMCs), typically with masses ranging from a few 
hundred to a few thousand times the mass of the Sun. They are also cooler and denser 
than the surrounding interstellar medium, with temperatures of around 10-20 Kelvin and 
gas densities of several hundred to a few thousand particles per cubic centimeter.
Small molecular clouds are often found in the vicinity of massive stars or in regions 
where GMCs have been disrupted by supernova explosions or other energetic events. 
They are also thought to be the birthplaces of low-mass stars, which form through a 
similar process to the high-mass stars that form in GMCs.
Despite their smaller size and lower mass, small molecular clouds are still important 
sites of astrochemical activity, with a variety of molecules and ions being formed 
through photochemical and gas-phase reactions. These molecules can provide 
important clues to the physical and chemical conditions within the cloud, as well as the 
processes involved in star and planet formation.
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Observations of small molecular clouds are typically done using telescopes that detect 
the emission from various molecular species, such as radio telescopes that observe the 
emission from carbon monoxide (CO) or other molecules. Studying small molecular 
clouds is important for understanding the various processes involved in the formation 
and evolution of stars and planets.

1.4  Stellar Evolution
Stellar evolution refers to the process by which a star changes over the course of its 
lifetime. Stars are born from clouds of gas and dust in space, and over millions or 
billions of years, they undergo a series of transformations that are determined by their 
mass.
The life cycle of a star typically begins with the collapse of a molecular cloud, which 
leads to the formation of a protostar. As the protostar contracts, it heats up and 
eventually reaches a temperature and density high enough for nuclear fusion to occur in 
its core. This marks the start of the star's main sequence phase, during which it 
generates energy by fusing hydrogen into helium in its core.
The duration of the main sequence phase depends on the mass of the star, with more 
massive stars having shorter lifetimes. Once a star exhausts the hydrogen in its core, it 
enters a new phase of evolution in which it burns helium, followed by heavier elements, 
in successive shells around the core. The exact evolution of the star from this point 
depends on its mass and other factors, but it may eventually expand into a red giant, 
eject its outer layers to form a planetary nebula, and leave behind a remnant in the form 
of a white dwarf, neutron star, or black hole.
Stellar evolution is driven by a delicate balance of gravity and various forms of pressure, 
including thermal pressure, radiation pressure, and degeneracy pressure. The internal 
structure and behavior of a star depend on its mass, composition, and age, as well as 
external factors such as its environment and interactions with other objects.
The study of stellar evolution is important for understanding the physical processes that 
shape the universe, as well as the formation and evolution of planets, galaxies, and 
other astronomical objects.

1.5  The Hertzsprung-Russell Diagram
The Hertzsprung-Russell (H-R) diagram is a graph that plots the luminosity (or 
brightness) of stars against their surface temperature (or color). The diagram was first 
developed independently by Danish astronomer Ejnar Hertzsprung and American 
astronomer Henry Norris Russell in the early 20th century, and it remains an important 
tool for studying stellar evolution today.
On the H-R diagram, stars are grouped into distinct regions based on their luminosity 
and temperature. The majority of stars, including the Sun, fall into a broad diagonal 
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band known as the main sequence. Stars in this region are fusing hydrogen into helium 
in their cores and generate their energy through this process.
Stars that are more luminous than the main sequence stars are found in the upper 
portion of the diagram, in regions known as the giant branch and supergiant branch. 
These stars are typically older and have evolved beyond the main sequence phase, 
having exhausted the hydrogen in their cores.
Stars that are less luminous than main sequence stars are located in the lower portion 
of the diagram, in regions known as the white dwarf region. These stars are typically 
smaller and cooler than main sequence stars, and they have evolved to the point where 
they have lost their outer layers and have become highly dense and compact.
By examining the positions of stars on the H-R diagram and comparing them to 
theoretical models of stellar evolution, astronomers can gain insights into a star's age, 
mass, and evolutionary stage. The diagram is also useful for classifying stars and for 
understanding the properties and behavior of stellar populations in different parts of the 
universe.

1.6  Formation of the Galaxy
The formation of the galaxy is a complex process that occurred over billions of years, 
and there are still many unanswered questions and ongoing areas of research in this 
field. However, astronomers have developed several models and theories that provide 
insights into how our Milky Way galaxy may have formed.
The most widely accepted theory for the formation of the Milky Way is the hierarchical 
model, which suggests that the galaxy formed from the merging and accretion of 
smaller protogalactic fragments over time. This process began around 13.5 billion years 
ago, shortly after the Big Bang, with the formation of the first galaxies and the onset of 
cosmic structure formation.
The hierarchical model proposes that the Milky Way began as a small clump of gas and 
dust, which gradually grew in mass as it merged with other similar clumps. These 
protogalactic fragments were rich in dark matter, which provided the gravitational pull 
necessary to draw in additional gas and dust, and eventually stars.
As the Milky Way grew, it began to develop a disk-like structure, with a central bulge 
and spiral arms. The disk was fueled by the accretion of gas and dust from the 
surrounding intergalactic medium, and it was shaped by various physical processes 
such as star formation, supernova explosions, and gravitational interactions with other 
galaxies.
Over time, the Milky Way continued to merge with other galaxies and accrete additional 
material, leading to the formation of a large central bulge and a complex halo of stars, 
gas, and dark matter. The exact details of this process, including the number and nature 
of the mergers involved, remain the subject of ongoing research and debate.
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Observations of the Milky Way and other galaxies have provided important clues about 
the history and nature of galaxy formation, and future studies with advanced telescopes 
and instruments are expected to shed further light on this fascinating topic.

1.7  Further Reading for Chapter 1.  Star Formation in the Early 
Universe

Order Further Reading for Chapter 1.  Star Formation in the 
Early Universe

1 Forming Stars in the Early Universe, https://www.cfa.harvard.edu/
news/forming-stars-early-universe, Retrieved Apr 2023.

2 JWST Draws Back Curtain on Universe's Early Galaxies, https://
www.cfa.harvard.edu/news/jwst-draws-back-curtain-universes-
early-galaxies, Retrieved Apr 2023.

3 Larson, Richard B. & Volker Bromm, The First Stars in the 
Universe, https://www.scientificamerican.com/article/the-first-stars-
in-the-un/, Retrieved Apr 2023.

4 Musser, George, Mystery Cosmic Static May Cast Light on 
Formation of First Stars, https://www.scientificamerican.com/
article/cosmic-radio-background/, Retrieved Apr 2023.
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Chapter 2

Formation of the Solar System

2.0 Introduction
The Solar System formed approximately 4.6 billion years ago from a cloud of gas and 
dust known as the solar nebula. This cloud was made up of primarily hydrogen and 
helium, along with small amounts of other elements.
The formation of the Solar System began with the gravitational collapse of a dense 
region within the nebula, which formed a protostar at the center. As the protostar grew in 
mass, its gravitational pull increased and it began to accrete material from the 
surrounding nebula. The gas and dust in the nebula began to coalesce into larger and 
larger bodies, known as planetesimals.
Through collisions and accretion, these planetesimals grew into protoplanets, which in 
turn grew into the planets we see today. The inner planets, including Earth, formed from 
the protoplanetary disk of rocky and metallic material, while the outer planets, including 
Jupiter and Saturn, formed from the protoplanetary disk of gas and ice.
The early Solar System was a chaotic and violent place, with frequent collisions 
between the developing planets and other bodies in the system. These collisions led to 
the formation of the Moon and the asteroids, as well as shaping the characteristics of 
the planets themselves.
As the planets continued to evolve and cool, they underwent differentiation, with heavier 
materials sinking towards their centers to form metallic cores, and lighter materials 
rising to form crusts and mantles. Over time, the planets underwent geological 
evolution, with processes such as volcanism, tectonics, and erosion shaping their 
surfaces.
The formation of the Solar System is still an active area of research, with ongoing 
studies aimed at understanding the details of the process and the specific conditions 
that led to the emergence of life on Earth.
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2.1  The Pre-Solar Nebula
The pre-solar nebula is a hypothetical cloud of gas and dust that is believed to have 
existed in our solar system before the formation of the sun and its planets. According to 
the nebular hypothesis, the pre-solar nebula was a rotating cloud of gas and dust that 
collapsed under its own gravity, forming a protostar at its center. As the protostar grew, it 
began to heat up and ignite nuclear fusion, eventually becoming the sun.
Around the young sun, the remaining material in the pre-solar nebula began to coalesce 
into small particles called planetesimals, which collided and stuck together to form 
larger bodies known as protoplanets. Over time, these protoplanets grew larger and 
more massive, eventually becoming the planets and other bodies in our solar system.
The pre-solar nebula was composed primarily of hydrogen and helium, along with 
traces of other elements like carbon, nitrogen, and oxygen. These elements were 
created in earlier generations of stars and released into space when those stars died in 
supernova explosions.
By studying meteorites and other primitive solar system materials, scientists can gain 
insights into the composition and structure of the pre-solar nebula, and how it co
ntributed to the formation of our solar system.

2.2  The Protoplanetary Disk
A protoplanetary disk is a rotating disk of gas and dust that surrounds a young, forming 
star. It is the structure from which planets are believed to form in a process known as 
planetary accretion. Protoplanetary disks are also known as circumstellar disks, as they 
surround a star.
The gas in the protoplanetary disk is primarily hydrogen and helium, while the dust is 
made up of tiny particles of rock and ice. As the star at the center of the disk grows and 
begins to heat up, it ionizes the gas and creates a region of ionized gas, or plasma, 
known as the protostellar wind. This wind creates a pressure gradient that causes the 
gas to move inward towards the star.
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As the gas and dust in the disk move inward, they collide and stick together to form 
larger and larger bodies, eventually forming planetesimals and protoplanets. These 
bodies continue to grow through collisions and accretion until they become full-fledged 
planets.
Protoplanetary disks are often observed around young stars using telescopes that 
detect the infrared and radio wavelengths of light emitted by the dust and gas in the 
disk. By studying these disks, astronomers can learn about the physical and chemical 
conditions in the disk, and gain insights into the formation and evolution of planetary 
systems.

2.3  Evolution of the Planets
The evolution of the planets can be broadly divided into three main stages: formation, 
differentiation, and geological evolution.
Formation: The planets formed from the protoplanetary disk that surrounded the young 
sun. As dust and gas collided and stuck together, they formed planetesimals, which then 
accreted to form protoplanets. In the inner solar system, where temperatures were high, 
only rocky and metallic materials could form planets. In the outer solar system, where 
temperatures were lower, icy materials could also form planets.
Differentiation: Once a planet had formed, it began to differentiate into different layers 
based on the densities of the materials. Heavy materials like iron sank to the center to 
form a metallic core, while lighter materials rose to the surface to form a crust. In some 
cases, planets also developed a mantle layer between the core and crust.
Geological evolution: Once differentiation was complete, planets underwent a variety of 
geological processes, including volcanism, tectonic activity, erosion, and impact 
cratering. The specifics of these processes varied from planet to planet, depending on 
factors like size, composition, and distance from the sun. Some planets, like Earth, have 
active tectonic plates and are still evolving today, while others, like Mars, have largely 
ceased geological activity.
Over time, the evolution of the planets has been influenced by a variety of factors, 
including solar radiation, gravitational interactions with other objects in the solar system, 
and collisions with comets and asteroids. By studying the planets and their histories, 
scientists can gain insights into the processes that shaped our solar system and the 
conditions that led to the emergence of life on Earth.

Page  of 22 96



The 92

2.4  Further Reading for Chapter 2.  Formation of the Solar System
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Chapter 3

Properties of the Elements

3.0 Introduction
The universe is composed of a vast array of elements, which are the basic building 
blocks of matter. There are currently 118 known elements, 92 of which occur naturally 
on Earth. These elements are classified on the periodic table, which is arranged in order 
of increasing atomic number, with elements in the same column sharing similar 
properties.
The 92 naturally occurring elements are organized into several categories, including 
metals, nonmetals, and metalloids. The metals are generally shiny, malleable, and 
conductive, while the nonmetals are typically brittle and poor conductors of electricity. 
The metalloids have properties that fall somewhere in between those of metals and 
nonmetals.
The first element on the periodic table is hydrogen, which is the most abundant element 
in the universe, followed by helium, which is the second most abundant. The other 
naturally occurring elements range in abundance from trace amounts to major 
components of the Earth's crust, oceans, and atmosphere. Some of the most common 
elements on Earth include oxygen, silicon, aluminum, iron, calcium, sodium, potassium, 
and magnesium.
Each element has its own unique properties, such as its atomic weight, melting point, 
boiling point, and reactivity with other elements. These properties play a critical role in 
the formation of compounds and the behavior of matter in the natural world. 
Understanding the properties of the naturally occurring elements is a crucial aspect of 
chemistry and many other fields of science.
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3.1  Periodic Table
The periodic table is a tabular arrangement of the chemical elements, organized on the 
basis of their atomic number, electron configurations, and chemical properties. The rows 
in the table are called periods, and the columns are called groups.
The periodic table currently contains 118 known elements, with the first 94 occurring 
naturally and the rest being synthesized in laboratories. The elements are arranged in 
order of increasing atomic number, with the elements in each row (period) having the 
same number of electron shells, and the elements in each column (group) having 
similar properties due to their similar valence electron configurations.
The periodic table is an essential tool in chemistry, providing a framework for 
understanding the properties and behavior of the elements. It also allows scientists to 
predict the properties of new elements that have not yet been discovered. The periodic 
table is constantly evolving as new elements are discovered and the properties of 
known elements are better understood.
The names of the 92 naturally occurring elements have various origins, ranging from 
mythological characters and places to scientists' names and properties of the element 
itself. Here are some examples:

1. Hydrogen - from the Greek words "hydro" meaning water and "genes" meaning 
forming, as it was discovered to be a component of water.

2. Helium - named after the Greek god of the sun, Helios, as it was discovered in 
the sun's spectrum before it was found on Earth.

3. Carbon - from the Latin word "carbo" meaning coal or charcoal, as it was initially 
discovered in the form of charcoal.

4. Oxygen - from the Greek words "oxy" meaning acid and "genes" meaning 
forming, as it was believed to be a component of all acids.

5. Nitrogen - from the Greek words "nitron" meaning native soda and "genes" 
meaning forming, as it was originally discovered as a component of saltpeter.

6. Sodium - from the English word "soda," which is derived from the Arabic word 
"suda," meaning headache, as sodium carbonate was used as a headache 
remedy.

7. Chlorine - from the Greek word "chloros" meaning greenish-yellow, as it is a 
greenish-yellow gas.

8. Iron - from the Old English word "iren," which is related to the Old High German 
word "isarn," meaning "holy metal," as it was highly valued in ancient times.

9. Gold - from the Old English word "geolu," meaning yellow, as it is a highly prized 
yellow metal.

10. Lead - from the Old English word "lead," which means "heavy metal," as it is a 
dense, heavy element.

These are just a few examples of the many origins of the names of the naturally 
occurring elements. Some elements were named after the scientists who discovered 
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them, such as curium, einsteinium, and fermium, while others were named after 
locations, such as europium and americium. The naming of elements has evolved over 
time, with new elements often being named after either their properties or the place 
where they were discovered.

3.1.1  Helium
Helium is a chemical element with the symbol He and atomic number 2. It is a colorless, 
odorless, tasteless, non-toxic, and inert gas that heads the noble gas group in the 
periodic table. It is the second lightest element and the second most abundant element 
in the observable universe, being present at about 24% of the total elemental mass, 
which is more than 12 times the mass of all the heavier elements combined.
Helium has several unique properties that make it useful in various applications. It has a 
very low boiling point and is used to cool superconducting magnets in MRI machines, as 
well as in cryogenics research. It is also used as a lifting gas in balloons and airships, 
and as a gas for welding and other industrial processes.
One of the most interesting properties of helium is that it is the only element that cannot 
be solidified by lowering its temperature. It remains a gas even at absolute zero, which 
makes it a unique substance for scientific research.
Helium is created by nuclear fusion in stars, and it is extracted from natural gas wells. 
The majority of the world's helium supply comes from the United States, Russia, and 
Algeria. Despite its abundance in the universe, helium is relatively rare on Earth, and its 
supply is limited. For this reason, there are concerns about the long-term availability and 
sustainability of helium resources.

3.1.1.1  Liquid Helium
Liquid helium is used to cool the magnets in an MRI (magnetic resonance imaging) 
machine. MRI machines use strong magnetic fields and radio waves to generate 
detailed images of the inside of the body. The magnets in an MRI machine are 
superconducting, which means they can conduct electricity with zero resistance when 
cooled to extremely low temperatures.
To achieve this, liquid helium is used to cool the magnets to temperatures close to 
absolute zero (-273.15°C or -459.67°F). This temperature is necessary for the magnets 
to become superconducting and to maintain a stable magnetic field during the MRI 
scan. The liquid helium is stored in a cryostat, which is a large, insulated container that 
surrounds the magnets.
The use of liquid helium in MRI machines is critical for their operation, as without it the 
magnets would not be able to function properly. However, liquid helium is a limited 
resource and can be expensive to produce and store, which is why it is important to use 
it efficiently and recycle it where possible.
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3.1.1.2  Shortage of Helium Threatens Use of Helium to Cool Magnets in 
MRI Machines
There has been growing concern in recent years about the shortage of helium, which is 
a critical component used to cool the superconducting magnets in MRI machines. MRI 
machines require extremely low temperatures to operate effectively, and liquid helium is 
the most commonly used cooling agent for this purpose.
Helium is a finite resource, and its availability is limited. The vast majority of the world's 
helium is produced from natural gas deposits, primarily in the United States, Russia, 
and Algeria. However, the supply of helium is not keeping up with the growing demand, 
which is driven by a wide range of industries and applications, including medical 
imaging.
As a result of the helium shortage, the cost of helium has increased significantly in 
recent years, and there have been occasional supply disruptions that have affected the 
availability of helium for medical imaging applications. This has led to concerns about 
the long-term sustainability of using helium to cool MRI machines.
Efforts are underway to address the helium shortage, including increasing the 
production and distribution of helium, developing alternative cooling technologies that 
do not rely on helium, and promoting the efficient use and recycling of helium in various 
industries.
Overall, while the helium shortage is a concern for the medical imaging industry, there 
are ongoing efforts to address the issue and ensure the availability of this critical 
resource for the operation of MRI machines.

3.1.1.3  Helium-3
Helium-3 (He-3) is a rare isotope of helium that contains one neutron and two protons in 
its nucleus, giving it an atomic mass of 3. It is not a naturally occurring isotope and is 
only present in trace amounts in the Earth's atmosphere, with the majority of it being 
produced in stars as part of the nuclear fusion process.
Helium-3 has a number of unique properties that make it useful in a variety of 
applications. It is non-radioactive and non-toxic, and it has a very low boiling point 
(-267.9°C or -450.2°F) and a high thermal conductivity. These properties make it useful 
as a coolant in some specialized applications, such as in nuclear magnetic resonance 
(NMR) spectroscopy and in cryogenics.
Helium-3 is also of interest in scientific research, particularly in the field of physics. It 
has been used in studies of superfluidity and Bose-Einstein condensates, and it is being 
investigated as a fuel for nuclear fusion reactors. In addition, it has potential as a fuel for 
spacecraft propulsion and as a detector for neutron radiation.
However, the scarcity of helium-3 is a limiting factor for its widespread use. The low 
abundance of helium-3 on Earth and the difficulty and expense of extracting it from the 
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atmosphere or from rocks means that it is currently not a practical source of fuel for 
most applications.

3.1.2  Lithium
Lithium is a chemical element with the symbol Li and atomic number 3. It is a soft, 
silvery-white alkali metal that is highly reactive and flammable. The name "lithium" 
comes from the Greek word "lithos," which means stone, as it was first discovered in the 
mineral petalite.
Lithium was first discovered in 1817 by the Swedish chemist Johan August Arfwedson, 
who found it while analyzing petalite. It was later isolated in its pure form in 1855 by the 
British chemist Robert Bunsen and the German chemist Augustus Matthiessen.
Lithium has a number of important uses. It is used in the production of ceramics, glass, 
and aluminum, as well as in the manufacture of batteries, particularly lithium-ion 
batteries, which are used in many portable electronic devices such as smartphones and 
laptops. Lithium is also used as a medication to treat certain psychiatric disorders such 
as bipolar disorder.
Lithium has some unique properties that make it useful in a variety of applications. It is 
the lightest metal and the least dense solid element, and it has a low melting point and 
high thermal conductivity. It is also highly reactive and easily forms compounds with 
other elements, which makes it useful in the production of certain materials.

3.1.2.1  Cosmic Ray Spallation of Heavier Elements in Space Produces 
Lithium
Cosmic ray spallation is a process where high-energy cosmic rays collide with atoms or 
nuclei in the interstellar medium, breaking them apart into smaller fragments. This 
process can result in the creation of lighter elements such as lithium, beryllium, and 
boron from heavier elements such as carbon, nitrogen, and oxygen.
Specifically, lithium-7 is thought to be created primarily through the spallation of heavier 
elements by high-energy protons in the interstellar medium. This process is thought to 
occur in both supernova explosions and in the outer regions of stars, where cosmic rays 
can penetrate and interact with the stellar material.
The lithium produced through cosmic ray spallation can be incorporated into interstellar 
gas and dust, where it can eventually become part of new stars and planets. In fact, the 
abundance of lithium in the universe is believed to be primarily due to this process 
rather than through nuclear fusion in stars.
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3.1.2.2  Lithium is Unstable in Stars
While lithium is present in some stars, it is true that lithium is generally unstable in stars. 
This is because lithium-6 and lithium-7 are both relatively fragile nuclei and can be 
easily destroyed by the high temperatures and pressures found in the interiors of stars.
In fact, lithium is often used as a diagnostic tool to study the structure and evolution of 
stars. The amount of lithium observed in a star's atmosphere can provide information 
about the processes that have occurred within the star, such as mixing of material 
between the surface and the interior or accretion of material from a companion star.
Despite its instability in stars, lithium is thought to be created through various 
processes, including cosmic ray spallation, as I mentioned in my previous response. 
Additionally, some lithium can be produced in the early universe through the process of 
Big Bang nucleosynthesis, which occurred shortly after the Big Bang and is responsible 
for the production of light elements such as hydrogen, helium, and a small amount of 
lithium.

3.1.3  Boron
Boron is a chemical element with the symbol B and atomic number 5. It is a metalloid, 
meaning it has properties of both metals and non-metals. Boron has a relatively low 
density and a melting point of 2076°C.
Boron is a fairly rare element in the Earth's crust, and it is typically found in compounds 
rather than in its pure form. It is primarily used in the form of borates, which are minerals 
that contain boron and other elements.
Boron has a wide range of applications in various fields. It is used in the production of 
glass, ceramics, and semiconductors, as well as in the manufacture of high-strength 
materials like boron fibers and boron carbide. It is also used in nuclear reactors as a 
neutron absorber and as a doping agent in some types of semiconductors.
In biology, boron is an essential micronutrient for some plants and animals. It has been 
found to play a role in bone growth and maintenance, and it is sometimes used as a 
supplement to treat certain medical conditions.
Overall, boron is an important element with diverse applications in various fields, and its 
unique properties make it a valuable component in many different materials and 
processes.

3.1.4  Carbon
Carbon is a chemical element with the symbol C and atomic number 6. It is a non-
metallic element and the fourth most abundant element in the universe by mass. 
Carbon is unique in its ability to form long chains of molecules and compounds, making 
it an essential building block for all known forms of life on Earth.
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Carbon exists in several different forms, or allotropes, including diamond, graphite, and 
fullerenes. Diamond is the hardest naturally occurring substance and is valued for its 
beauty and industrial applications. Graphite is a soft, black substance used in pencils 
and as a lubricant. Fullerenes are a type of carbon molecule with a spherical shape, 
which have potential applications in nanotechnology and medicine.
Carbon is also a critical component in the Earth's atmosphere and the carbon cycle, 
which refers to the process by which carbon is exchanged between the atmosphere, 
oceans, and living organisms. Carbon dioxide, a greenhouse gas, is released into the 
atmosphere through natural processes like respiration and volcanic activity, as well as 
human activities like burning fossil fuels.
Carbon has a wide range of applications in industry and technology. It is used in the 
production of steel, carbon fibers, and other high-strength materials. It is also used in 
electronics, as a component of batteries, and in the production of various chemicals.
Overall, carbon is a versatile and essential element with a wide range of applications 
and importance to the Earth's ecosystems.

3.1.5  Nitrogen
Nitrogen is a chemical element with the symbol N and atomic number 7. It is a non-
metal and the most abundant gas in the Earth's atmosphere, making up approximately 
78% of the air we breathe.
Nitrogen is a colorless, odorless, and relatively inert gas, meaning it does not react 
easily with other elements or compounds. However, nitrogen can form compounds with 
other elements under certain conditions. For example, nitrogen reacts with oxygen to 
form nitrous oxide (laughing gas) and nitrogen dioxide (a component of smog).
Nitrogen is essential to life on Earth as a key component of proteins and nucleic acids 
(DNA and RNA). Plants and other photosynthetic organisms use nitrogen to synthesize 
chlorophyll and other important molecules. Nitrogen fixation is the process by which 
nitrogen gas is converted into a form that plants can use, such as ammonia or nitrate 
ions. This process can occur naturally through the action of bacteria in soil.
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3.1.6  Oxygen
Oxygen is a chemical element with the symbol O and atomic number 8. It is a colorless, 
odorless, tasteless, and reactive gas that is essential for life on Earth. Oxygen makes 
up about 21% of the Earth's atmosphere, and is the third most abundant element in the 
universe, after hydrogen and helium.
Oxygen is vital for the respiration of most organisms, including humans. It is necessary 
for the conversion of food into energy, and for the maintenance of cellular functions. 
Oxygen is also used in many industrial processes, including the production of steel, 
chemicals, and pharmaceuticals.
Oxygen is highly reactive and forms compounds with many other elements. It combines 
with hydrogen to form water, and with carbon to form carbon dioxide. These reactions 
are important in the carbon cycle, which is the process by which carbon is exchanged 
between the atmosphere, oceans, and living organisms.
Oxygen was discovered independently by several scientists in the late 18th century, and 
it was recognized as an element in 1777. It is produced by various methods, including 
the fractional distillation of air and the electrolysis of water. Oxygen is also found in 
many minerals, and it is the most abundant element in the Earth's crust, making up 
about 47% of the total mass.

3.1.7  Neon
Neon is a chemical element with the symbol Ne and atomic number 10. It is a noble 
gas, meaning it is inert and does not readily react with other elements or compounds. 
Neon is a colorless, odorless, and tasteless gas that is commonly used in signs and 
lighting due to its bright orange-red glow.
Neon is the fifth most abundant element in the universe by mass, but it is relatively rare 
on Earth, making up only a very small fraction of the Earth's atmosphere. Neon is 
produced by the nuclear fusion of heavier elements in stars, and it is released into 
space when these stars die and explode.
In addition to its use in lighting, neon has some other important applications. It is used in 
cryogenics to provide a refrigerant that is colder than traditional refrigerants like air or 
water. It is also used in some types of lasers, as a tracer gas in certain scientific 
experiments, and as a component in some types of gas mixtures used in nuclear 
reactors.
Overall, neon is an important element with unique properties that make it valuable in a 
variety of applications, especially in lighting and refrigeration. Its bright, distinctive glow 
has made it a popular choice for signs and other displays, and its inertness makes it a 
safe and reliable component in many industrial and scientific processes.
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3.1.8  Sodium
Sodium is a chemical element with the symbol Na and atomic number 11. It is a soft, 
silvery-white metal that is highly reactive, especially with water. Sodium is an alkali 
metal, meaning it is one of the most reactive and chemically active elements in the 
periodic table.
Sodium is abundant in the Earth's crust, but it is never found in its pure form because it 
is highly reactive and quickly reacts with other elements. Sodium is often found in 
compounds, such as sodium chloride (table salt), which is a common dietary mineral.
Sodium has many important applications in industry, including the production of sodium 
hydroxide, which is used in the manufacture of soap, paper, and textiles. It is also used 
in the production of certain types of glass and ceramics, as well as in the purification of 
some metals.
In addition to its industrial applications, sodium is also essential for the human body to 
function properly. Sodium ions are involved in many physiological processes, such as 
nerve impulse transmission, muscle contraction, and fluid balance.
However, consuming too much sodium can have negative health effects, such as high 
blood pressure and an increased risk of heart disease. Therefore, it is important to 
consume sodium in moderation and to choose low-sodium options when possible.
Overall, sodium is an important and highly reactive element with diverse applications in 
industry and in the human body. While it can have both positive and negative effects on 
health, it remains an essential mineral for many physiological processes.

3.1.9  Magnesium
Magnesium is a chemical element with the symbol Mg and atomic number 12. It is a 
shiny gray metal that is relatively soft and lightweight. Magnesium is the eighth most 
abundant element in the Earth's crust and is widely distributed in minerals such as 
dolomite, magnesite, and carnallite.
Magnesium has a variety of uses and is essential for many biological processes. It is 
necessary for the proper functioning of muscles and nerves, and is involved in the 
synthesis of DNA and RNA. Magnesium is also used in the production of various alloys, 
including aluminum alloys, and is a key component in many manufacturing processes.
Magnesium is highly flammable and reacts with water to produce hydrogen gas. It is 
therefore used in pyrotechnics and flares. Magnesium is also used as a reducing agent 
in the production of metals such as titanium, zirconium, and uranium.
Magnesium compounds are used in many applications, such as the production of 
refractory materials, fertilizers, and pharmaceuticals. Magnesium oxide is used as a 
refractory material in the steel and glass industries, while magnesium sulfate is used as 
a fertilizer and in the treatment of various medical conditions.
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In addition to its industrial and biological applications, magnesium has many other uses. 
It is used in the production of fireworks, as a desulfurizing agent in the production of iron 
and steel, and as a component in various construction materials.

3.1.10  Aluminum
Aluminum is a chemical element with the symbol Al and atomic number 13. It is a 
silvery-white, lightweight, and soft metal that belongs to the group of poor metals or 
post-transition metals. Aluminum is the third most abundant element in the Earth's crust, 
making up about 8% of the crust by weight.
Aluminum has many useful properties, including its high strength-to-weight ratio, 
excellent corrosion resistance, and good thermal and electrical conductivity. These 
properties make it useful for a wide range of applications, such as in construction, 
transportation, packaging, and electrical industries.
Aluminum is also highly reactive and readily forms a thin oxide layer on its surface, 
which helps to protect it from further oxidation. This oxide layer gives aluminum its 
characteristic resistance to corrosion.
Aluminum is produced commercially by electrolysis of aluminum oxide (Al2O3) 
dissolved in molten cryolite (Na3AlF6) at high temperatures. The process is energy-
intensive, but the resulting aluminum is highly pure and of high quality.
While aluminum is generally considered safe for use in products, there have been 
concerns about its potential health effects. For example, exposure to high levels of 
aluminum has been linked to neurological disorders, such as Alzheimer's disease. 
However, the evidence on this topic is still inconclusive, and more research is needed to 
fully understand the risks associated with aluminum exposure.

3.1.11  Silicon
Silicon is a chemical element with the symbol Si and atomic number 14. It is a metalloid, 
meaning it has properties of both metals and non-metals. Silicon is the second most 
abundant element in the Earth's crust, after oxygen, and is a major component of many 
rocks and minerals.
Silicon has many important applications in technology and industry, particularly in the 
production of semiconductors, which are used in electronic devices such as computers 
and cell phones. Silicon is also used in the production of solar panels, as it is a key 
component in photovoltaic cells that convert sunlight into electricity.
In addition to its technological applications, silicon is also important for life on Earth. It is 
a key component of many biologically important molecules, such as silicon dioxide, 
which is found in the cell walls of plants and some animals.
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Silicon is also used in the production of glass and ceramics, as well as in the 
manufacturing of steel, aluminum, and other metals. It is also used as a reducing agent 
in the production of certain chemicals.
Overall, silicon is a versatile and important element with a wide range of applications in 
technology, industry, and biology. Its unique properties as a metalloid make it an 
essential component in many materials and processes, and its abundance in the Earth's 
crust ensures that it will continue to be an important element for years to come.

3.1.12  Phosphorus
Phosphorus is a chemical element with the symbol P and atomic number 15. It is a non-
metal and is essential for life on Earth. Phosphorus is found in several forms, including 
white phosphorus, which is highly reactive and poisonous, and red phosphorus, which is 
less reactive and non-toxic.
Phosphorus has several important biological functions, including being a key 
component of DNA, RNA, and ATP (adenosine triphosphate), which is the energy 
currency of cells. Phosphorus is also a major component of bones and teeth.
Phosphorus is used in a variety of industrial applications, such as in the production of 
fertilizers, detergents, and certain types of explosives. It is also used in the production of 
semiconductors, and as a flame retardant in plastics and other materials.
Phosphorus is found in many minerals, but it is often obtained from phosphate rock, 
which is mined and then processed into fertilizers and other products. While phosphorus 
is essential for life, excess amounts of it can lead to environmental problems, such as 
eutrophication, which can cause algal blooms and other negative effects on aquatic 
ecosystems.
Overall, phosphorus is a versatile and essential element that has important applications 
in both biology and industry. Its unique properties and biological functions make it a 
critical component of many materials and processes, and its availability and use must 
be managed carefully to ensure both environmental and human health.

3.1.13  Sulfer
Sulfur (or sulphur) is a chemical element with the symbol S and atomic number 16. It is 
a non-metal and is abundant in the Earth's crust, usually occurring as a yellow solid in 
the form of various minerals, such as gypsum and pyrite.
Sulfur has many important industrial applications, including the production of sulfuric 
acid, which is widely used in the production of fertilizers, dyes, and detergents. It is also 
used in the production of rubber, petroleum products, and other chemicals.
Sulfur is an important element in the biological processes of many organisms. It is a 
component of certain amino acids and vitamins, and is involved in the formation of 
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disulfide bonds that help stabilize proteins. Sulfur is also used in the production of some 
antibiotics and other drugs.
Sulfur can be found in both organic and inorganic forms in the environment. Inorganic 
sulfur is found in rocks and minerals, while organic sulfur is found in living organisms 
and in fossil fuels. Sulfur dioxide, a common air pollutant, is produced by the burning of 
fossil fuels and can have negative effects on human health and the environment.
Overall, sulfur is a versatile element with many important industrial and biological 
applications. While it can be a valuable resource, its use must be managed carefully to 
minimize negative environmental impacts and ensure the health and safety of human 
populations.

3.1.14  Chlorine
Chlorine is a chemical element with the symbol Cl and atomic number 17. It is a 
halogen, and is found in the form of a diatomic gas at standard temperature and 
pressure. Chlorine is a highly reactive and corrosive element, and is used in a variety of 
industrial and household applications.
One of the most important uses of chlorine is as a disinfectant. Chlorine is added to 
water supplies and swimming pools to kill bacteria and other microorganisms that can 
cause disease. Chlorine is also used in the production of many industrial chemicals, 
including solvents, plastics, and pesticides.
Chlorine is also an important element in the production of PVC (polyvinyl chloride) 
plastic, which is used in a wide range of applications, from pipes and flooring to toys 
and medical devices. In addition, chlorine is used in the production of paper, textiles, 
and other products.
While chlorine has many important applications, it can also be harmful to human health 
and the environment if not used properly. Chlorine gas is toxic and can cause 
respiratory problems, and chlorine compounds can have negative impacts on aquatic 
ecosystems if they are released into waterways.
Overall, chlorine is a versatile and important element with many applications in industry 
and everyday life. Its use must be managed carefully to ensure both human health and 
environmental safety.

3.1.15  Potassium
Potassium is a chemical element with the symbol K and atomic number 19. It is an alkali 
metal, and is one of the most abundant elements in the Earth's crust. Potassium is 
essential for the functioning of many bodily systems, including the nervous system, and 
is found in a wide range of foods.
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Potassium plays an important role in many biological processes, including muscle 
contraction and the transmission of nerve impulses. It is also involved in the regulation 
of blood pressure and the balance of fluids in the body.
In industry, potassium is used in the production of fertilizers, soaps, and glass. 
Potassium compounds are also used in the production of some types of batteries and 
as a catalyst in certain chemical reactions.
While potassium is an essential nutrient, excess amounts of it can be harmful to human 
health. In some cases, high potassium levels can cause muscle weakness, heart 
arrhythmias, and other health problems.
Overall, potassium is an important element that is essential for both biological and 
industrial processes. Its role in the human body and its use in industry make it a 
valuable resource, but its effects on human health must be carefully managed to ensure 
safe and effective use.

3.1.16  Calcium
Calcium is a chemical element with the symbol Ca and atomic number 20. It is a 
reactive, alkaline earth metal, and is one of the most abundant elements in the Earth's 
crust. Calcium is an essential nutrient for humans, and is found in many foods and 
supplements.
Calcium plays a vital role in many biological processes, including the formation and 
maintenance of strong bones and teeth. It is also involved in muscle contraction, nerve 
function, and blood clotting.
In industry, calcium is used in the production of cement, paper, and some types of 
plastics. Calcium compounds are also used in the production of steel and as a reducing 
agent in certain chemical reactions.
While calcium is an essential nutrient, excess amounts of it can be harmful to human 
health. In some cases, high calcium levels can lead to kidney stones and other health 
problems.
Overall, calcium is an important element that is essential for both biological and 
industrial processes. Its role in the human body and its use in industry make it a 
valuable resource, but its effects on human health must be carefully managed to ensure 
safe and effective use.
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3.1.17  Titanium
Titanium is a chemical element with the symbol Ti and atomic number 22. It is a 
lustrous, silver-white transition metal that is known for its strength, corrosion resistance, 
and low density. Titanium is the 9th most abundant element on Earth, making up 
approximately 0.57% of the Earth's crust.
Titanium has a high strength-to-weight ratio, which makes it useful for a variety of 
applications, such as in the aerospace industry, medical implants, and sporting 
equipment. It is also highly resistant to corrosion, even in seawater, due to the formation 
of a thin oxide layer on its surface.
The production of titanium is a complex process that involves several steps. Titanium is 
typically extracted from its mineral ores, such as ilmenite and rutile, through a process 
called the Kroll process. In this process, the ore is first converted into titanium 
tetrachloride (TiCl4), which is then reduced with magnesium in a high-temperature 
reaction to produce pure titanium metal.
The use of titanium has increased significantly in recent years due to its unique 
properties and versatility. It is commonly used in the aerospace industry for components 
such as aircraft engines, landing gear, and structural components. It is also used in the 
medical industry for implants and prosthetics due to its biocompatibility and resistance 
to corrosion.
Although titanium has many benefits, it is also an expensive material to produce, which 
limits its use in some applications. However, research is ongoing to find new ways to 
reduce the cost of titanium production and expand its use in various industries.

3.1.18  Chromium
Chromium is a chemical element with the symbol Cr and atomic number 24. It is a 
lustrous, hard, and brittle metal that is highly resistant to corrosion. Chromium is widely 
used in the production of stainless steel, which is used in a wide range of applications, 
including cutlery, cookware, and medical equipment.
Chromium is also used in many other industrial processes, including the production of 
refractory materials, pigments, and catalysts. It is also used in the tanning of leather and 
in the production of wood preservatives.
Chromium has several important biological functions, including the regulation of insulin 
and glucose metabolism. It is an essential trace element in the human diet and is found 
in many foods, including meats, grains, and vegetables.
Chromium compounds are known for their vibrant colors and are used as pigments in 
many applications, including paints, inks, and dyes. Chromium is also used in the 
production of glass and ceramics, as well as in the construction of aircraft and other 
high-performance materials.
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Exposure to high levels of chromium can be toxic and is associated with lung cancer 
and other health problems. As a result, there are strict regulations governing the use 
and disposal of chromium compounds in industrial processes.

3.1.19  Manganese
Manganese is a chemical element with the symbol Mn and atomic number 25. It is a 
transition metal and is found in the Earth's crust in various minerals, including pyrolusite, 
rhodochrosite, and hausmannite.
Manganese has many important industrial applications. It is used in the production of 
steel as an alloying agent to improve hardness, strength, and resistance to corrosion. 
Manganese dioxide is used in the production of batteries, and manganese sulfate is 
used in the production of fertilizers and animal feed supplements.
Manganese is also an important nutrient for humans and animals. It is involved in many 
biological processes, including the formation of bone and the metabolism of amino 
acids, cholesterol, and carbohydrates.
While manganese is an important element, exposure to high levels of it can be harmful 
to human health. Inhalation of manganese dust or fumes can cause neurological 
problems, and long-term exposure to high levels of manganese can lead to Parkinson's 
disease-like symptoms.
Overall, manganese is a versatile element with many important industrial and biological 
applications. Its use must be managed carefully to minimize negative environmental 
impacts and ensure the health and safety of human populations.

3.1.20  Iron
Iron is a chemical element with the symbol Fe and atomic number 26. It is the fourth 
most abundant element in the Earth's crust and is one of the most important elements in 
terms of industrial and commercial applications.
Iron is a lustrous, silvery-white metal that is malleable, ductile, and highly magnetic. It 
has a melting point of 1,538 °C and a boiling point of 2,862 °C. Iron is found in a variety 
of minerals and rocks, including hematite, magnetite, and taconite. It is also present in 
the human body, where it plays a vital role in the formation of hemoglobin, which is 
responsible for carrying oxygen in the blood.
Iron and its alloys, such as steel, are widely used in construction, transportation, 
machinery, and many other applications. Iron is also used in the production of magnets, 
catalysts, and pigments. The steel industry is the largest consumer of iron, accounting 
for about 95% of all iron ore mined each year.
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Iron is a vital element for the growth and development of many organisms, including 
plants and animals. It is also essential for the function of enzymes and other proteins in 
the body. However, too much iron in the body can be toxic and lead to various health 
problems.

3.1.21  Cobalt
Cobalt is a chemical element with the symbol Co and atomic number 27. It is a hard, 
lustrous, silver-gray metal that is found in the Earth's crust in various minerals, including 
cobaltite, erythrite, and skutterudite.
Cobalt is a crucial component in many industrial applications, particularly in the 
production of rechargeable batteries. It is used in the production of lithium-ion batteries 
for electric vehicles and other portable electronic devices. Cobalt is also used in the 
production of high-strength alloys used in aircraft engines and gas turbines.
Cobalt has several important biological functions and is an essential trace element in 
the human diet. It is necessary for the formation of red blood cells and is involved in the 
synthesis of vitamin B12. Cobalt is also used in the treatment of certain medical 
conditions, such as anemia and heart disease.
Cobalt is known for its vivid blue color and is used as a pigment in glass, ceramics, and 
enamels. It is also used as a catalyst in the production of certain chemicals, such as 
polyester resins and petroleum products.
The mining and refining of cobalt can have environmental and social impacts, and there 
are concerns about the human rights implications of cobalt mining in some regions, 
particularly in the Democratic Republic of Congo, which is the world's largest producer 
of cobalt. Efforts are being made to promote responsible mining practices and to 
address these concerns.

3.1.22  Nickel
Nickel is a chemical element with the symbol Ni and atomic number 28. It is a silvery-
white, lustrous metal with a slight golden tinge. Nickel is a versatile metal with a wide 
range of applications in various industries, including the production of stainless steel, 
batteries, and electronics.
Nickel is used extensively in the production of stainless steel, which is used in a wide 
range of applications, including cutlery, cookware, and medical equipment. Nickel is 
also used in the production of alloys used in aircraft engines, gas turbines, and other 
high-performance applications.
Nickel has several important biological functions and is an essential trace element in the 
human diet. It is necessary for the proper functioning of certain enzymes and is involved 
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in the synthesis of certain hormones. Nickel is also used in the treatment of certain 
medical conditions, such as iron-deficiency anemia.
Nickel is also used as a plating material in the production of various products, including 
coins, jewelry, and plumbing fixtures. Nickel alloys are used in the production of 
electrical contacts, heating elements, and other electronic components.
Exposure to high levels of nickel can be toxic and can cause skin rashes, respiratory 
problems, and other health problems. As a result, there are strict regulations governing 
the use and disposal of nickel compounds in industrial processes. Efforts are being 
made to develop more environmentally-friendly nickel production processes and to 
promote sustainable mining practices.

3.1.23  Copper
Copper is a chemical element with the symbol Cu and atomic number 29. It is a soft, 
malleable, and ductile metal with a reddish-orange color that is found in the Earth's crust 
in various minerals, such as chalcopyrite and bornite.
Copper has a wide range of applications in various industries, including the production 
of electrical wiring, plumbing, and industrial machinery. It is an excellent conductor of 
electricity and heat, and is used extensively in electrical applications, such as in the 
production of electric motors, transformers, and power transmission lines.
Copper is also used in the production of alloys, including bronze, brass, and nickel 
silver, which are used in a wide range of applications, including musical instruments, 
coins, and jewelry. Copper is also used as a preservative in wood products, and is used 
in the production of pesticides and other chemicals.
Copper has several important biological functions and is an essential trace element in 
the human diet. It is necessary for the proper functioning of certain enzymes and is 
involved in the synthesis of hemoglobin, which is necessary for the transport of oxygen 
in the blood.
Exposure to high levels of copper can be toxic and can cause gastrointestinal problems, 
liver damage, and other health problems. As a result, there are strict regulations 
governing the use and disposal of copper compounds in industrial processes. Efforts 
are being made to develop more environmentally-friendly copper production processes 
and to promote sustainable mining practices.

3.1.24  Zinc
Zinc is a chemical element with the symbol Zn and atomic number 30. It is a bluish-
white, lustrous metal that is found in the Earth's crust in various minerals, such as 
sphalerite and smithsonite.

Page  of 42 96



The 92

Zinc has a wide range of applications in various industries, including the production of 
galvanized steel, which is used in the construction of buildings, bridges, and other 
structures. Zinc is also used in the production of brass and other alloys, which are used 
in a wide range of applications, including musical instruments, coins, and jewelry.
Zinc is an essential trace element in the human diet and has several important 
biological functions. It is necessary for the proper functioning of the immune system and 
is involved in the synthesis of DNA and RNA. Zinc is also used in the treatment of 
certain medical conditions, such as the common cold and skin conditions like acne.
Zinc is also used in the production of batteries, paints, and other chemicals. It is used as 
a coating on metals to prevent corrosion, and is used in the production of various rubber 
and plastic products.
Exposure to high levels of zinc can be toxic and can cause gastrointestinal problems, 
anemia, and other health problems. As a result, there are strict regulations governing 
the use and disposal of zinc compounds in industrial processes. Efforts are being made 
to develop more environmentally-friendly zinc production processes and to promote 
sustainable mining practices.

3.1.25  Molybdenum
Molybdenum is a chemical element with the symbol Mo and atomic number 42. It is a 
silvery-white metal with a very high melting point, and is found in the Earth's crust in 
various minerals, such as molybdenite and wulfenite.
Molybdenum has a wide range of applications in various industries, including the 
production of high-strength alloys used in the aerospace and defense industries. 
Molybdenum is also used in the production of steel alloys used in the construction of 
buildings, bridges, and other structures.
Molybdenum is an essential trace element in the human diet and has several important 
biological functions. It is necessary for the proper functioning of certain enzymes, and is 
involved in the metabolism of proteins and nucleic acids. Molybdenum is also used in 
the treatment of certain medical conditions, such as copper toxicity and Wilson's 
disease.
Molybdenum is also used in the production of electrical contacts, heating elements, and 
other electronic components. It is used as a lubricant in high-temperature applications, 
and is used in the production of pigments, fertilizers, and other chemicals.
Exposure to high levels of molybdenum can be toxic and can cause kidney damage, 
gout, and other health problems. As a result, there are strict regulations governing the 
use and disposal of molybdenum compounds in industrial processes. Efforts are being 
made to develop more environmentally-friendly molybdenum production processes and 
to promote sustainable mining practices.
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3.1.26  Technetium
Technetium is a chemical element with the symbol Tc and atomic number 43. It is a 
silvery-gray, radioactive metal that was the first artificially produced element. 
Technetium is not found naturally on Earth, but is produced through nuclear reactions in 
nuclear reactors and particle accelerators.
Technetium has a wide range of applications in various industries, including medical 
imaging. Technetium-99m, a radioactive isotope of technetium, is used in nuclear 
medicine for diagnostic imaging of the body. Technetium is also used in the production 
of corrosion-resistant alloys used in the aerospace and defense industries.
Technetium has no stable isotopes, and all of its isotopes are radioactive. As a result, it 
has a relatively short half-life and must be produced in nuclear reactors or particle 
accelerators. Technetium is also used in scientific research to study the behavior of 
radioactive materials.
Due to its radioactivity, technetium can be hazardous to health and safety, and strict 
regulations govern its use and disposal. Efforts are being made to develop more 
environmentally-friendly production processes for technetium, as well as to develop new 
technologies for the safe storage and disposal of radioactive waste.

3.1.26.1  Use of Technetium in Medical Imaging
Technetium-99m (Tc-99m) is a radioactive isotope of technetium that is widely used in 
medical imaging, particularly in positron emission tomography (PET) scans.
PET scans are a type of medical imaging that uses radioactive tracers to visualize the 
body's internal organs and tissues. In a PET scan, a patient is injected with a small 
amount of a radioactive tracer, which emits positrons (positively charged particles) as it 
decays. These positrons interact with electrons in the body, producing gamma rays that 
can be detected by a PET scanner.
Tc-99m is a commonly used tracer in PET scans because it has a relatively short half-
life of about 6 hours, which means that it decays quickly and does not remain in the 
body for an extended period of time. Tc-99m is also readily available and can be easily 
incorporated into a wide range of molecules that can be targeted to specific tissues in 
the body, allowing for highly specific imaging.
In a PET scan, Tc-99m is typically incorporated into a radiopharmaceutical compound 
that is targeted to a specific tissue or organ in the body. For example, a Tc-99m 
radiopharmaceutical might be targeted to the heart, liver, or brain, depending on the 
condition being diagnosed. As the Tc-99m tracer decays, it emits positrons that interact 
with electrons in the body, producing gamma rays that are detected by the PET scanner. 
The resulting images can provide detailed information about the structure and function 
of the targeted tissue or organ, helping to diagnose a wide range of conditions, from 
cancer to heart disease.
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3.1.26.2  Shortage of Technetium-99m Threatens Use in Medical Imaging
There have been concerns in recent years regarding the potential shortage of 
technetium-99m (Tc-99m), which is a radioactive isotope commonly used in medical 
imaging, including PET scans and single-photon emission computed tomography 
(SPECT) scans.
The primary source of Tc-99m is the decay of molybdenum-99 (Mo-99), which is 
produced in nuclear reactors. However, the global supply of Mo-99 has been 
inconsistent and has faced disruptions due to issues with reactor maintenance and 
shutdowns, as well as geopolitical factors.
As a result, there have been occasional shortages of Tc-99m, which has led to concerns 
about the availability of medical imaging services that rely on this isotope. While 
alternative sources of Tc-99m are being developed, including the use of non-reactor-
based production methods, these sources are not yet widely available or cost-effective.
Efforts are underway to address the Tc-99m shortage, including increasing the 
availability of Mo-99 production facilities, encouraging the development of alternative 
production methods, and improving the distribution and use of Tc-99m to reduce waste. 
Additionally, there are ongoing efforts to reduce the use of Tc-99m in medical imaging 
by exploring alternative imaging modalities and reducing unnecessary imaging 
procedures.
Overall, while the Tc-99m shortage remains a concern, there are ongoing efforts to 
address the issue and ensure the availability of this important medical imaging isotope 
for patients in need.

3.1.27  Silver
Silver is a chemical element with the symbol Ag and atomic number 47. It is a soft, 
white, lustrous metal that is found in the Earth's crust in various minerals, such as 
argentite and horn silver.
Silver has a wide range of applications in various industries, including jewelry, 
silverware, and coins. It is also used in the production of electrical contacts, mirrors, and 
photographic film. Silver is highly conductive to electricity and is used in the production 
of electronic components, such as batteries and solar cells.
Silver is an essential trace element in the human diet and has several important 
biological functions. It is involved in the synthesis of DNA and is necessary for the 
proper functioning of certain enzymes. Silver is also used in medical applications, such 
as wound dressings and surgical instruments, due to its antibacterial properties.
Due to its high value, silver has been used as a currency throughout history and is still 
considered a valuable investment today. However, exposure to high levels of silver can 
be toxic and can cause health problems, such as argyria, a condition in which the skin 
turns blue-gray. As a result, there are regulations governing the use and disposal of 
silver compounds in industrial processes. Efforts are being made to develop more 
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environmentally-friendly silver production processes and to promote sustainable mining 
practices.

3.1.28  Cadmium
Cadmium is a chemical element with the symbol Cd and atomic number 48. It is a soft, 
bluish-white metal that is found in the Earth's crust in various minerals, such as 
greenockite and otavite.
Cadmium has a wide range of applications in various industries, including the 
production of batteries, pigments, and coatings. Cadmium is also used in the production 
of semiconductors and as a stabilizer in plastics.
Exposure to high levels of cadmium can be toxic and can cause health problems, such 
as lung damage, kidney damage, and cancer. As a result, there are strict regulations 
governing the use and disposal of cadmium compounds in industrial processes. Efforts 
are being made to develop more environmentally-friendly cadmium production 
processes and to promote sustainable mining practices.
Cadmium is also a concern in the context of electronic waste, as it is found in many 
types of electronics, such as batteries, semiconductors, and solar panels. Proper 
disposal of electronic waste is important to prevent the release of cadmium and other 
hazardous materials into the environment.

3.1.29  Tin
Tin is a chemical element with the symbol Sn and atomic number 50. It is a silvery-white 
metal that is found in the Earth's crust in various minerals, such as cassiterite and 
stannite.
Tin has a wide range of applications in various industries, including the production of 
solder, tinplate, and alloys. Tin is also used as a coating material for food packaging to 
prevent corrosion and contamination.
Tin has a low toxicity and is not considered to be harmful to humans in small quantities. 
However, exposure to high levels of tin can cause health problems, such as stomach 
and intestinal problems, and can lead to anemia. As a result, there are regulations 
governing the use and disposal of tin compounds in industrial processes.
Tin is a relatively abundant element and is mined in many countries around the world. 
Efforts are being made to develop more environmentally-friendly tin production 
processes and to promote sustainable mining practices.
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3.1.30  Barium
Barium is a chemical element with the symbol Ba and atomic number 56. It is a soft, 
silvery-white metal that is found in the Earth's crust in various minerals, such as barite 
and witherite.
Barium has a wide range of applications in various industries, including the production 
of barium titanate, which is used in the production of ceramic capacitors for electronic 
devices. Barium is also used in the production of vacuum tubes, fluorescent lamps, and 
in the petroleum industry to increase the density of drilling muds.
Barium can be toxic and can cause health problems, such as respiratory problems and 
gastrointestinal issues, if it is ingested or inhaled. As a result, there are regulations 
governing the use and disposal of barium compounds in industrial processes.
Barium is relatively abundant in the Earth's crust and is mined in many countries around 
the world. Efforts are being made to develop more environmentally-friendly barium 
production processes and to promote sustainable mining practices.

3.1.31  Tungsten
Tungsten is a chemical element with the symbol W and atomic number 74. It is a hard, 
dense, steel-gray metal that is found in the Earth's crust in various minerals, such as 
scheelite and wolframite.
Tungsten has a wide range of applications in various industries, including the production 
of tungsten carbide, which is used in cutting tools, drill bits, and saw blades. Tungsten is 
also used in the production of electrical contacts, heating elements, and in the 
aerospace and defense industries for applications such as missiles and armor-piercing 
projectiles.
Tungsten has a high melting point and is extremely hard and durable, making it an ideal 
material for high-temperature and high-stress applications. However, tungsten can be 
difficult to work with and is relatively expensive compared to other metals.
Tungsten is relatively rare and is primarily mined in China, Russia, and Canada. Efforts 
are being made to develop more environmentally-friendly tungsten production 
processes and to promote sustainable mining practices. Recycling of tungsten is also 
becoming increasingly important to conserve this valuable resource.

3.1.32  Osmium
Osmium is a chemical element with the symbol Os and atomic number 76. It is a hard, 
brittle, bluish-white metal that is found in the Earth's crust in various minerals, such as 
osmiridium and iridosmine.
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Osmium has a few applications in industry, primarily in the production of specialized 
alloys, such as osmiridium, which is used in the manufacture of fountain pen tips, 
electrical contacts, and other durable objects that require a hard, corrosion-resistant 
surface.
Osmium is a very dense and toxic element, and its compounds can be hazardous to 
health, particularly when they are inhaled or ingested. Osmium tetroxide, for example, is 
a highly toxic and volatile compound that is used as a staining agent in microscopy and 
as a fixative in electron microscopy.
Osmium is a very rare element, and it is primarily obtained as a byproduct of platinum 
and nickel mining. Recycling of osmium-containing products is an important way to 
conserve this valuable resource and minimize environmental impact.

3.1.32.1  Uses for Osmium
Osmium is a rare, hard, and extremely dense metal that has a variety of industrial and 
scientific uses. Here are some of the main applications of osmium:

1. Alloying agent: Osmium is used as an alloying agent for other metals, particularly 
in the production of high-strength alloys for use in electrical contacts, fountain 
pen tips, and phonograph needles.

2. Electrical contacts: Osmium is also used in the production of electrical contacts 
due to its resistance to corrosion and wear.

3. Fountain pen tips: Osmium is used in the production of fountain pen tips due to 
its high hardness and resistance to wear.

4. Catalysts: Osmium is used as a catalyst in a variety of chemical reactions, 
particularly those involving organic compounds.

5. Medical implants: Osmium alloys have been used in some medical implants, 
particularly for hip and knee replacements. Osmium's high density makes it an 
ideal material for these applications, as it helps reduce wear and improve the 
lifespan of the implant.

6. Semiconductors: Osmium is used as a dopant in the production of 
semiconductors, particularly in the production of p-type semiconductors.

7. Scientific research: Osmium is used in scientific research, particularly in studies 
of high-pressure materials and superconductivity.

It's worth noting that osmium is a relatively expensive metal, due to its rarity and 
difficulty in extraction. As a result, its use is often limited to high-value applications 
where its unique properties are required.
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3.1.32.2  Why Osmium is So Rare on Earth
Osmium is one of the rarest elements on Earth, with an average crustal abundance 
estimated to be around 0.001 parts per million. There are several reasons why osmium 
is so rare on Earth:

1. Siderophile element: Osmium is a "siderophile" element, meaning it has a strong 
affinity for iron. During the formation of the Earth, most of the osmium in the 
mantle and core became bound to iron and sank into the core, leaving only a 
small amount in the Earth's crust.

2. Volatility during the Earth's formation: Osmium is a relatively volatile element, 
meaning it has a tendency to evaporate or vaporize at high temperatures. During 
the formation of the Earth, it is believed that much of the osmium that was 
present was lost due to these processes.

3. Low solubility: Osmium has a very low solubility in silicate melts, which are the 
primary building blocks of the Earth's crust. This means that osmium is not easily 
incorporated into the minerals that make up the Earth's crust, further limiting its 
abundance.

4. Low concentration in ore deposits: Osmium is often found in association with 
other platinum group elements (PGEs), which are also rare on Earth. As a result, 
much of the world's supply of osmium is obtained as a byproduct of mining for 
these other metals.

Overall, the combination of osmium's strong affinity for iron, its volatility during the 
Earth's formation, its low solubility in silicate melts, and its association with other rare 
PGEs all contribute to its rarity on Earth.

3.1.33  Iridium
Iridium is a chemical element with the symbol Ir and atomic number 77. It is a hard, 
dense, silvery-white metal that is found in the Earth's crust in various minerals, such as 
iridosmine and osmiridium.
Iridium has a few applications in industry, primarily in the production of high-
performance alloys that are used in jet engine components, spark plugs, and electrical 
contacts that require a high level of durability and resistance to corrosion. Iridium is also 
used in some types of medical implants.
Iridium is a very dense and rare element, and it is one of the most corrosion-resistant 
metals known. It is also highly resistant to radiation and is therefore used in some 
space-related applications, such as satellite components.
Iridium is primarily obtained as a byproduct of platinum and nickel mining, and it is also 
found in small quantities in meteorites. Recycling of iridium-containing products is an 
important way to conserve this valuable resource and minimize environmental impact.
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3.1.33.1  Uses for Iridium
Iridium is a rare, dense, silvery-white metal that is known for its high melting point, 
corrosion resistance, and hardness. Here are some of the main uses for iridium:

1. Electronics: Iridium is used in the production of high-performance electrical 
contacts and switches, particularly in applications that require resistance to 
corrosion and wear. It is also used in spark plugs for gas turbine engines.

2. Chemical catalysts: Iridium is used as a catalyst in a range of chemical reactions, 
particularly in the production of chemicals such as acetic acid and ammonia.

3. Jewelry: Iridium is sometimes alloyed with platinum to make jewelry. The 
resulting alloy is harder and more durable than pure platinum and has a brighter, 
whiter color.

4. Investment: Iridium is sometimes used as a store of value, particularly as an 
alternative to precious metals such as gold and silver.

5. Medical implants: Iridium is used in some medical implants, particularly in 
radiotherapy for cancer treatment. Radioactive isotopes of iridium can be used to 
target cancer cells and destroy them with minimal damage to surrounding tissue.

6. Space exploration: Iridium is used in some components of rockets and satellites, 
particularly in thrusters and guidance systems.

7. Research: Iridium is sometimes used in scientific research, particularly in studies 
of high-temperature materials and superconductivity.

It's worth noting that iridium is a relatively expensive metal, due to its rarity and difficulty 
in extraction. As a result, its use is often limited to high-value applications where its 
unique properties are required.

3.1.33.2  Why Iridium is So Rare on Earth
Iridium is a rare element on Earth, with an abundance estimated to be about 1 part per 
billion in the Earth's crust. There are a few reasons why iridium is so rare on Earth:

1. Siderophile element: Iridium is what is known as a "siderophile" element, which 
means it has a strong affinity for iron. This means that during the formation of the 
Earth, most of the iridium in the mantle and core became bound to iron and sank 
into the core, leaving only a small amount in the Earth's crust.

2. Volatility during the Earth's formation: Iridium is a relatively volatile element, 
meaning that it has a tendency to evaporate or vaporize at high temperatures. 
During the formation of the Earth, it is believed that much of the iridium that was 
present was lost due to these processes.

3. Extraterrestrial origins: It is also believed that a significant amount of the iridium 
on Earth was delivered by meteorites and comets during the early stages of the 
planet's formation. This extraterrestrial origin could help explain why iridium is 
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relatively rare on Earth, as it is not a common element in most meteorites and 
comets.

Overall, the combination of iridium's strong affinity for iron, its volatility during the Earth's 
formation, and its extraterrestrial origins all contribute to its rarity on Earth.

3.1.34  Platinum
Platinum is a chemical element with the symbol Pt and atomic number 78. It is a dense, 
malleable, silvery-white metal that is found in the Earth's crust in various minerals, such 
as sperrylite and cooperite.
Platinum has a wide range of applications in various industries, including the production 
of catalytic converters for automobiles, jewelry, and electrical contacts. Platinum is also 
used in the chemical industry as a catalyst in various chemical reactions, such as in the 
production of fertilizers and plastics.
Platinum is a very rare and valuable element, and it is one of the most precious metals 
known. It is also highly resistant to corrosion and has a very high melting point, making 
it an ideal material for high-temperature and high-stress applications.
Platinum is primarily mined in South Africa, Russia, and Canada, and recycling of 
platinum-containing products is an important way to conserve this valuable resource 
and minimize environmental impact.

3.1.35  Gold
Gold is a chemical element with the symbol Au and atomic number 79. It is a soft, 
dense, yellow metal that is found in the Earth's crust in various minerals, such as quartz 
and pyrite.
Gold has a wide range of applications, including its use in jewelry, currency, and 
electronics. It is also used in dentistry and medicine, as well as in space-related 
applications due to its high reflectivity and corrosion resistance.
Gold is one of the most highly valued and sought-after metals in the world, and it has 
been used as a form of currency and a symbol of wealth for centuries. Its rarity and 
beauty have made it a popular choice for jewelry and decorative objects.
Gold is primarily mined in South Africa, China, Australia, and Russia, and recycling of 
gold-containing products is an important way to conserve this valuable resource and 
minimize environmental impact.
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3.1.36  Lead
Lead is a chemical element with the symbol Pb and atomic number 82. It is a soft, 
dense, bluish-grey metal that is found in the Earth's crust in various minerals, such as 
galena and cerussite.
Lead has a wide range of applications, including its use in batteries, soldering, and 
radiation shielding. It is also used in construction materials, such as pipes, roofing, and 
flashing.
Lead is a toxic metal that can cause serious health problems if ingested or inhaled, 
particularly in children and pregnant women. Exposure to lead can lead to neurological 
damage, developmental delays, and other health problems.
Due to its toxicity, efforts are being made to reduce lead exposure and replace it with 
safer alternatives in various applications. Recycling of lead-containing products is also 
an important way to conserve this valuable resource and minimize environmental 
impact.

3.1.37  Radium
Radium is a highly radioactive metallic element with the atomic number 88 and symbol 
Ra. It was discovered by Marie and Pierre Curie in 1898 and was named after the Latin 
word "radius" because of its highly radioactive nature, which was thought to "radiate" 
energy.
Radium is a silvery-white metal that is highly reactive and is found in small amounts in 
the earth's crust. It is a member of the alkaline earth metals group, and its chemical 
properties are similar to those of calcium. Radium emits alpha, beta, and gamma rays, 
which makes it highly radioactive and dangerous to handle.
Radium has several practical applications, including its use in medicine to treat certain 
types of cancer, as well as in industry to generate radon gas for industrial purposes. 
However, its use has declined due to its highly radioactive nature and the associated 
health risks.
Radium is also known for its historical significance, as it was the subject of much 
scientific curiosity and fascination in the early 20th century. Its discovery and 
subsequent research helped to expand our understanding of radioactivity and paved the 
way for advancements in nuclear physics and medicine.

3.1.38  Uranium
Uranium is a chemical element with the symbol U and atomic number 92. It is a dense, 
silvery-white metal that is found in small quantities in the Earth's crust, typically in 
minerals such as uraninite and carnotite.
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Uranium is primarily known for its use as a fuel in nuclear reactors, which generate 
electricity through nuclear fission reactions. Uranium is also used in the production of 
nuclear weapons and as a radiation shield.
Uranium is a radioactive element and can pose health risks if not handled properly. 
Exposure to uranium can cause a variety of health problems, including cancer and 
kidney damage. Proper safety protocols are necessary to ensure safe handling and 
disposal of uranium and its byproducts.
Uranium is primarily mined in Kazakhstan, Canada, and Australia, and recycling of 
uranium-containing products is an important way to conserve this valuable resource and 
minimize environmental impact.

3.1.39  Plutonium
Plutonium is a radioactive, silvery-white metal with the symbol Pu and atomic number 
94. It is a synthetic element and is not found naturally in the Earth's crust.
Plutonium is primarily known for its use as a fuel in nuclear reactors and in the 
production of nuclear weapons. It is highly radioactive and can pose serious health risks 
if not handled properly. Exposure to plutonium can cause radiation sickness, cancer, 
and other health problems.
Due to its toxicity and potential for misuse, the production and use of plutonium is highly 
regulated by international agreements and national laws. Proper safety protocols are 
necessary to ensure safe handling and disposal of plutonium and its byproducts.
Plutonium is primarily produced by the nuclear fission of uranium in nuclear reactors, 
and it can also be obtained from spent nuclear fuel. The majority of the world's 
plutonium is produced in the United States, Russia, and France. Recycling of plutonium-
containing materials is an important way to conserve this valuable resource and 
minimize environmental impact.

3.1.40  Rare Earths
Rare earths are a group of 17 chemical elements with unique magnetic, electrical, and 
optical properties. They include cerium, dysprosium, erbium, europium, gadolinium, 
holmium, lanthanum, lutetium, neodymium, praseodymium, promethium, samarium, 
scandium, terbium, thulium, ytterbium, and yttrium.
Despite their name, rare earths are not actually rare. They are found in small quantities 
in many locations around the world, but are difficult and expensive to extract and refine. 
China is currently the largest producer of rare earths, accounting for about 80% of the 
world's supply.
Rare earths have a wide range of uses, including in electronics, magnets, catalysts, and 
lighting. They are essential components in many high-tech products such as 
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smartphones, electric vehicles, wind turbines, and military equipment. The demand for 
rare earths is expected to continue to grow as these industries expand.

3.1.41  Isotopes
Isotopes are atoms of the same element that have different numbers of neutrons in their 
nucleus. This means that isotopes of an element have the same number of protons in 
their nucleus (which determines the element's identity) but a different number of 
neutrons, which can affect the atom's stability and behavior. Isotopes can be either 
stable or unstable, and unstable isotopes undergo radioactive decay, which can release 
energy in the form of radiation. Isotopes are important in many fields, including nuclear 
physics, chemistry, and medicine, and are used in a wide range of applications, from 
nuclear power to carbon dating.

3.1.42  Radioactivity
Radioactivity is the spontaneous emission of particles or energy from the nucleus of an 
unstable atom, which results in the transformation of the nucleus into a more stable 
configuration. This process is called radioactive decay, and it can occur in any atom that 
has an unstable nucleus, which means that the nucleus has an excess of either protons 
or neutrons, or both.
During radioactive decay, the unstable nucleus releases one or more types of particles, 
such as alpha particles, beta particles, or gamma rays, along with energy. This process 
can result in the formation of a new element, or it can simply result in the conversion of 
the unstable nucleus into a more stable configuration of the same element.
Radioactivity has important applications in many fields, including nuclear power 
generation, medical diagnosis and treatment, and scientific research. However, it can 
also be harmful to living organisms if they are exposed to high levels of radiation, which 
can damage cells and cause mutations in DNA. Therefore, the proper handling and 
disposal of radioactive materials is critical to ensure the safety of both humans and the 
environment.
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3.2  Further Reading for Chapter 3.  Properties of the Elements

Order Further Reading for Chapter 3.  Properties of the 
Elements

1 Cosmic ray spallation, https://en.wikipedia.org/wiki/
Cosmic_ray_spallation#:~:text=Cosmic%20ray%20spallation%2C
%20also%20known,cosmic%20rays%20on%20an%20object, 
Retrieved May 2023.

2 List of chemical elements, https://en.wikipedia.org/wiki/
List_of_chemical_elements, Retrieved Apr 2023.

3 Periodic Table - Ptable - Properties, https://ptable.com/?
lang=en#Properties, Retrieved Apr 2023.

4 Periodic Table of the Elements, Los Alamos National Laboratory's 
Chemistry Division, https://depts.washington.edu/eooptic/linkfiles/
The%20Elements.pdf, Retrieved Apr 2023. 

5 Periodic table, https://en.wikipedia.org/wiki/Periodic_table, 
Retrieved Apr 2023.

6 Rare-earth element, https://en.wikipedia.org/wiki/Rare-
earth_element, Retrieved Apr 2023.
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Chapter 4

Nucleosynthesis

‘It is mere rubbish, thinking at present of the origin of life; one might as 
well think of the origin of matter.’

[Charles Darwin]

4.0 Introduction
Nucleosynthesis refers to the process by which the elements, both light and heavy, are 
synthesized or produced within stars, during supernova explosions, and in the early 
universe. Nucleosynthesis is one of the key processes in astrophysics and plays a 
significant role in shaping the chemical composition of the universe.
The first stage of nucleosynthesis occurred during the early universe, during the first few 
minutes after the Big Bang. During this period, the extreme temperatures and pressures 
allowed for the fusion of protons and neutrons into light elements such as helium and 
lithium.
The heavier elements, including carbon, oxygen, and iron, are formed through fusion 
reactions that occur within stars. These reactions involve the fusion of lighter elements 
into heavier ones, releasing energy in the process. This energy is responsible for the 
light and heat that is emitted by stars.
The heaviest elements, such as gold, platinum, and uranium, are believed to be formed 
through explosive nucleosynthesis during supernova explosions. These explosions 
occur when a massive star reaches the end of its life and undergoes a catastrophic 
collapse, releasing vast amounts of energy and creating new heavy elements.
The study of nucleosynthesis is important in understanding the origin and evolution of 
the universe, as well as the processes that occur within stars. It provides insights into 
the chemical composition and structure of stars and galaxies, and helps to explain the 
abundance of different elements in the universe.
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4.1  Nucleosynthesis
Nucleosynthesis refers to the process by which atomic nuclei are created in the 
universe. There are two main types of nucleosynthesis: Big Bang nucleosynthesis and 
stellar nucleosynthesis.
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Big Bang nucleosynthesis occurred in the first few minutes after the Big Bang, when the 
universe was extremely hot and dense. During this time, protons and neutrons 
combined to form the nuclei of the lightest elements, such as hydrogen, helium, and 
lithium.
Stellar nucleosynthesis occurs in the cores of stars, where high temperatures and 
pressures allow for the fusion of lighter elements into heavier ones. This process is 
responsible for the creation of elements up to iron, which is the most stable element in 
terms of nuclear binding energy. Elements heavier than iron are created through 
processes such as neutron capture and supernova nucleosynthesis.
Nucleosynthesis plays a crucial role in the evolution of the universe, as it determines the 
chemical composition of stars, galaxies, and the interstellar medium. It is also important 
for understanding the origin of elements, including the elements that make up life as we 
know it.

4.2  Big Bang Nucleosynthesis
Big Bang nucleosynthesis (BBN) refers to the production of the lightest chemical 
elements in the early universe, within the first few minutes after the Big Bang. During 
this time, the universe was extremely hot and dense, and the energy densities were so 
high that it was not possible for stable atomic nuclei to form. Instead, the universe was 
filled with a hot, dense plasma of protons, neutrons, and electrons.
As the universe cooled and expanded, the energy densities decreased and the protons 
and neutrons began to combine to form the lightest elements: hydrogen, helium, and 
lithium. The BBN process was essentially complete by the time the universe was 20 
minutes old, and it produced about 75% hydrogen, 25% helium, and trace amounts of 
lithium.
The abundance of these elements produced during BBN is a sensitive function of the 
density of baryonic matter (i.e. matter made of protons and neutrons), the baryon-to-
photon ratio, and the expansion rate of the universe during the BBN era. Measurements 
of the primordial abundances of light elements provide important constraints on 
cosmological models and the properties of the early universe.
The predictions of Big Bang nucleosynthesis have been tested against observations of 
the cosmic microwave background radiation, the distribution of galaxies, and the 
abundances of light elements in the universe, and the agreement has been found to be 
excellent, providing strong evidence for the Big Bang theory.
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4.3  Stellar Nucleosynthesis
Stellar nucleosynthesis refers to the process by which stars create and fuse atomic 
nuclei, producing heavier elements from lighter ones. The process occurs in the hot, 
dense interiors of stars, where temperatures and pressures are high enough to 
overcome the electrostatic repulsion between positively charged atomic nuclei.
The most common type of stellar nucleosynthesis is known as hydrogen burning, which 
occurs in the cores of stars like our Sun. During this process, hydrogen nuclei (protons) 
fuse together to form helium nuclei (alpha particles), releasing energy in the form of light 
and heat. This reaction also produces some heavier elements, such as carbon and 
oxygen, but in small amounts.
Heavier elements are created through a series of fusion reactions that occur in the 
cores of massive stars. In these stars, the high temperatures and pressures allow for 
the fusion of increasingly heavier elements, such as carbon, nitrogen, oxygen, and 
silicon, into elements like iron and nickel. When the core of the star has accumulated 
enough iron, it collapses under its own gravity, causing a supernova explosion that 
disperses these elements into the interstellar medium, where they can be incorporated 
into new stars and planets.
Stellar nucleosynthesis is responsible for the creation of all the elements in the universe 
heavier than hydrogen and helium, including the elements that make up our bodies and 
the world around us.

4.3.1  Hydrogen Burning
Hydrogen burning is a type of nuclear fusion process that occurs in the cores of stars, 
including our Sun. During hydrogen burning, protons (hydrogen nuclei) fuse together to 
form helium nuclei, releasing a tremendous amount of energy in the process.
In the Sun, hydrogen burning occurs through a series of reactions known as the proton-
proton chain. In the first step of the chain, two protons combine to form a deuterium 
nucleus (a proton and a neutron) and a positron (the antiparticle of the electron) and a 
neutrino are produced. In the subsequent steps of the chain, deuterium and helium-3 
(two protons and one neutron) nuclei combine to form helium-4 and release additional 
protons, positrons, and neutrinos.
The energy released during hydrogen burning is what allows stars to shine, and the rate 
of hydrogen burning determines the star's luminosity and its lifetime. In the case of the 
Sun, it is estimated to be able to continue burning hydrogen for another 5 billion years 
before exhausting its fuel.
Hydrogen burning is also an important step in the process of nucleosynthesis, as it is 
responsible for the creation of heavier elements in stars. The fusion of helium nuclei in 
the cores of more massive stars leads to the creation of even heavier elements up to 
iron, which is the most stable element in terms of nuclear binding energy.
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4.3.2  Helium Burning
Helium burning is a nuclear fusion process that occurs in the cores of massive stars, 
after the initial phase of hydrogen burning. During helium burning, helium nuclei (alpha 
particles) are fused together to form heavier elements such as carbon, oxygen, and 
neon.
There are two main types of helium burning processes: the triple-alpha process and the 
alpha process.
The triple-alpha process involves the fusion of three helium nuclei to form carbon. This 
process requires high temperatures and densities and is relatively slow, so it only 
occurs in the cores of stars with masses greater than about 1.5 times that of the Sun. 
The triple-alpha process is important for producing the carbon that is necessary for life.
The alpha process involves the fusion of helium nuclei with heavier elements to create 
even heavier elements. For example, helium can fuse with carbon to form oxygen, with 
oxygen to form neon, and so on. The alpha process is important for producing elements 
up to iron, which is the most stable element in terms of nuclear binding energy.
Helium burning is an important source of energy for massive stars and determines their 
evolution and ultimate fate. Once helium burning is complete, the core of the star 
contracts and heats up, leading to a new phase of nuclear burning and the creation of 
even heavier elements. This process continues until the core can no longer support the 
weight of the outer layers of the star, leading to a supernova explosion and the dispersal 
of heavy elements into the interstellar medium.

4.3.2.1  Alpha Process
The alpha process is a type of nuclear fusion process that involves the fusion of alpha 
particles (helium nuclei) with heavier elements to create even heavier elements. It is an 
important source of energy production in the cores of massive stars and is responsible 
for the creation of many of the elements in the universe, including carbon, oxygen, and 
neon.
The alpha process proceeds through a series of reactions, each of which involves the 
fusion of an alpha particle with a heavier nucleus. For example, in the first step of the 
alpha process, an alpha particle can fuse with a carbon-12 nucleus to create oxygen-16:
alpha particle + carbon-12 -> oxygen-16
In subsequent steps, oxygen-16 can fuse with alpha particles to create neon-20, 
magnesium-24, and so on. The alpha process can continue until the nucleus reaches 
iron-56, which is the most stable nucleus in terms of nuclear binding energy and cannot 
be further fused to create heavier elements.
The alpha process requires high temperatures and densities, which are only found in 
the cores of massive stars. The energy released during the alpha process is what 
allows these stars to shine and determines their evolution and ultimate fate. Once the 
core of the star has exhausted its fuel and can no longer support the weight of the outer 
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layers, it can collapse and lead to a supernova explosion, dispersing the heavy 
elements produced during the alpha process into the interstellar medium.

4.3.2.2  Triple Alpha Process
The triple alpha process is a type of nuclear fusion process that occurs in the cores of 
stars with temperatures exceeding about 100 million Kelvin and involves the fusion of 
three alpha particles (helium nuclei) to create a carbon nucleus.
The process starts with the fusion of two alpha particles, which results in the formation 
of beryllium-8, a highly unstable nucleus that quickly decays back into two alpha 
particles. However, if a third alpha particle is present in the core of the star, it can 
combine with beryllium-8 to form a stable carbon-12 nucleus:
3 alpha particles -> carbon-12 + energy
The triple alpha process is important because it is the main process by which carbon is 
produced in the universe. Carbon is a crucial element for life as we know it, and without 
the triple alpha process, life may not have been possible. The triple alpha process also 
plays an important role in the later stages of stellar evolution, where it is responsible for 
the production of heavier elements.
The triple alpha process occurs only in stars with high enough temperatures and 
densities, which are typically found in the cores of red giants and other evolved stars. 
The energy released during the triple alpha process is what allows these stars to shine 
and determines their evolution and ultimate fate. Once the core of the star has 
exhausted its fuel and can no longer support the weight of the outer layers, it can 
collapse and lead to a supernova explosion, dispersing the heavy elements produced 
during the triple alpha process into the interstellar medium.

4.3.3  Carbon Burning
Carbon burning is a nuclear fusion process that occurs in the cores of very massive 
stars, after the helium burning phase. During carbon burning, carbon nuclei are fused 
together to form heavier elements such as neon, magnesium, and silicon.
The carbon burning process involves a series of reactions, each of which involves the 
fusion of two carbon nuclei. For example, the first step in the carbon burning process 
involves the fusion of two carbon nuclei to create an unstable nucleus of 
magnesium-24:
carbon-12 + carbon-12 -> magnesium-24 + energy
This reaction releases a significant amount of energy, which is what allows the star to 
shine and determines its evolution and ultimate fate. Subsequent reactions can then 
lead to the production of even heavier elements, such as silicon and iron.
Carbon burning occurs only in the cores of very massive stars with masses greater than 
about 8 times that of the Sun, and only when the core temperature exceeds about 600 
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million Kelvin. The energy released during carbon burning is what prevents the core of 
the star from collapsing under its own weight and determines the final fate of the star. If 
the core mass is greater than about 1.4 times that of the Sun (the Chandrasekhar limit), 
it will ultimately collapse and lead to a supernova explosion, dispersing the heavy 
elements produced during carbon burning into the interstellar medium.

4.3.4  Neon Burning
Neon burning is a nuclear fusion process that occurs in the cores of very massive stars, 
after the carbon burning phase. During neon burning, neon nuclei are fused together to 
form even heavier elements, such as sodium, magnesium, and aluminum.
The neon burning process involves a series of reactions, each of which involves the 
fusion of neon nuclei. For example, the first step in the neon burning process involves 
the fusion of two neon nuclei to create a nucleus of magnesium-24:
neon-20 + neon-20 -> magnesium-24 + alpha particle
This reaction releases a significant amount of energy, which is what allows the star to 
shine and determines its evolution and ultimate fate. Subsequent reactions can then 
lead to the production of even heavier elements, such as silicon, sulfur, and iron.
Neon burning occurs only in the cores of the most massive stars, with masses greater 
than about 8 times that of the Sun, and only when the core temperature exceeds about 
1.2 billion Kelvin. The energy released during neon burning is what prevents the core of 
the star from collapsing under its own weight and determines the final fate of the star. If 
the core mass is greater than about 1.4 times that of the Sun (the Chandrasekhar limit), 
it will ultimately collapse and lead to a supernova explosion, dispersing the heavy 
elements produced during neon burning into the interstellar medium.

4.3.5  Oxygen Burning
Oxygen burning is a nuclear fusion process that occurs in the cores of the most massive 
stars, after the neon burning phase. During oxygen burning, oxygen nuclei are fused 
together to form even heavier elements, such as silicon, sulfur, and calcium.
The oxygen burning process involves a series of reactions, each of which involves the 
fusion of oxygen nuclei. For example, the first step in the oxygen burning process 
involves the fusion of two oxygen nuclei to create a nucleus of silicon-28:
oxygen-16 + oxygen-16 -> silicon-28 + alpha particle
This reaction releases a significant amount of energy, which is what allows the star to 
shine and determines its evolution and ultimate fate. Subsequent reactions can then 
lead to the production of even heavier elements, such as sulfur, argon, and calcium.
Oxygen burning occurs only in the cores of the most massive stars, with masses greater 
than about 8 times that of the Sun, and only when the core temperature exceeds about 
1.5 billion Kelvin. The energy released during oxygen burning is what prevents the core 
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of the star from collapsing under its own weight and determines the final fate of the star. 
If the core mass is greater than about 1.4 times that of the Sun (the Chandrasekhar 
limit), it will ultimately collapse and lead to a supernova explosion, dispersing the heavy 
elements produced during oxygen burning into the interstellar medium.

4.3.6  Silicon Burning
Silicon burning is a nuclear fusion process that occurs in the cores of the most massive 
stars, after the oxygen burning phase. During silicon burning, silicon nuclei are fused 
together to form even heavier elements, such as nickel, cobalt, and iron.
The silicon burning process involves a series of reactions, each of which involves the 
fusion of silicon nuclei. For example, the first step in the silicon burning process involves 
the fusion of two silicon nuclei to create a nucleus of sulfur-32:
silicon-28 + silicon-28 -> sulfur-32 + alpha particle
This reaction releases a significant amount of energy, which is what allows the star to 
shine and determines its evolution and ultimate fate. Subsequent reactions can then 
lead to the production of even heavier elements, such as nickel, cobalt, and iron.
Silicon burning occurs only in the cores of the most massive stars, with masses greater 
than about 8 times that of the Sun, and only when the core temperature exceeds about 
3.5 billion Kelvin. The energy released during silicon burning is what prevents the core 
of the star from collapsing under its own weight and determines the final fate of the star. 
If the core mass is greater than about 1.4 times that of the Sun (the Chandrasekhar 
limit), it will ultimately collapse and lead to a supernova explosion, dispersing the heavy 
elements produced during silicon burning into the interstellar medium.

4.4  Supernova Nucleosynthesis
Supernova nucleosynthesis refers to the process of creating new elements through 
nuclear reactions that occur during a supernova explosion. During a supernova, a 
massive star undergoes a catastrophic collapse, which triggers a powerful explosion 
that can release more energy than an entire galaxy of stars.
During the collapse and subsequent explosion, the temperature and density in the core 
of the star become extreme, allowing for fusion reactions to create heavier elements. 
The energy released during supernova nucleosynthesis is what powers the explosion 
and can lead to the production of elements heavier than iron.
There are two main types of supernovae: Type Ia and Type II. Type Ia supernovae occur 
in binary star systems where a white dwarf star accretes material from its companion 
star, leading to a runaway nuclear fusion reaction that triggers the explosion. Type II 
supernovae occur when a massive star runs out of fuel and undergoes a catastrophic 
collapse, which triggers the explosion.
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During a Type Ia supernova, the fusion reactions involve carbon and oxygen nuclei 
fusing together to create elements such as silicon, sulfur, and iron. Type II supernovae 
involve the fusion of heavier elements, such as oxygen, silicon, and sulfur, to create 
even heavier elements such as nickel, cobalt, and iron. The explosion of a supernova 
then disperses these newly synthesized elements into the interstellar medium, where 
they can be incorporated into new stars and planets.
Supernova nucleosynthesis is a crucial process for the evolution of the universe, as it is 
responsible for the production of many of the elements that make up our world and the 
cosmos around us. It also plays a significant role in the study of astronomy and 
astrophysics, providing insight into the properties and behavior of some of the most 
extreme objects in the universe.

4.4.1  The r-process
The r-process (rapid neutron capture process) is a nuclear reaction process that occurs 
in supernovae explosions and neutron star mergers, and is responsible for the 
production of approximately half of the elements heavier than iron in the universe.
During the r-process, atomic nuclei are bombarded by neutrons at a very high rate, 
which causes them to capture multiple neutrons in a very short period of time. This 
results in the formation of very neutron-rich, unstable isotopes of heavy elements, which 
subsequently decay into stable isotopes.
The r-process requires very high neutron densities and short time scales, which are only 
present in extreme astrophysical environments such as supernovae explosions and 
neutron star mergers. In these events, the high temperatures and pressures can create 
the conditions necessary for the r-process to occur.
The r-process is thought to be responsible for the production of many important heavy 
elements, including gold, platinum, uranium, and thorium. These elements have 
important applications in areas such as medicine, industry, and energy production.
Understanding the r-process and the production of heavy elements in the universe is an 
active area of research in astrophysics and nuclear physics. Studying the abundances 
of heavy elements in stars and other astronomical objects can provide important 
insights into the history and evolution of the universe, as well as the physical processes 
that govern the behavior of matter and energy in extreme environments.

4.4.2  The s-process
The s-process (slow neutron capture process) is a nuclear reaction process that occurs 
in stars and is responsible for the production of approximately half of the elements 
heavier than iron in the universe.
During the s-process, atomic nuclei are bombarded by neutrons at a much slower rate 
than in the r-process. This allows the nuclei to capture neutrons one at a time, resulting 
in the formation of stable isotopes of heavier elements. The s-process occurs in the late 
stages of the evolution of low- to intermediate-mass stars, where the temperatures and 
densities are high enough to sustain the necessary nuclear reactions.
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The s-process requires temperatures in the range of 100 million to 300 million degrees 
Celsius, which are present in the interiors of stars during the late stages of their lives. 
During this time, the stars have exhausted their hydrogen fuel and have begun fusing 
heavier elements like helium and carbon. As the star ages, it begins to contract and 
heat up, creating the conditions necessary for the s-process to occur.
The s-process is thought to be responsible for the production of many important 
elements, including strontium, yttrium, barium, and lead. These elements have 
important applications in areas such as medicine, industry, and energy production.
Understanding the s-process and the production of heavy elements in stars is an active 
area of research in astrophysics and nuclear physics. Studying the abundances of 
heavy elements in stars and other astronomical objects can provide important insights 
into the history and evolution of the universe, as well as the physical processes that 
govern the behavior of matter and energy in extreme environments.

4.5  Neutron Star Mergers
Neutron star mergers are rare cosmic events that occur when two neutron stars orbiting 
each other spiral inward and eventually collide, releasing a tremendous amount of 
energy in the form of gravitational waves and electromagnetic radiation.
When two neutron stars merge, their cores can merge together, forming a super-dense 
object called a black hole, or they can combine to form a more massive neutron star. 
The violent collision also results in the ejection of matter into space, which can produce 
a variety of heavy elements through a process called r-process nucleosynthesis.
The r-process involves the rapid capture of neutrons by atomic nuclei, followed by beta 
decay into heavier elements. The conditions created by a neutron star merger, including 
the high temperatures, pressures, and neutron densities, are thought to be ideal for the 
r-process to occur, leading to the production of elements heavier than iron, such as 
gold, platinum, and uranium.
Observations of neutron star mergers have provided valuable insights into astrophysics 
and the nature of the universe. In 2017, the LIGO and Virgo gravitational wave 
detectors observed the first neutron star merger, which was also detected across the 
electromagnetic spectrum, from gamma rays to radio waves. This event, known as 
GW170817, confirmed the predictions of the r-process and provided new information 
about the properties of neutron stars and their mergers.
Neutron star mergers are rare: estimated to occur 30 - 500 times per galaxy per million 
years.
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4.5.1  Heavier Than Iron
The Caltech presser on neutron star merger of 17 Aug 2017:  All elements beyond 
atomic number 41 (except lead) were seen to be produced in the neutron star merger.  
It was  determined that most heavy elements are thus produced.  The abundance of 
heavy elements in the Universe could not have been produced by supernovas; some 
yes, but not all.  Supernovas are not energetic enough.  Neutron star mergers are now 
called kilonovas.

4.5.2  Gold and the Heavy Elements

Theorists have predicted that what follows the initial fireball (of a neutron 
star merger) is a “kilonova” — a phenomenon by which the material that is 
left over from the neutron star collision, which glows with light, is blown out 
of the immediate region and far out into space. The new light-based 
observations show that heavy elements, such as lead and gold, are 
created in these collisions and subsequently distributed throughout the 
universe. [Jennifer Chu, MIT News Office]
Researchers have new evidence that gold comes from the collisions of 
neutron stars.  "We can account for all the gold in the universe from these 
collisions," said Edo Berger, astronomer at the Harvard-Smithson Center 
for Astrophysics.
Although the idea has been floated that gold comes from explosions of 
supernovae, simulations suggest that it's hard to produce gold that way, 
Berger said. Supernovae may contribute some fraction of gold to the 
universe, he said, but it appears that neutron star collisions are the 
dominant mechanism of producing gold in our universe. [Landau, 2013]

4.6  Cosmic Ray Spallation

Cosmic ray spallation is thought to be responsible for the abundance in 
the universe of some light elements such as lithium, beryllium and boron. 
[Cosmic ray spallation]

Cosmic ray spallation is a process by which high-energy cosmic rays collide with atomic 
nuclei in the upper atmosphere, resulting in the fragmentation and decay of those nuclei 
into lighter elements.
When cosmic rays collide with atomic nuclei in the atmosphere, they can transfer 
energy and break apart the nucleus into smaller pieces. This process is called 
spallation, and it can create new isotopes of elements that do not occur naturally on 
Earth.
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For example, when cosmic rays collide with nitrogen atoms in the atmosphere, they can 
break apart the nitrogen nucleus and create new isotopes of carbon and oxygen. 
Similarly, cosmic rays colliding with silicon atoms can produce new isotopes of 
aluminum and neon.
Cosmic ray spallation is an important process in the formation of isotopes in the 
universe, as it can produce isotopes that cannot be formed through other processes 
such as nuclear fusion or radioactive decay. This process also plays a role in the 
creation of elements such as lithium and beryllium, which are not produced in significant 
quantities by stellar nucleosynthesis.
Understanding cosmic ray spallation is important for studying the evolution of the 
universe, as well as for understanding the origin and distribution of elements in the solar 
system and beyond.

4.7  The Transuranic Elements
Transuranic elements are chemical elements with atomic numbers greater than 92, the 
atomic number of uranium. These elements are all synthetic, meaning they are not 
found naturally on Earth but must be created in a laboratory or nuclear reactor through 
nuclear reactions involving heavier elements.
The most well-known transuranic elements include plutonium, neptunium, and 
americium, which were all discovered during the Manhattan Project in the 1940s as part 
of efforts to develop nuclear weapons. Other transuranic elements include berkelium, 
curium, californium, and einsteinium, all of which were discovered in the decades 
following World War II.
Transuranic elements are generally unstable and radioactive, meaning they decay into 
lighter elements over time through a process known as radioactive decay. Many 
transuranic elements have extremely long half-lives, meaning they can remain 
radioactive for thousands or even millions of years, posing a potential health risk to 
humans and the environment.
Due to their unique properties, transuranic elements have a variety of practical 
applications, including in nuclear power generation, nuclear medicine, and the 
development of new materials. However, their production and use also pose significant 
environmental and health risks, and the handling and storage of transuranic waste is a 
major concern in nuclear energy and weapons programs.
Overall, the study of transuranic elements provides valuable insights into the behavior of 
matter at extreme conditions and the fundamental nature of the universe. 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4.9  Further Reading for Chapter 4.  Nucleosynthesis

Order Further Reading for Chapter 4.  Nucleosynthesis

1 Caltech-Led Teams Strike Cosmic Gold, https://www.caltech.edu/
about/news/caltech-led-teams-strike-cosmic-gold-80074, Retrieved 
May 2018.

2 Carbon-burning process, https://en.wikipedia.org/wiki/Carbon-
burning_process, Retrieved Apr 2023.

3 Chu, Jennifer, MIT News Office, LIGO and Virgo make first 
detection of gravitational waves produced by colliding neutron 
stars, Laser Interferometer Gravitational-Wave Observatory,  
https://www.ligo.caltech.edu/page/press-release-gw170817, 20 Oct 
2017.

4 Cosmic ray spallation, https://en.wikipedia.org/wiki/
Cosmic_ray_spallation#:~:text=Cosmic%20ray%20spallation%2C
%20also%20known,cosmic%20rays%20on%20an%20object, 
Retrieved May 2023.

5 Cosmogenesis, https://en.wikipedia.org/wiki/
Environmental_radioactivity#Natural, Retrieved Mar 2018.

6 Cosmogenic nuclide, https://en.wikipedia.org/wiki/
Cosmogenic_nuclide, Retrieved Mar 2018.

7 Kasen, Daniel, Stellar Fireworks, Scientific American, p Jun 2016.

8 Kohler, Susanna, Colliding Neutron Stars as the Source of Heavy 
Elements, American Astonomical Society, NOVA, 21 Sep 2016,  
http://aasnova.org/2016/09/21/colliding-neutron-stars-as-the-
source-of-heavy-elements/

9 Landau, Elizabeth, All the world’s gold came from collisions of 
dead stars, scientists say,   http://www.cnn.com/2013/07/18/tech/
innovation/gold-origins-stars/, CNN, 18 July 2013.

10 Landau, Elizabeth, CNN, All the world’s gold came from collisions 
of dead stars, scientists say, http://www.cnn.com/2013/07/18/tech/
innovation/gold-origins-stars/index.html, 18 Jly 2013.

11 Neon-burning process, https://en.wikipedia.org/wiki/Neon-
burning_process, Nov 2015.

Page  of 68 96

https://www.caltech.edu/about/news/caltech-led-teams-strike-cosmic-gold-80074
https://en.wikipedia.org/wiki/Carbon-burning_process
https://www.ligo.caltech.edu/page/press-release-gw170817
https://en.wikipedia.org/wiki/Cosmic_ray_spallation#:~:text=Cosmic%20ray%20spallation%2C%20also%20known,cosmic%20rays%20on%20an%20object
https://en.wikipedia.org/wiki/Environmental_radioactivity#Natural
https://en.wikipedia.org/wiki/Cosmogenic_nuclide
http://aasnova.org/2016/09/21/colliding-neutron-stars-as-the-source-of-heavy-elements/
http://www.cnn.com/2013/07/18/tech/innovation/gold-origins-stars/
http://www.cnn.com/2013/07/18/tech/innovation/gold-origins-stars/index.html
https://en.wikipedia.org/wiki/Neon-burning_process


The 92

12 Nuclear Burning in High Mass Stars, http://www.astro.cornell.edu/
academics/courses/astro201/highmass.htm

13 Nuclear Fusion, http://www.astrophysicsspectator.com/topics/stars/
Fusion.html

14 Nucleosynthesis, https://en.wikipedia.org/wiki/Nucleosynthesis, 
Nov 2015.

15 Origin of gold is likely in rare neutron-star collisions, http://
www.washingtonpost.com/national/health-science/origin-of-gold-
found-in-rare-neutron-star-collisions/2013/07/17/a158bd46-
eef2-11e2-bed3-b9b6fe264871_story.html

16 Oxygen-burning process, https://en.wikipedia.org/wiki/Oxygen-
burning_process, Nov 2015. 

17 Proton-proton chain reaction, https://en.wikipedia.org/wiki/Proton-
proton_chain_reaction, Nov 2015.

18 r-process, https://en.wikipedia.org/wiki/R-process, Retrieved May 
2016.

19 Radiogenic nuclide, https://en.wikipedia.org/wiki/
Radiogenic_nuclide, Retrieved May 2016.

20 Silicon-burning process, https://en.wikipedia.org/wiki/Silicon-
burning_process, Nov 2015.

21 Stellar nucleosynthesis, https://en.wikipedia.org/wiki/
Stellar_nucleosynthesis

22 Stromberg, Joseph, All the Gold in the Universe Could Come From 
the Collisions of Neutron Stars, http://www.smithsonianmag.com/
science-nature/all-the-gold-in-the-universe-could-come-from-the-
collisions-of-neutron-stars-13474145/?page=1&no-ist, 
Smithsonian.com, 16 July 2013.

23 The Origins of the Elements, http://
theoriginoftheelementsassignment.weebly.com

24 Triple-alpha process, https://en.wikipedia.org/wiki/Triple-
alpha_process, Retrieved Aug 2016.

25 Urry, Meg, Gold comes from stars, http://www.cnn.com/
2013/07/20/opinion/urry-gold-stars/index.html, 20 Jly 2013.

Order Further Reading for Chapter 4.  Nucleosynthesis

Page  of 69 96

http://www.astro.cornell.edu/academics/courses/astro201/highmass.htm
http://www.astrophysicsspectator.com/topics/stars/Fusion.html
https://en.wikipedia.org/wiki/Nucleosynthesis
http://www.washingtonpost.com/national/health-science/origin-of-gold-found-in-rare-neutron-star-collisions/2013/07/17/a158bd46-eef2-11e2-bed3-b9b6fe264871_story.html
https://en.wikipedia.org/wiki/Oxygen-burning_process
https://en.wikipedia.org/wiki/Proton
https://en.wikipedia.org/wiki/R-process
https://en.wikipedia.org/wiki/Radiogenic_nuclide
https://en.wikipedia.org/wiki/Silicon-burning_process
https://en.wikipedia.org/wiki/Stellar_nucleosynthesis
http://www.smithsonianmag.com/science-nature/all-the-gold-in-the-universe-could-come-from-the-collisions-of-neutron-stars-13474145/?page=1&no-ist
http://theoriginoftheelementsassignment.weebly.com
https://en.wikipedia.org/wiki/Triple-alpha_process
http://www.cnn.com/2013/07/20/opinion/urry-gold-stars/index.html


The 92

Chapter 5

Abundance of the Elements

5.0 Introduction
The abundance of the elements refers to the relative occurrence of different chemical 
elements in the universe, in the solar system, or on Earth. Understanding the 
abundance of elements is important because it provides insight into the physical and 
chemical processes that shape our world and the universe around us.
The most abundant elements in the universe are hydrogen and helium, which make up 
the majority of the observable matter in the cosmos. Other elements are present in 
much smaller quantities and are distributed unevenly throughout the universe, with 
some regions containing higher concentrations of certain elements than others.
On Earth, the abundance of elements is primarily determined by the composition of the 
planet's crust, which is the most accessible layer for study and analysis. The relative 
concentrations of different elements can vary depending on the specific location on 
Earth, such as areas with high volcanic activity or significant mineral deposits.
The abundance of elements is also an important consideration in fields such as 
chemistry, geology, and astrophysics, as it provides a foundation for understanding the 
properties and behavior of different elements in various environments.

Section Table of Contents for Chapter 5.  Abundance of the Elements
5.0 Introduction

5.1 Abundance of Elements in the Universe

5.2 Abundance of Elements in the Solar System

5.3 Abundance of Elements on Earth

5.4 Further Reading for Chapter 5 - Abundance of the Elements
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5.1  Abundance of Elements in the Universe
The abundance of elements in the Universe varies greatly, with hydrogen being the 
most abundant element and the others being much less common. The following is a 
rough breakdown of the relative abundance of elements in the Universe, based on 
observations of stars and other celestial bodies:

• Hydrogen: 74%
• Helium: 24%
• Oxygen: 1%
• Carbon: 0.5%
• Neon: 0.1%
• Iron: 0.1%
• Nitrogen: 0.05%
• Silicon: 0.05%
• Magnesium: 0.04%
• Sulfur: 0.03%
• Other elements: less than 0.01%

It's worth noting that these values are averages and can vary significantly depending on 
the location and history of a particular region of the Universe. Additionally, these values 
only account for the visible matter in the Universe and do not include dark matter or 
dark energy, which make up the majority of the Universe's mass-energy content but are 
not composed of ordinary matter.

5.2  Abundance of Elements in the Solar System
The abundance of elements in the Solar System, including the Sun, planets, and other 
celestial bodies, is relatively well-studied and understood. Here is a breakdown of the 
relative abundance of elements in the Solar System, based on observations and 
measurements:

• Hydrogen: 74.9%
• Helium: 23.8%
• Oxygen: 0.8%
• Carbon: 0.3%
• Neon: 0.2%
• Iron: 0.2%
• Nitrogen: 0.1%
• Silicon: 0.1%
• Magnesium: 0.1%
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• Sulfur: 0.04%
• Other elements: less than 0.01%

It's worth noting that these values may vary slightly depending on the specific location 
within the Solar System, such as the composition of individual planets and their moons. 
Additionally, the abundances of some elements, particularly heavier elements, can be 
affected by processes such as nucleosynthesis and radioactive decay.

5.3  Abundance of Elements on Earth
The abundance of elements on Earth is primarily determined by the composition of the 
planet's crust, as this is the most accessible layer for study and analysis. Here is a 
breakdown of the relative abundance of elements on Earth's crust, based on 
measurements and analysis:

• Oxygen: 46.6%
• Silicon: 27.7%
• Aluminum: 8.1%
• Iron: 5%
• Calcium: 3.6%
• Sodium: 2.8%
• Potassium: 2.6%
• Magnesium: 2.1%
• Other elements (including hydrogen, carbon, nitrogen, and various trace 

elements): less than 2%
It's worth noting that the abundance of elements can vary significantly depending on the 
specific location on Earth. For example, areas with high volcanic activity may have a 
higher concentration of certain elements, while areas with significant mineral deposits 
may have higher concentrations of metals such as gold or silver. Additionally, the 
abundance of elements in the Earth's mantle and core is less well-understood due to 
the inaccessibility of these layers for direct measurement and analysis.
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5.5  Further Reading for Chapter 5.  Abundance of the Elements

Order Further Reading for Chapter 5.  Abundance of the 
Elements
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3 Witze, Alexandra, Earth’s Iron-Lovers, Science News Magazine, 
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4 Zimmer, Carl, The Mystery of Earth’s Oxygen, The New York 
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Chapter 6

Deposits of Key Elements

6.0 Introduction
The deposits of elements on Earth refer to the accumulation of minerals and other 
materials containing various chemical elements that can be extracted and used for a 
variety of purposes. These deposits are typically formed through geological processes 
such as volcanic activity, sedimentation, and hydrothermal activity, and can occur in a 
wide range of environments, including on land and under the sea.
Some common examples of element deposits on Earth include:

• Metal ores: deposits of minerals that contain metals such as iron, copper, gold, 
and silver, which are extracted for use in construction, electronics, and other 
industries.

• Fossil fuels: deposits of hydrocarbons such as coal, oil, and natural gas, which 
are extracted for use as energy sources.

• Gemstones: deposits of minerals such as diamonds, emeralds, and rubies, which 
are prized for their beauty and used in jewelry and other decorative items.

• Industrial minerals: deposits of minerals such as limestone, gypsum, and salt, 
which are used in a variety of industrial processes such as cement production, 
chemical manufacturing, and food processing.

The extraction of elements from deposits on Earth can have significant environmental 
impacts, such as deforestation, soil erosion, and water pollution. As a result, efforts are 
being made to develop more sustainable and environmentally friendly mining practices, 
as well as to identify alternative sources of materials that are less damaging to the 
environment.
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6.1.1  Key Deposits of Helium
Helium is primarily produced from natural gas deposits, and the three largest producing 
countries are the United States, Russia, and Algeria. In the US, the largest helium-
producing region is the Hugoton-Panhandle gas field, which is located in parts of 
Kansas, Oklahoma, and Texas. The National Helium Reserve, located in Amarillo, 
Texas, is also an important source of helium in the US.
In Russia, the major helium-producing region is the Orenburg Gas Processing Plant, 
which is located in the Orenburg Oblast in the Ural Mountains. Algeria is also a 
significant producer of helium, with the majority of its production coming from the Hassi 
R'Mel gas field.
Other countries with significant helium reserves include Qatar, Canada, and China. 
However, the availability of helium can vary greatly depending on the geological 
characteristics of gas deposits in different regions, and the cost of producing helium can 
also vary widely depending on factors such as the depth of gas wells and the efficiency 
of gas processing facilities.

6.1.2  Key Deposits of Lithium
Lithium is a relatively rare element in the Earth's crust, with an abundance of 
approximately 20 parts per million (ppm) by weight. However, it is increasingly in 
demand due to its use in rechargeable batteries for electronic devices, electric vehicles, 
and energy storage systems.
The largest lithium deposits are found in salt flats or brine pools in the Andes mountains 
of South America, particularly in the so-called "lithium triangle" region where Argentina, 
Bolivia, and Chile meet. These deposits are formed by the evaporation of salty water 
over millions of years, leaving behind concentrated lithium minerals.
Other significant lithium deposits are found in Australia, particularly in the Greenbushes 
mine in Western Australia, which is one of the largest lithium mines in the world. Lithium 
deposits are also found in China, Russia, and the United States, among other countries.
In addition to lithium-rich brine deposits, lithium is also found in hard rock minerals such 
as spodumene, lepidolite, and petalite. These minerals are mined and processed to 

6.1.25 Key Deposits of Rare Earths

6.2 6.2  Further Reading for Chapter 6 - Deposits of Key Elements
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extract lithium, but are generally more expensive and difficult to extract than lithium from 
brine deposits.
As the demand for lithium continues to grow with the increasing use of electric vehicles 
and renewable energy storage, exploration for new lithium deposits is ongoing. 
However, there are also concerns about the environmental impact of lithium mining and 
processing, particularly in sensitive ecosystems such as salt flats and brine pools.

6.1.3  Key Deposits of Magnesium
Magnesium is an abundant element on Earth, but it is typically not found in its pure form 
in nature. Instead, it is most commonly found in combination with other elements in 
minerals such as dolomite, magnesite, and carnallite.
The largest producers of magnesium are China and Russia, which together account for 
over half of the world's production. Other significant producers include Israel, 
Kazakhstan, Brazil, and Turkey.
In China, the primary sources of magnesium are the deposits in the provinces of 
Shanxi, Henan, and Liaoning. In Russia, the majority of magnesium is produced from 
the deposits in the Urals region, particularly in the city of Satka.
In Israel, the Dead Sea is a significant source of magnesium, with the mineral deposits 
at the southern end of the sea containing large reserves of magnesium chloride. In 
Kazakhstan, the Karaganda region is a major producer of magnesium, and in Brazil, the 
Brumado region is an important source of magnesium ore.
Overall, while magnesium is widely distributed throughout the Earth's crust, the 
availability of magnesium can vary depending on the quality and accessibility of mineral 
deposits in different regions.

6.1.4  Key Deposits of Aluminum
Aluminum is one of the most abundant metals in the Earth's crust, but it is typically 
found in compounds rather than in its pure form. The key deposits of aluminum are 
typically bauxite deposits, which are rich in aluminum and are the primary source of 
aluminum ore.
Some of the major bauxite deposits are found in:

1. Guinea: Guinea is home to some of the world's largest bauxite deposits, with the 
Sangarédi mine producing over 14 million tons of bauxite per year.

2. Australia: Australia is the world's largest producer of bauxite, with deposits 
located mainly in the Western Australia region.

3. Brazil: Brazil is the third-largest producer of bauxite, with deposits located in the 
Amazon region.
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4. Jamaica: Jamaica is home to some of the world's highest-quality bauxite 
deposits, with the majority of the deposits located in the central and western 
parts of the island.

5. India: India has significant bauxite deposits, with the majority located in the states 
of Orissa, Jharkhand, and Chhattisgarh.

Other significant deposits of aluminum can be found in China, Russia, and several 
countries in Africa, including Sierra Leone and Ghana.

6.1.5  Key Deposits of Titanium
Titanium is a relatively rare metal that is highly valued for its strength, durability, and 
resistance to corrosion. The key deposits of titanium are typically found in the form of 
mineral sands, which are rich in titanium minerals.
Some of the major deposits of titanium are found in:

1. Australia: Australia is the world's largest producer of titanium, with significant 
deposits located in Western Australia, Queensland, and Victoria.

2. South Africa: South Africa is another major producer of titanium, with deposits 
located mainly in the Eastern Cape and KwaZulu-Natal provinces.

3. Canada: Canada has significant deposits of titanium, with the Lac Tio deposit in 
Quebec being one of the largest in the world.

4. Norway: Norway has significant deposits of titanium, with the Tellnes mine being 
one of the largest deposits in Europe.

5. India: India has significant deposits of titanium, with the majority located in the 
states of Tamil Nadu, Kerala, and Odisha.

Other significant deposits of titanium can be found in China, Russia, Ukraine, and the 
United States.

6.1.6  Key Deposits of Chromium
Chromium is a relatively abundant element on Earth, but it is typically found in 
combination with other elements in minerals such as chromite and crocoite. The largest 
producers of chromium are South Africa, Kazakhstan, and India, which together account 
for over 70% of the world's production.
In South Africa, the Bushveld Igneous Complex is the largest source of chromium, with 
the majority of the country's chromium production coming from the mines in this region. 
Kazakhstan's primary source of chromium is the Donskoy Ore Mining and Processing 
Plant, which is located in the Khromtau district of the Aktobe region. In India, the 
Sukinda Valley in the state of Odisha is the largest source of chromite ore, which is the 
primary source of chromium in the country.
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Other significant producers of chromium include Turkey, Finland, and Brazil. In Turkey, 
the Konya-Karakhanbeyli region is a major source of chromite ore, while in Finland, the 
Kemi Mine is an important producer of chromite. In Brazil, the state of Bahia is the 
primary source of chromite, with the Pedra Branca and Jacurici mines being the largest 
producers.
Overall, the availability of chromium can vary depending on the quality and accessibility 
of chromite deposits in different regions, but the largest reserves of chromium are 
concentrated in a few countries, particularly South Africa, Kazakhstan, and India.

6.1.7  Key Deposits of Iron
Iron is one of the most abundant elements on Earth and is found in a variety of 
minerals, including hematite, magnetite, and taconite. The largest producers of iron ore 
are Australia, Brazil, China, India, Russia, and Ukraine, which together account for more 
than 80% of the world's production.
Australia is the world's largest producer of iron ore, with the majority of its production 
coming from the Pilbara region in Western Australia. Brazil is the second-largest 
producer, with the majority of its iron ore production coming from the Carajás Mine in 
the state of Pará. China is the world's largest consumer of iron ore and is also a major 
producer, with the majority of its production coming from the provinces of Liaoning and 
Hebei.
India is the fourth-largest producer of iron ore and its largest iron ore producing state is 
Odisha, followed by Chhattisgarh, Jharkhand, and Karnataka. Russia is the fifth-largest 
producer of iron ore, with most of its production coming from the Kursk Magnetic 
Anomaly in the Urals region. Ukraine is the sixth-largest producer, with most of its 
production coming from the Kryvyi Rih Iron Ore Basin in the central part of the country.
Other significant iron ore producers include Canada, South Africa, and the United 
States. In Canada, the Labrador Trough is the largest iron ore producing region, while in 
South Africa, the Sishen Mine is one of the largest open-pit mines in the world. In the 
United States, Minnesota's Mesabi Iron Range is a significant producer of iron ore.

6.1.8  Key Deposits of Cobalt
Cobalt is primarily found in association with copper and nickel deposits, as well as in arsenide 
ores such as smaltite and cobaltite. The largest producers of cobalt are the Democratic 
Republic of Congo (DRC), Canada, Australia, Zambia, and Russia.
The DRC is the world's largest producer of cobalt, accounting for more than 60% of global 
production. Most of the country's cobalt is mined from the Katanga Copperbelt in the southern 
part of the country. Canada is the second-largest producer of cobalt, with the majority of its 
production coming from the Sudbury Basin in Ontario. Australia is the third-largest producer, 
with most of its production coming from the Mount Isa Mines in Queensland.
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Zambia is the fourth-largest producer of cobalt, with the majority of its production coming from 
the Copperbelt region. Russia is the fifth-largest producer, with most of its production coming 
from the Norilsk-Talnakh mines in the Siberian region.
Other significant producers of cobalt include Cuba, Madagascar, and the Philippines. In Cuba, 
cobalt is mined as a by-product of nickel mining, while in Madagascar, the Ambatovy nickel-
cobalt mine is a major producer. In the Philippines, cobalt is produced from the Taganito and 
Cagdianao mines on the island of Mindanao.
Overall, the availability of cobalt can be influenced by factors such as political instability, 
environmental concerns, and technological advancements. However, the largest reserves of 
cobalt are concentrated in a few countries, particularly the DRC, which is responsible for a 
significant portion of the world's supply.

6.1.9  Key Deposits of Nickel
Nickel is primarily found in two types of ore deposits: sulfide deposits and laterite 
deposits. The largest producers of nickel are Indonesia, the Philippines, Russia, New 
Caledonia, and Australia.
Indonesia is the world's largest producer of nickel, with most of its production coming 
from the Morowali Industrial Park in Central Sulawesi. The Philippines is the second-
largest producer, with the majority of its nickel production coming from the Caraga 
region on the island of Mindanao. Russia is the third-largest producer, with most of its 
production coming from the Norilsk-Talnakh mines in the Siberian region.
New Caledonia is the fourth-largest producer of nickel, with most of its production 
coming from the Koniambo and Goro mines. Australia is the fifth-largest producer, with 
most of its production coming from Western Australia, particularly from the Kambalda 
and Kalgoorlie regions.
Other significant producers of nickel include Canada, Brazil, and Cuba. In Canada, the 
Sudbury Basin in Ontario is a major producer, while in Brazil, the largest nickel producer 
is the Onça Puma mine in the state of Pará. In Cuba, nickel is produced as a by-product 
of the country's laterite nickel mines.
Overall, the availability of nickel can be influenced by factors such as political instability, 
environmental concerns, and technological advancements. However, the largest 
reserves of nickel are concentrated in a few countries, particularly Indonesia, which is 
responsible for a significant portion of the world's supply.

6.1.10  Key Deposits of Copper
Copper is primarily found in large, low-grade deposits that are typically located near the 
Earth's surface. The largest producers of copper are Chile, Peru, China, the United 
States, and Australia.
Chile is the world's largest producer of copper, with the majority of its production coming 
from the Chuquicamata and Escondida mines. Peru is the second-largest producer, with 
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most of its production coming from the Antamina and Toquepala mines. China is the 
third-largest producer, with most of its production coming from the Dexing and Jiangxi 
Copper mines.
The United States is the fourth-largest producer of copper, with most of its production 
coming from the Bingham Canyon mine in Utah. Australia is the fifth-largest producer, 
with most of its production coming from the Olympic Dam mine in South Australia and 
the Mount Isa Mines in Queensland.
Other significant producers of copper include Indonesia, Russia, and Zambia. In 
Indonesia, copper is produced from the Grasberg mine, while in Russia, the Udokan 
deposit is a major producer. In Zambia, copper is produced from the Copperbelt region, 
which includes the Lumwana mine.
Overall, the availability of copper can be influenced by factors such as political 
instability, environmental concerns, and technological advancements. However, the 
largest reserves of copper are concentrated in a few countries, particularly Chile, which 
is responsible for a significant portion of the world's supply.

6.1.11  Key Deposits of Zinc
Zinc is primarily found in two types of ore deposits: sulfide deposits and oxide deposits. 
The largest producers of zinc are China, Peru, Australia, the United States, and India.
China is the world's largest producer of zinc, with the majority of its production coming 
from the Inner Mongolia and Yunnan provinces. Peru is the second-largest producer, 
with most of its production coming from the Antamina and Cerro de Pasco mines. 
Australia is the third-largest producer, with most of its production coming from the Mount 
Isa and McArthur River mines.
The United States is the fourth-largest producer of zinc, with most of its production 
coming from the Red Dog mine in Alaska. India is the fifth-largest producer, with most of 
its production coming from the Rampura Agucha and Zawar mines.
Other significant producers of zinc include Mexico, Kazakhstan, and Canada. In Mexico, 
zinc is produced from the Penasquito mine, while in Kazakhstan, the Ridder-Sokolny 
and Shymkent mines are major producers. In Canada, the largest producer of zinc is 
the Red Dog mine in Alaska, which is owned by a Canadian mining company.
Overall, the availability of zinc can be influenced by factors such as political instability, 
environmental concerns, and technological advancements. However, the largest 
reserves of zinc are concentrated in a few countries, particularly China, which is 
responsible for a significant portion of the world's supply.
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6.1.12  Key Deposits of Molybdenum
Molybdenum is primarily found in porphyry copper deposits, which are large-scale 
deposits that contain copper, gold, and other metals. The largest producers of 
molybdenum are China, the United States, Chile, Peru, and Canada.
China is the world's largest producer of molybdenum, with most of its production coming 
from the Luanchuan and Jinduicheng mines. The United States is the second-largest 
producer, with most of its production coming from the Climax and Henderson mines in 
Colorado. Chile is the third-largest producer, with most of its production coming from the 
Los Pelambres and Collahuasi mines. Peru is the fourth-largest producer, with most of 
its production coming from the Cerro Verde and Antamina mines. Canada is the fifth-
largest producer, with most of its production coming from the Highland Valley mine.
Other significant producers of molybdenum include Mexico, Armenia, and Mongolia. In 
Mexico, molybdenum is produced from the La Caridad and La Cienega mines, while in 
Armenia, the Agarak mine is a major producer. In Mongolia, molybdenum is produced 
from the Erdenet mine, which is one of the largest copper-molybdenum mines in the 
world.
Overall, the availability of molybdenum can be influenced by factors such as political 
instability, environmental concerns, and technological advancements. However, the 
largest reserves of molybdenum are concentrated in a few countries, particularly China, 
which is responsible for a significant portion of the world's supply.

6.1.13  Key Deposits of Silver
Silver is primarily found in silver-bearing ore deposits, which are often associated with 
other metals such as copper, lead, and zinc. The largest producers of silver are Mexico, 
Peru, China, Russia, and Australia.
Mexico is the world's largest producer of silver, with most of its production coming from 
the Fresnillo and Saucito mines. Peru is the second-largest producer, with most of its 
production coming from the Antamina and Buenaventura mines. China is the third-
largest producer, with most of its production coming from the Dachang and Shizishan 
mines. Russia is the fourth-largest producer, with most of its production coming from the 
Kupol and Dukat mines. Australia is the fifth-largest producer, with most of its production 
coming from the Cannington and Mount Isa mines.
Other significant producers of silver include Bolivia, Chile, and the United States. In 
Bolivia, silver is produced from the San Cristobal mine, while in Chile, the largest 
producer of silver is the Escondida mine. In the United States, the largest producer of 
silver is the Fresnillo mine in Mexico, which is owned by a US-based mining company.
Overall, the availability of silver can be influenced by factors such as political instability, 
environmental concerns, and technological advancements. However, the largest 
reserves of silver are concentrated in a few countries, particularly Mexico, which is 
responsible for a significant portion of the world's supply.

Page  of 82 96



The 92

6.1.14  Key Deposits of Cadmium
Cadmium is a relatively rare element and is not usually found in large deposits by itself. 
Rather, it is usually found in small quantities in zinc ores, which are the primary source 
of cadmium. The largest producers of cadmium are China, South Korea, and Japan.
China is the world's largest producer of cadmium, with most of its production coming 
from the Hunan and Guangdong provinces. South Korea is the second-largest producer, 
with most of its production coming from the Myeongduk and Yeongyang mines. Japan is 
the third-largest producer, with most of its production coming from the Kamioka mine.
Other significant producers of cadmium include Canada, Kazakhstan, and Belgium. In 
Canada, cadmium is produced from the Kidd mine, while in Kazakhstan, it is produced 
from the Shalkiya mine. In Belgium, cadmium is produced as a byproduct of zinc 
smelting.
Overall, the availability of cadmium can be influenced by factors such as political 
instability, environmental concerns, and technological advancements. However, since 
cadmium is mostly produced as a byproduct of zinc mining and refining, the production 
and supply of cadmium can be influenced by the demand for zinc.

6.1.15  Key Deposits of Tin
Tin is a relatively common element, and it is found in many countries around the world. 
The largest producers of tin are China, Indonesia, and Myanmar.
China is the world's largest producer of tin, with most of its production coming from the 
Yunnan and Hunan provinces. Indonesia is the second-largest producer, with most of its 
production coming from the Bangka and Belitung islands. Myanmar is the third-largest 
producer, with most of its production coming from the Wa State.
Other significant producers of tin include Brazil, Bolivia, and Peru. In Brazil, tin is 
produced from the Pitinga mine, while in Bolivia, it is produced from the Huanuni and 
Colquiri mines. In Peru, tin is produced from the San Rafael and Minsur mines.
Overall, the availability of tin can be influenced by factors such as political instability, 
environmental concerns, and technological advancements. However, since tin is widely 
distributed and produced in many countries, the production and supply of tin are 
relatively stable.

6.1.16  Key Deposits of Barium
Barium is a relatively common element and is found in a variety of minerals. However, it 
is not typically mined as an ore by itself, but rather as a by-product of other mining 
operations.
Barium is commonly found in barite deposits, which are primarily located in the United 
States, China, India, and Morocco. In the United States, barite deposits are found in 
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Nevada, Georgia, Missouri, and Texas. China is the world's largest producer of barite, 
with most of its production coming from the provinces of Guizhou, Hunan, and Hebei.
Other significant producers of barium include India, Morocco, Mexico, and Turkey. In 
India, barite is produced from the Cuddapah, Mangampet, and Andhra Pradesh mines. 
In Morocco, barite is produced from the Bouznika, Nador, and Jebel Ouichane mines. In 
Mexico, barite is produced from the San Gregorio and Pueblo Viejo mines.
Overall, the availability of barium is relatively stable due to the wide distribution of barite 
deposits around the world. However, the production of barium can be influenced by 
factors such as political instability, environmental concerns, and fluctuations in demand 
for barite.

6.1.17  Key Deposits of Tungsten
Tungsten is primarily found in tungsten-bearing minerals such as wolframite and 
scheelite, and is generally mined from these ores. The largest deposits of tungsten are 
found in China, followed by Russia and Canada.
China is by far the world's largest producer of tungsten, with most of its production 
coming from the provinces of Jiangxi, Hunan, and Guangdong. Russia is the second-
largest producer, with most of its production coming from the Primorsky Krai region. 
Canada is the third-largest producer, with most of its production coming from the 
Cantung and Mactung mines in the Northwest Territories.
Other significant producers of tungsten include Bolivia, Vietnam, and Portugal. In 
Bolivia, tungsten is produced from the Huanuni mine, while in Vietnam, the largest 
producer of tungsten is the Nui Phao mine. In Portugal, tungsten is produced from the 
Panasqueira mine.
Overall, the availability of tungsten can be influenced by factors such as political 
instability, environmental concerns, and fluctuations in demand for tungsten. However, 
the largest reserves of tungsten are concentrated in a few countries, particularly China, 
which is responsible for a significant portion of the world's supply.

6.1.18  Key Deposits of Osmium
Osmium is a very rare and valuable metal, and its primary source is from the mining and 
processing of platinum group metals. The largest deposits of osmium are found in the 
same geological formations as platinum, palladium, and other platinum group metals. 
The main countries that produce osmium are Russia, South Africa, and Canada.
Russia is the largest producer of osmium, with most of its production coming from the 
Norilsk-Talnakh mines in the Siberian region. South Africa is the second-largest 
producer, with most of its production coming from the Bushveld Igneous Complex in the 
North West province. Canada is the third-largest producer, with most of its production 
coming from the Sudbury Basin in Ontario.
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Other significant producers of osmium include the United States, Zimbabwe, and 
Australia. In the United States, osmium is produced as a byproduct of the refining 
process for other metals, primarily nickel and copper. In Zimbabwe, osmium is produced 
from the Ngezi mine, while in Australia, the main producer of osmium is the Olympic 
Dam mine.
Overall, osmium is a very rare metal, and its availability is limited by the small number of 
deposits worldwide. The largest reserves of osmium are concentrated in a few 
countries, particularly Russia, which is responsible for a significant portion of the world's 
supply.

6.1.19  Key Deposits of Iridium
Iridium is a very rare element on Earth, with an average crustal abundance estimated to 
be around 0.001 parts per million. It is primarily found in association with other platinum 
group elements (PGEs) such as platinum, palladium, rhodium, osmium, and ruthenium, 
which are also rare on Earth. Here are some of the main sources of iridium on Earth:

1. Ore deposits: Iridium is typically found in small amounts in sulfide ore deposits, 
particularly those associated with mafic and ultramafic rocks. These types of 
deposits are typically found in layered intrusions, where magmas from the mantle 
have cooled and solidified, leaving behind layers of different mineral 
compositions.

2. Impact craters: Iridium is also found in high concentrations in some impact 
craters on Earth, particularly the Chicxulub crater in Mexico. This is believed to 
be due to the fact that iridium is relatively abundant in some types of 
extraterrestrial objects, such as asteroids and comets, and that the impact of 
these objects can deposit large amounts of iridium on Earth's surface.

3. Ocean sediments: Iridium is also present in low concentrations in many ocean 
sediments, particularly those that are associated with volcanic activity. This is 
believed to be due to the fact that some of the iridium that is produced by 
volcanic activity can be carried by winds and deposited in the oceans.

4. Platinum group element deposits: Finally, iridium is often found in association 
with other PGEs, particularly platinum and palladium, which are more commonly 
used in industrial applications. As a result, much of the world's supply of iridium is 
obtained as a byproduct of mining for these other metals.

Overall, iridium is a very rare and valuable metal that is primarily obtained from small 
amounts in ore deposits, impact craters, and ocean sediments. Its rarity and difficulty in 
extraction contribute to its high cost and limited use in industrial applications.
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6.1.20  Key Deposits of Platinum
Platinum is a rare and valuable metal, and its primary source is from the mining and 
processing of platinum group metals. The largest deposits of platinum are found in the 
Bushveld Igneous Complex in South Africa, which is responsible for approximately 70% 
of the world's supply of platinum. Other significant deposits of platinum are found in 
Russia, Zimbabwe, Canada, and the United States.
Russia is the second-largest producer of platinum, with most of its production coming 
from the Norilsk-Talnakh mines in the Siberian region. Zimbabwe is the third-largest 
producer, with most of its production coming from the Great Dyke, a layered mafic-
ultramafic intrusion that runs across the country. Canada is the fourth-largest producer, 
with most of its production coming from the Sudbury Basin in Ontario. The United States 
is the fifth-largest producer, with most of its production coming from the Stillwater mine 
in Montana.
Overall, platinum is a rare and valuable metal, and its availability is limited by the small 
number of deposits worldwide. The largest reserves of platinum are concentrated in a 
few countries, particularly South Africa, which is responsible for a significant portion of 
the world's supply. However, there are ongoing efforts to explore new deposits and 
improve mining techniques to increase the global supply of platinum.

6.1.21  Key Deposits of Gold
Gold is a valuable and sought-after precious metal, and its primary source is from the 
mining and processing of gold deposits. The largest deposits of gold are found in the 
Witwatersrand Basin in South Africa, which is responsible for approximately 40% of the 
world's supply of gold. Other significant deposits of gold are found in China, Australia, 
Russia, the United States, Canada, and Peru.
China is the world's largest producer of gold, with most of its production coming from the 
Shandong and Henan provinces. Australia is the second-largest producer, with most of 
its production coming from the Kalgoorlie Super Pit and the Boddington mines. Russia 
is the third-largest producer, with most of its production coming from the Olimpiada and 
Blagodatnoye mines. The United States is the fourth-largest producer, with most of its 
production coming from the Carlin and Cortez mines in Nevada. Canada is the fifth-
largest producer, with most of its production coming from the Red Lake and Porcupine 
mines in Ontario.
Overall, gold is a valuable and finite resource, and its availability is limited by the small 
number of deposits worldwide. The largest reserves of gold are concentrated in a few 
countries, particularly South Africa, which is responsible for a significant portion of the 
world's supply. However, there are ongoing efforts to explore new deposits and improve 
mining techniques to increase the global supply of gold.
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6.1.22  Key Deposits of Lead
Lead is primarily found in lead ore deposits, which are often associated with other 
minerals such as zinc, silver, and copper. The largest producers of lead are China, 
Australia, the United States, Peru, and Russia.
China is the world's largest producer of lead, with most of its production coming from the 
Henan, Yunnan, and Hunan provinces. Australia is the second-largest producer, with 
most of its production coming from the Mount Isa and McArthur River mines. The United 
States is the third-largest producer, with most of its production coming from the Red 
Dog mine in Alaska. Peru is the fourth-largest producer, with most of its production 
coming from the Antamina and Buenaventura mines. Russia is the fifth-largest producer, 
with most of its production coming from the Rudnik mine.
Other significant producers of lead include Mexico, India, and Kazakhstan. In Mexico, 
lead is produced from the Penasquito and San Martin mines, while in India, the largest 
producer of lead is the Hindustan Zinc Limited company. In Kazakhstan, lead is 
produced from the Balkhash and Shymkent mines.
Overall, the availability of lead can be influenced by factors such as environmental 
concerns, political instability, and technological advancements. However, the largest 
reserves of lead are concentrated in a few countries, particularly China, which is 
responsible for a significant portion of the world's supply.

6.1.23  Key Deposits of Uranium
Uranium is a naturally occurring radioactive element with the atomic number 92 and 
symbol U. It is a silvery-grey metal that is found in many rocks and soils in trace 
amounts. Uranium is most commonly extracted from the mineral pitchblende and other 
uranium-containing minerals.
Uranium deposits can be classified into several types, each with its own unique 
characteristics. The main types of uranium deposits are:

1. Sandstone-hosted: Uranium is deposited in sandstone formations, often in 
association with other minerals such as vanadium and molybdenum. These 
deposits are found in the United States, Kazakhstan, and Australia, among other 
countries.

2. Conglomerate-hosted: Uranium is deposited in sedimentary rock formations 
called conglomerates, which consist of rounded rock fragments that are 
cemented together. These deposits are found in South Africa and Canada.

3. Vein-type: Uranium is deposited in narrow veins or fractures in the Earth's crust, 
often in association with other minerals such as gold and silver. These deposits 
are found in Canada, Australia, and Namibia, among other countries.

4. Unconformity-type: Uranium is deposited at the boundary between two different 
rock formations, often in association with hydrothermal fluids. These deposits are 
found in Canada, Australia, and Kazakhstan.
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5. Breccia-pipe: Uranium is deposited in vertical pipes or chimneys that are filled 
with breccia, a rock consisting of broken fragments of other rocks. These 
deposits are found in the United States.

6. Intrusive-type: Uranium is deposited in igneous rocks such as granite, often in 
association with other minerals such as molybdenum and tin. These deposits are 
found in countries such as Canada, Brazil, and Russia.

The distribution of uranium deposits is not evenly spread across the globe, with the 
largest reserves found in countries such as Kazakhstan, Canada, and Australia. The 
exploration and development of uranium deposits must comply with strict environmental 
regulations and safety protocols, given the risks associated with the handling and 
transport of radioactive materials.

6.1.24  Key Deposits of Plutonium
Plutonium is a radioactive metallic element with the atomic number 94 and symbol Pu. It 
is not found in nature in significant quantities but is produced artificially by the irradiation 
of uranium in nuclear reactors or the detonation of nuclear weapons. As a result, there 
are no key deposits of plutonium that are naturally occurring.
However, plutonium is produced in nuclear reactors, and certain types of nuclear fuel, 
such as mixed oxide (MOX) fuel, contain plutonium as a byproduct. The largest 
producers of plutonium are countries that have nuclear energy programs, such as the 
United States, Russia, France, and China.
Plutonium is not usually mined, but it can be extracted from spent nuclear fuel or from 
weapons-grade plutonium that has been reprocessed. The process of reprocessing 
involves separating the plutonium from other nuclear materials, such as uranium and 
fission products, through a series of chemical and physical processes.
Plutonium is highly radioactive and poses a significant health risk if not handled 
properly. It is used primarily in nuclear weapons and as a fuel for nuclear reactors. 
However, due to its potential use in nuclear weapons, the production and use of 
plutonium is tightly controlled by international regulations and agreements.
In summary, there are no natural deposits of plutonium as it is a man-made element 
produced in nuclear reactors or nuclear weapons. The largest producers of plutonium 
are countries with nuclear energy programs, and it is extracted from spent nuclear fuel 
or weapons-grade plutonium through the process of reprocessing.

6.1.25  Key Deposits of Rare Earths
Rare earth elements (REEs) are a group of 17 elements that have similar chemical 
properties and are often found together in mineral deposits. The key deposits of rare 
earths are located in China, which accounts for over 80% of the world's production. 
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Other significant deposits are found in Russia, the United States, Australia, and 
Canada.
In China, the Bayan Obo mine is the largest deposit of rare earths, with estimated 
reserves of over 48 million tons. The mine produces mainly light rare earth elements 
such as lanthanum, cerium, and neodymium. Other notable rare earth mines in China 
include the Dalucao, Xunwu, and Longnan mines.
In Russia, the Lovozero mine is the largest deposit of rare earths, with reserves of over 
150,000 tons of rare earth oxides. The mine produces mainly rare earths such as 
neodymium, europium, and gadolinium.
In the United States, the Mountain Pass mine in California is the only operating rare 
earth mine in the country. The mine has estimated reserves of 18 million tons of rare 
earth oxides and produces mainly light rare earths such as cerium, lanthanum, and 
neodymium.
In Australia, the Mount Weld mine is the largest deposit of rare earths, with estimated 
reserves of over 1 million tons of rare earth oxides. The mine produces mainly light rare 
earths such as neodymium, praseodymium, and lanthanum.
In Canada, the Strange Lake deposit in Quebec is one of the largest deposits of rare 
earths, with estimated reserves of over 1 billion tons of rare earth oxides. The deposit 
contains mainly heavy rare earths such as dysprosium, terbium, and europium.
Overall, the production and availability of rare earths can be influenced by factors such 
as political and environmental concerns, as well as technological advancements. 
However, the largest reserves of rare earths are concentrated in a few countries, 
particularly China, which has a significant influence on the global supply and demand 
for these elements.
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6.2  Further Reading for Chapter 6.  Deposits of Key Elements

Order Further Reading for Chapter 6.  Deposits of Key 
Elements

1 Ore Deposits and Economic Minerals, https://opengeology.org/
Mineralogy/9-ore-deposits-and-economic-minerals/, Retrieved Apr 
2023.

2 Rare-earth element, https://en.wikipedia.org/wiki/Rare-
earth_element, Retrieved Apr 2023.

3 Regolith-hosted rare earth element deposits, https://
en.wikipedia.org/wiki/Regolith-
hosted_rare_earth_element_deposits, Retrieved Apr 2023.

4 This chart shows which countries produce the most lithium, 
https://www.weforum.org/agenda/2023/01/chart-countries-
produce-lithium-world/, Retrieved Apr 2023.
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Chapter 7

Spectra of Selected Elements

7.0  Introduction 
The spectra of elements refer to the set of wavelengths of electromagnetic radiation 
emitted or absorbed by atoms or ions of a particular element when their electrons 
transition between different energy levels. The study of spectra has been an essential 
tool for identifying and understanding the properties of elements and molecules.
Each element has a unique set of spectral lines that are determined by the energy 
levels and transitions of its electrons. These spectral lines can be used to identify the 
presence of a particular element in a sample, as well as to study the physical and 
chemical properties of the element.
The spectra of elements can be observed using various techniques, including optical 
spectroscopy, X-ray spectroscopy, and radio frequency spectroscopy. Optical 
spectroscopy, which is the study of the absorption, emission, and scattering of light by 
matter, is the most widely used technique for studying the spectra of elements.
Optical spectroscopy involves the use of a spectrometer to separate the different 
wavelengths of light emitted or absorbed by a sample of an element. The resulting 
spectrum is a series of lines or bands corresponding to the different energy transitions 
of the electrons in the element.
The study of the spectra of elements has many applications in various fields, including 
astronomy, chemistry, materials science, and physics. For example, the study of the 
spectra of stars can provide information about the composition and properties of the 
stars, while the study of the spectra of molecules can provide insights into their structure 
and bonding.
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7.1  Spectrum of Hydrogen
The spectrum of hydrogen refers to the characteristic set of wavelengths of 
electromagnetic radiation emitted or absorbed by the hydrogen atom when its electrons 
transition between different energy levels.
The spectrum of hydrogen consists of several series of spectral lines, including the 
Lyman, Balmer, Paschen, Brackett, Pfund, and Humphreys series. Each series is 
named after the scientist who first discovered it and is characterized by a specific set of 
wavelengths.
The Lyman series consists of lines in the ultraviolet region of the spectrum, while the 
Balmer series consists of lines in the visible and near-infrared regions. The Paschen, 
Brackett, Pfund, and Humphreys series consist of lines in the infrared region of the 
spectrum.
The wavelengths of the spectral lines can be calculated using the Rydberg formula, 
which relates the wavelength of the emitted or absorbed light to the energy difference 
between the two energy levels involved in the transition. The Rydberg formula is:
1/λ = R(1/n1^2 - 1/n2^2)
where λ is the wavelength of the light emitted or absorbed, R is the Rydberg constant, 
and n1 and n2 are the principal quantum numbers of the two energy levels involved in 
the transition.

Figure 7.1  Spectrum of Hydrogen [2]
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7.2  Spectrum of Oxygen
The spectrum of oxygen refers to the characteristic set of wavelengths of 
electromagnetic radiation emitted or absorbed by the oxygen atom or molecule when its 
electrons transition between different energy levels.
The spectrum of oxygen consists of several bands of absorption and emission lines that 
are observed in the ultraviolet, visible, and infrared regions of the electromagnetic 
spectrum. Some of the prominent spectral lines of oxygen are:

• The Herzberg continuum: This is a broad band of absorption in the ultraviolet 
region, caused by transitions from the ground state of the oxygen molecule to its 
excited electronic states.

• The Schumann-Runge bands: These are a series of absorption bands in the 
ultraviolet region, caused by electronic transitions between the X^3Σ_g^- and 
B^3Σ_u^− states of the oxygen molecule.

• The A-band and B-band: These are two prominent absorption bands in the visible 
region, caused by transitions between the ground state and excited vibrational 
states of the oxygen molecule.

• The infrared bands: These are a series of absorption bands in the infrared 
region, caused by transitions between the vibrational states of the oxygen 
molecule.

The precise wavelengths of the spectral lines depend on the specific electronic and 
vibrational states involved in the transitions, as well as the temperature and pressure of 
the oxygen gas. The study of the oxygen spectrum has important applications in 
atmospheric science, astrophysics, and remote sensing.

Figure 7.2  Spectrum of Oxygen [2]
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7.3  Spectrum of Iron
The spectrum of iron refers to the set of wavelengths of electromagnetic radiation 
emitted or absorbed by atoms or ions of the element iron when their electrons transition 
between different energy levels.
The spectrum of iron is complex and consists of thousands of spectral lines, both in the 
visible and ultraviolet regions of the electromagnetic spectrum. The spectrum of iron has 
been extensively studied because iron is a common element in the universe and its 
spectral lines are used to identify and analyze the properties of stars, galaxies, and 
other astronomical objects.
The spectrum of iron includes several series of spectral lines, including the Balmer 
series in the visible region and the Lyman series in the ultraviolet region. In addition, 
iron also exhibits many lines in the infrared and X-ray regions of the spectrum.
Iron has a large number of energy levels, including many excited states, which results in 
a very complex and rich spectrum. The precise wavelengths of the spectral lines 
depend on the specific electronic and vibrational states involved in the transitions, as 
well as the temperature and pressure of the iron sample.
The study of the spectrum of iron has important applications in many fields, including 
astronomy, astrophysics, materials science, and spectroscopy.

Figure 7.3  Spectrum of Iron [2]
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7.4  Spectrum of Krypton
The spectrum of krypton refers to the unique pattern of electromagnetic radiation 
emitted or absorbed by krypton atoms. When the electrons in krypton atoms are 
excited, they can move from their ground state to higher energy levels, and when they 
return to their original energy levels, they release energy in the form of light.
The spectrum of krypton consists of several series of lines, including the sharp series, 
principal series, diffuse series, and fundamental series. The most prominent lines in the 
krypton spectrum are in the visible and ultraviolet regions, with wavelengths ranging 
from about 116 to 740 nanometers.
Some of the most prominent lines in the krypton spectrum include:

• The orange-red line at 605.61 nm
• The green line at 530.86 nm
• The blue-green line at 469.97 nm
• The violet line at 404.66 nm

The spectrum of krypton is used in a variety of applications, including lighting, 
spectroscopy, and laser technology.

Figure 7.4  Spectrum of Krypton [2]
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7.5  Further Reading for Chapter 7.  Spectra of Selected Elements

Order Further Reading for - Chapter 7.  Spectra of Selected 
Elements

1 Emission spectrum, https://en.wikipedia.org/wiki/
Emission_spectrum, Retrieved Apr 2023.

2 Representative Visible-Light Emission-Line, Spectra of Various 
Chemical Elements, https://www.astronomy.ohio-state.edu/
pogge.1/TeachRes/HandSpec/atoms.html, Retrieved Apr 2023.

3 Spectra in the Lab, https://home.ifa.hawaii.edu/users/barnes/
ASTR110L_F05/spectralab.html, Retrieved Apr 2023.
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