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A Spherical Orb 
Our Earth is a spherical orb orbiting the Sun. The planet is 
a dynamic system that has been developing for 4.5 billion 
years, and we have been present on the Earth for only 
the last few hundred thousand years. Over the history of 
humanity, we have used a variety of scientific techniques, 
thoughtful insights, and intuitive leaps to learn about what 
exists in the interior of Earth. Often, these intuitive leaps 
were remarkably incorrect, and sometimes, the results from 
the scientific work were completely unexpected.

Let’s take a journey from the dark, liquid core of the 
planet outwards to the beautiful surface that we call home. 
We’ll explore what humans have learned about the Earth’s 
interior and how this knowledge was gained. Along the 
way, we’ll check in on the chemistry and composition of the 
rocks, and discover the dynamic changes that are occurring 
in these unimaginably strange places. 

We’ll meet some of the geologists that have devoted their 
thoughts and energies to the study of the Earth, and we’ll 
ponder some of the great unknowns of geology on Earth and 
the other planets in our universe.

The Spheres – Inside the Earth
The interior of the spherical planet Earth is divided into 
three major layers. At the centre is the liquid core, which is 
surrounded by the thick mantle. This is in turn surrounded 
by a thin crust. Each of these layers can be divided again: 
there is an inner and an outer core, and a lower and an 
upper mantle.

Schematic view of the 
interior of Earth 

1 continental crust 
2 oceanic crust 
3 upper mantle 
4 lower mantle 
5 outer core 
6 inner core 
A: Mohorovičić Discontinuity 
B: Gutenberg Discontinuity 
C: Lehmann–Bullen  
   Discontinuity 
Read the boxes on pages 6-7 for 
more on these discontinuities

The two hemispheres of the Earth: the Western Hemisphere (left) and Eastern Hemisphere (right)

THE STRUCTURE OF THE EARTH
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The Dimensions of the Sphere
The solid Earth is an almost perfect sphere, with a radius 
of 6,371 kilometres. If you could somehow dig downwards 
to the absolute centre of the world, you’d have to dig a hole 
6,371 kilometres deep – directly downwards. To put this 
into perspective, if you are 1.5 metres tall, you’d have to dig 
a hole more than four million times your own height.

The Earth is the densest planet in the Solar System, with 
an average density of 5.5 grams per cubic centimetre. This is 
about five times that of water, and five thousand times that 
of the air we breathe.

Primary and Secondary Waves
The force from an earthquake travels through the centre of the 
planet as energy waves. These can be classified as primary 
and secondary waves. The primary, or P, waves are direct and 
lengthwise, whereas the secondary, or S, waves are sideways. 
These waves have helped us determine the Earth’s structure.

Secondary waves travel slower through the Earth than primary 
waves. Secondary waves also cannot travel through liquids. 
Geologists can use seismic meters, or seismographs, to monitor 
tremors in the Earth. Following an earthquake, the difference 
in arrival times at the sensors can be used to shed light on the 
structure of the Earth’s interior.

As the sophistication of seismic sensors has increased, events 
besides earthquakes are now detectable: nuclear explosions, 
undersea landslides, avalanches, and unknown tremblings deep 
within the Earth.

The interior structure of the four inner planets and the Earth’s Moon

The outermost crust consists of two types: a heavy 
oceanic type and a lighter continental type. We inhabit the 
dry land on the continental crust, and the oceanic crust is 
hidden away beneath the waves.

The External Spheres
On top of the crusts are several other complex systems 
that we conceptually describe as spheres. These have only 
recently been considered as spherical layers regarded as a 
portion of the Earth’s geology. As a greater understanding of 
their planetary significance is gained, these external spheres 
are increasingly being linked to geological processes, and, 
sometimes, being observed on other planets.
• The hydrosphere is the liquid water on the planet, 

including both salt and fresh water.
• The cryosphere is the ice water, including both 

temporary seasonal snow and accumulated glacier and 
ice-cap ice.

• The pedosphere is the soil layers at the interface 
between rock and the living world.

The atmosphere is the gaseous layers held to the Earth 
by gravity, including the oxygen that we need. This can be 
further divided into sublayers:
• The lowest is the troposphere, where most life as we 

know it exists.
• Above this is the stratosphere, which is often visited  

by aircraft.
• Above this is the ionosphere, where the solar wind 

causes colourful displays known as the aurora.
• The outermost layer is the exosphere, where   

atmospheric gases are at their thinnest.
There are also special layers that are not physically 

defined but represent flows of energy: The magnetosphere is 
the area in space that is influenced by the Earth’s magnetic 
field. We can utilise this for navigation using compasses. It 
also protects us from deadly solar radiation. The biosphere 
is the layer of the Earth to which you, the food you eat, the 
forests, and all of the living things on Earth belong.

Dilations

Wavelength

wave direction

P wave

S wave

Compressions
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Andrija Mohorovičić 
and the Moho
Andrija Mohorovičić (January 23, 
1857 – December 18, 1936) was a 
Croatian scientist who detected the 
boundary zone between the crust and 
the mantle. Early on, he was a teacher 
at a naval school and then began 
teaching at the University of Zagreb. 
His studies included meteorology and 

seismology. He established a weather station and observed a rare 
local tornado.

When an earthquake occurred 40 kilometres away from 
Zagreb, he carefully studied the seismograph record nearby and 
the speed at which the signals arrived. Eight kilometres deep, he 
detected a boundary between two layers off of which the seismic 
tremors reflect and refract. This boundary has come to be known 
as the Mohorovičić Discontinuity, but it is universally shortened to 
“the Moho”.

The Heart of the Planet
The core occupies about 15 percent of the Earth’s volume. 
The distance from the Earth’s geometric centre to the upper 
portions of the core is almost 3,500 kilometres – the lowest 
54 percent of the hole that you dug.

The core is much, much denser than the rocks closer 
to the surface. Its density is about 13 grams per cubic 
centimetre – a piece the size of a one-litre water bottle would 
weigh 13 kilograms. Like objects floating or sinking in water, 
or gases rising or falling in the air, denser things move 
towards the centre of gravity. Early in Earth’s history, the 
heavier materials sank to the centre of the molten planet.

The core of the Earth is extremely hot and under 
tremendous pressure. The inner core is a ball of solid, dense 
iron and nickel about 1,200 kilometres in radius (about 
the size of the Moon). Also in this metallic core are large 
amounts of gold and platinum.

This inner core spins inside the 2,200-kilometre thick 
outer core. The outer core is also iron and nickel, but unlike 
the inner core, it is liquid. The boundary between the two 

Structure of the Earth

CHAPTER 1
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Inge Lehmann and 
the Solid Inner Core
Inge Lehmann (May 13, 1888 – February 
21, 1993) was a Danish mathematician 
and seismologist who studied the 
characteristics of the Earth’s core. As 
a young girl, Inge was educated in a 
progressive school that promoted gender 
equality – a rarity at the start of the 

20th century. During her career as a government geologist, she 
painstakingly calculated the motion of the vibrations caused by 
earthquakes. Using records from seismographic tremor sensors 
around the world, she noticed an unexpected result.

A large 1929 quake near New Zealand transmitted primary 
waves through the centre of the Earth. Because of the strength of 
the quake, she could detect the arrival of a signal that the current 
model of a liquid core did not predict. She refined the model to 
include a solid centre for the Earth, and, over time, advances in 
sensor technology allowed others to confirm her findings.

Dr. Lehmann was the recipient of many awards, including 
the highest medal from the American Geophysical Union. When 
awarded the medal, she was pronounced “the master of a 
black art for which no amount of computerising is likely to be a 
complete substitute”.

She was a practising scientist for 85 years of her life in 
an era with few other female scientists, and she conducted 
laborious work before the availability of computers. Her name is 
remembered in the Lehmann–Bullen Discontinuity, indicating  
the transition from solid to liquid at the Earth’s core.

Beno Gutenberg and 
the Depth of the Mantle
Beno Gutenberg (June 4, 1889 – January 
25, 1960) was a leading geologist in the 
study of earthquakes and the structure of 
the Earth. While a 23-year-old student at 
the University of Göttingen, Germany, he 
was the first person to correctly calculate 
the size of the Earth’s core. 

Gutenberg observed that there were 
“shadow” zones in which P waves did not occur, as they were 
reflecting off of the Earth’s liquid core. He also recognised that 
S waves from earthquakes were being hindered by this liquid 
centre. Using this information, he mathematically determined 
the depth of this liquid core to be 2,880 kilometres below the 
surface. This boundary between the core and the mantle is known 
as the Gutenberg Discontinuity.

During the First World War, he served with the German Army 
as a meteorologist after a grenade injury kept him from the 
front lines. He went on to become a professor at Frankfurt, but 
transitioned to the United States in 1930. His Jewish heritage 
meant that staying in Germany was unsafe.

He joined the California Institute of Technology and studied 
earthquakes in the geologically unstable region of North America. 
In 1947 he was appointed the director of the seismology 
laboratory, and working with his colleague Charles Francis Richter 
developed a way of measuring the strength of earthquakes.

layers is caused by differences in pressure rather than in 
composition. The pressure is so high at the innermost core 
that the iron simply won’t melt. The outer core is slightly 
less dense, at 9.9 grams per cubic centimetre.

The Earth’s magnetic field is caused by the movement of 
these iron-rich layers. The innermost core spins eastwards 
faster than the surface of the planet, and the outer core 
spins to the west. As they move past each other, they create 
a magnetic charge for the planet.

The Furnace at the Core
At the inner core, the temperature is about 5,400  
degrees Celsius, comparable to the surface of the Sun. 
The border with the outer core is slightly hotter, at 6,200 
degrees Celsius.

The Earth’s core is heated by two sources of energy: the 
lingering heat from the formation of the planet, and the 
decay of radioactive sources. This heat slowly makes its way 
to the surface through convection – it rises, spreads out, 
cools, and descends in an ongoing cycle. This energy flow 
powers the movement of the Earth’s crustal tectonic plates 
and is ultimately responsible for the shape of the oceans  
and continents.

Early in the Earth’s formation, when the planet was 
about 500 million years old, there was a period known 
as the iron catastrophe. The early Earth was a more even 
mixture of materials without the distinct layering that exists 
today. As the radioactive materials throughout the planet 
decayed, they created enough heat to allow the materials 
to melt and become liquid. With the increased fluidity, 
the dense nickel and iron metals sank through the lighter 
materials into the centre of the Earth.

The Mantle
The layer above the core is the 2,900-kilometre thick 
mantle, which comprises almost 85 percent of the planet’s 
volume. The material in the Earth’s mantle is substantially 
different from the dense metallic core. The mantle is 
primarily oxygen (45 percent), magnesium (23 percent) 
and silicon (22 percent). The rocks of the mantle are lighter 
than those of the core, and are mostly slowly flowing solids. 
The lower mantle is about 5 grams per cubic centimetre in 
density – about five times heavier than water.

The lower mantle is present at depths between 670 
and 2,900 kilometres. The lower portions of the mantle 
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Edmond Halley (November 8, 1656 – January 
14, 1742) was a British scientist and 
mathematician who was one of the most 
influential astronomers of his day.

He compiled some of the first star maps 
of the Southern Hemisphere and observed 
celestial phenomena such as the Transit 

of Mercury, where that small planet comes between the Sun and 
Earth. He additionally contributed to the study of meteorology and 
the geography of ocean winds and monsoons. In 1687, he was the 
publisher for Newton’s groundbreaking work Principia Mathematica, 
and he calculated the orbit of a comet, which bears his name.

Halley contributed to the study of the Earth’s interior by coming 
up with an intriguing concept of a hollow Earth with layered shells. 
As marvellous as this idea was, it was also completely inaccurate. 
In Halley’s model of a hollow Earth, the separate layers rotated, 
and had luminous atmospheres and magnetic poles. With light and 
air, it was even possible that there was life within the centre of the 
planet – as was assumed to be present on all of the other planets.

Halley’s Hollow Earth
This evocative idea inspired others into the future. The American 
John Cleves Symmes endeavoured, in 1818, to send an expedition to 
the vast, gaping entrances into the interior that he imagined must 
exist at the Earth’s poles. In 1864, the French writer Jules Verne 
wrote the adventure story Journey to the Center of the Earth. In this 
still-popular story, a team of explorers enters into the interior by 
descending into an Icelandic volcano.

The idea was also picked up by Nazi Germany, along with 
other occult mysteries that interested Hitler. In 1942, they sent a 
reconnaissance mission to the Baltic Sea to investigate the (futile) 
possibility of using the curvature of the Earth to spy over long 
distances with infrared rays.

are mainly composed of the magnesium, iron, and silicon 
mineral known as bridgmanite. This is theorised to be the 
most-abundant mineral on Earth, but it was only directly 
observed in 2014.

The upper mantle occurs between 100 and 670 
kilometres in depth. It is mainly composed of olivine, 
another mineral of magnesium, silicon, and iron. Within 
this olivine layer are large amounts of water, potentially 
more than in the oceans at the surface. Olivine has been 
collected on the Moon and observed on Mars and in 
meteorites. The density of the upper mantle is about 4 
grams per cubic centimetre.

Within the upper mantle, the highest level (between 
100 and 200 kilometres deep) is also known as the 
asthenosphere. This region is cooler and more brittle than 
the rest of the mantle.

Edmond Halley’s idea came from a major mathematical error 
made by Newton. In the Principia Mathematica’s first edition, 
Newton presented the Moon as being three times as massive as it 
actually is, and therefore remarkably dense. Halley proposed that 
this number implied that the Earth is less dense than the Moon, and 
therefore might even be hollow. Newton corrected the error in  
future editions, but Halley continued to promote the idea of the 
Hollow Earth.

Edmond Halley’s hypothetical model 
of the Earth’s internal structure 

A contour map of the Earth’s crustal thickness (kilometres)

Edmond Halley and the Hollow Earth

CHAPTER 1
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Richard Dixon Oldham – 
Understanding the Waves
Richard Dixon Oldham (July 31, 1858 – July 
15, 1936) was a geologist who identified 
the behaviour of S and P energy waves 
on seismographs. His recognition of their 
speed difference opened the door to a 
better understanding of the Earth’s interior.

As a young man on the British Geological Survey of India, he 
studied the Himalayan Mountains. In 1897, a large earthquake 
struck the northeastern state of Assam. He provided detailed 
studies of the seismograph record and observed that the same 
earthquake was recorded three times. The first signal to arrive at 
the sensor was the faster primary, direct waves, followed by the 
secondary transverse waves. Finally, the horizontal surface waves 
were recorded. He recognised that these had all travelled from  
the quake centre to the sensor by different pathways and at 
different speeds. This observation is fundamental to studying 
planetary structure.

He additionally discovered the presence of a distinct core 
within the Earth. He observed that the seismic signals from an 
earthquake did not travel at a consistent speed, but actually 
slowed down in the middle of the planet. This led him to propose 
the hypothesis that there was a central core with properties 
different to the outer parts of the planet – an idea that has been 
supported by modern science.

The Crust: Ocean and Continent 
The crust of the Earth is the outermost of the major layers 
of Earth’s rocky interior. It is also the thinnest of the three 
layers, less than 50 kilometres thick and accounting for only 
one percent of the Earth’s volume.

The boundary between the crust and the mantle is called 
the Mohorovičić Discontinuity, or the Moho, after the 
Croatian geologist who detected its existence. This marks 
the transition from relatively fluid mantle to brittle crust. 
The depth of this boundary is generally 10 kilometres below 
the ocean, and about 40 kilometres below dry land. In areas 
of intense mountain building, such as the Himalaya and the 
western Andes of South America, the Moho is substantially 
deeper. In these regions, the Moho can be as deep as  
70 kilometres.

The very uppermost portions of the mantle and the crust 
are known as the lithosphere. This layer is stronger than  
the asthenosphere below and is divided into several  
tectonic plates.

Of the two types of planetary crust, the oceanic crust is 
thinner and denser. Below the oceans, the crust is about 
five kilometres thick and has a density of about 2.9 grams 
per cubic centimetre. This oceanic crust is made of basaltic 
rocks formed of silicon, oxygen, magnesium, and calcium. 
These rocks are observed on dry land near areas of volcanic 
activity or at places that have been uplifted from the ocean.

The continental crust is lighter, averaging 2.7 grams per 
cubic centimetre. This continental crust is mostly granitic 
rock with more silicon and aluminium, and less magnesium 
and iron relative to the oceanic crust. The continental crust 

Isaac Newton (December 25, 1642 – March, 
20 1726) was one of the most influential 
scientists in history. As a mathematician 
and philosopher, he was a key figure in the 
establishment of the modern sciences of 
astronomy, optics, and physics.

Among Newton’s greatest achievements were the three 
mathematical equations describing the motion of objects, and the 
singular law of universal gravitation. This latter law quantifies the 
attractive force between any two objects in relation to their mass  
and distance.

Newton’s equation for gravity can be phrased as follows:  
The attraction between any two objects is directly proportional to 
the product of their masses and inversely proportional to the square 
of the distance between them. While Einstein’s theory of general 
relativity is a more precise description of gravity, Newton’s law is 
still useful for describing the motion of celestial bodies. It was an 
essential formula for understanding the motions of the Solar System.

Newton used this law to determine the relative masses of the 
Sun, planets and the Moon. This was the first calculation of the 
Earth’s mass. Knowing the size of the planet and average density  
of the rocks found on the surface of the Earth (the continental crust 
at 2.9 grams per cubic centimetre), he could calculate that these 
rocks were not dense enough to fill the Earth’s volume with the 
required mass.

Newton made the intuitive leap that the interior of the Earth had 
to be of a different material to the rocks on the surface, and that 
this material was about twice as dense. Indeed, the mantle of the 
Earth is about double the density of the continental crust – between 
4 and 5 grams per cubic centimetre.

Through indirect observation and applying basic mathematical 
principles from the night sky to the centre of the planet, he was 
able to shed light on this hidden part of the Earth.

Newton’s Gravitational Calculations of Earth Density

is present on about 40 percent of the Earth’s surface, but it 
is much thicker than the oceanic crust. It ranges between 25 
and 70 kilometres in thickness, and accounts for more than 
two-thirds of the volume of the crust layer.
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THE Crust as a Dynamic System
The crust, the outermost of the three major layers of the 
planet, is in constant motion and perpetual renewal. 
Fuelled by energy convecting up from the mantle, the 
crust is constructed and destroyed on a planetary scale. By 
understanding the directions and qualities of this change, 
and the large plate-like sections into which the crust is 
divided, we can begin to understand the shape of the Earth’s 
map as we see it today.

We’ll investigate what tectonic plates are, describe 
the process of scientific inquiry and intuition that led to 
this theory and understanding, and then move on to the 
dramatic phenomena at the boundaries between the plates.

What Are Tectonic Plates?
When you look at the map and see the continents and 
oceans as they are today, it’s important to remember that we 
are only seeing a specific instant in a 4.5 billion-year history. 
The hot materials that had come together to form the Earth 
began to settle, or differentiate, according to their densities 

within the first 100 million years. At this stage, the heavier 
core sank inwards through the mantle, and the lighter crust 
floated above the mantle.

Some parts of this very ancient crust are still with us 
today. The light granitic continents – rich in silicon and 
aluminium – have floated on top of the heavy oceanic crust. 
In some areas of northern Canada, Iceland, and Western 
Australia, there are pieces of crust more than four billion 
years old.

By contrast, the heavier oceanic seafloor crust – rich in 
silicon and magnesium – has been renewed by the energy 
of the mantle. The oldest oceanic crust is about 200 million 
years old, and new material is continually arriving from  
the deep.

The crust, composed of these two types of material, 
is divided into several large plates. These are known as 
tectonic plates, from the Greek word tecto, to build. Each 
plate can contain both continental crust and oceanic crust, 
and moves over long periods of time.

Tectonic plates of the Earth

Eurasian 
plate

Filipino plate

Antarctic 
plate

Cocos 
plate

Juan de 
Fuca plate

North 
American 

plate

Caribbean
plate

Arabian
plate

African
plate

Nazca
plate

South American 
plate

Scotia plate

Australian
plate

Eurasian
plate

Australian 
plate

EQUATOR
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Alfred Wegener (November 1, 
1880 – November 1930) was 
an explorer, meteorologist, 
astronomer, and geologist who 
combined these skills to come 
up with a new model of the 

Earth’s surface. He was born in Berlin and was a model student, 
specialising in astronomy as a young man. With his brother Kurt, 
he worked in aeronautical meteorology and experimented with 
balloons. They launched balloons to learn about air currents and 
rode in them to study the atmosphere. During one flight, they were 
in the air for 52 hours – the longest balloon flight undertaken up to  
that point.

In 1906, Wegener was selected to join a scientific expedition to 
Greenland as the team meteorologist. He established Greenland’s 
first fixed meteorological observatory, and returned to Germany to 
be married and become a university academic. One of the subjects 
he taught was celestial navigation for explorers to determine their 
location. In 1912, he again returned to Greenland and was part of 
the first team to spend the winter on the ice cap.

His research included the shape of the continents, and in 1915 
he published his theories of “continental displacement”. These 
were, at the time, not accepted widely, and shortly thereafter he 
served as a military meteorologist in World War I.

The continental crust is the base for the terrain where we 
live. It is our home and our foundation. 

If you look at a map of the plate boundaries, you’ll notice 
that these plates don’t match the shape of the continents or 
the oceans exactly. Some are mostly ocean, and others are 
mostly land. The shape of these plates change as they  
collide or are pressed down into the mantle, and as new 
seafloor is generated.

The Dance of the Continents
Let’s focus on the dry land. The familiar layout of the 
continents has some notable coincidences that indicate a 
different configuration in the past. If you look at a map, 
you’ll see at a glance that South America and Africa fit 
neatly together like puzzle pieces, and that India appears to 
be separated by large mountains from the rest of Asia. You’ll 
also notice that the Mediterranean appears to be caught 
between the landmasses of Africa and Europe.

When we understand that the landmasses have moved 
over time, we can interpret these regions correctly. South 
America and Africa were once fused together as a single 
landmass. They have rifted apart and are still moving away 
from each other. This is a demonstration that landmasses 
can divide, and oceans can form in the gap. India, travelling 

After the war, he found that the international bodies of science 
soundly rejected his theory of continental drift, and he left for 
Austria for another professorship. One major criticism of his theory 
was that no mechanism was known that could move continents 
around. Wegener put forth the theory that they were moved by 
either tides, similar to ocean water, or by centrifugal force. Both of 
these theories would turn out to be incorrect, but the technology to 
test the ideas had not yet been invented.

In 1930 he again returned to Greenland as the leader of an 
expedition. Cold winter conditions delayed their start onto the ice-
cap and hindered their ability to move supplies ahead. At one  
point, Wegener and a colleague raced on in an effort to resupply 
stranded colleagues, but upon arrival found that their efforts hadn’t 
been required.

Wegener and his colleague never completed the return journey 
to the coast. Six months later, their companions realised that 
they were missing and conducted a search. They found Wegener’s 
corpse fully dressed in his tent, but his companion was never found. 
Wegener was buried beneath an iron cross that has since been lost 
beneath the snow.

Wegener never lived to see his theories become widely 
accepted, but in the decades to come his vision of drifting 
continents would form the basis for understanding the dynamics of 
the Earth’s crust.

Alfred Wegener and the Drifting Continents

northward, has collided into the bulk of Asia and has 
created vast mountain ranges from the impact. This 
demonstrates that landmasses can combine.

The Mediterranean is a remnant of a once-wider ocean, 
named by geologists the Tethys Sea. It is being shrunk by 
the northward movement of Africa towards the European 
landmass, and is an example of how the shapes of the 
waterbodies change as the continents move.

The theory of the changes in the position of the 
continents is known as continental drift. Over geological 
time, these masses of land have danced around the planet, 
collided, been torn apart, and spun in all directions.

Evidence for Continental Drift
The theory of continental drift was first proposed in detail 
by the German scientist and explorer Alfred Wegener in 
the early 20th century. In his landmark book, The Origin of 
Continents and Oceans (1915), he rejected the theory of a 
cooling and contracting Earth, in which the continents were 
once linked by now-submerged land bridges.

He hypothesised that the lighter continental rock was 
floating above the heavier oceanic rocks, and that they had 
drifted and rafted around the planet through a number of 
different configurations. Geologists of the time had observed 
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that Northern Europe was rising slowly after a period of 
time weighed down by glaciers. This rebound effect helped 
to trigger the intuitive flash that the continents could be 
seen as floating rafts rather than stationary masses.

Wegener presented a number of observations that he 
used to support his idea:
• The symmetry in coastline of South America and 

Africa, and the presence of matching landforms and 
minerals in corresponding locations.

• The presence of coal deposits, with distinctly tropical 
vegetation visible within, in the polar regions with 
sparse or no vegetation.

• The presence of fossils of the ancient fern Glossopteris 
across all the southern continents of Australia, 
Antarctica, and Africa, as well as India.

• The presence of fossils of the reptile Lystrosaurus in 
India, Antarctica, and Africa.

• The presence of fossils of the reptile Cynognathus in 
South America and Africa.

• At the southernmost portions of both South America 
and Africa, fossils of the aquatic reptile Mesosaurus.

At the time, his work was hotly debated by other 
geologists, but his theory has withstood competition from 

alternative theories over the last century. Continental drift, 
however, is a theory that focuses on the land and does not 
have an explanation for the energies that drive the motion. 
It tells only the continental half of the entire story.

Over the remainder of the 20th century, the oceanic  
crust half would be interpreted. Wegener’s theory of 
continental drift would be further refined by submarine 
research deep below the ocean to become a part of a more 
comprehensive theory of the Earth’s crustal geology – the 
theory of plate tectonics.

The Supercontinents of the Distant Past
If the configuration of continents today is the result of 
billions of years of drifting, colliding, and rifting, then what 
did it look like in the past? Let’s look at the periods in which 
the Earth had supercontinents – the times in which several 
landmasses gathered together.

Between two and three hundred million years ago, there 
was a giant landmass referred to by geologists as Pangaea, 
from the Greek for “all earth”. It first began splitting into 
north and south sections: Laurasia and Gondwanaland, 
respectively. Laurasia split into Eurasia and North 
America. Gondwanaland has also split apart: from this 

Evidence in support of continental drift

AFRICA

SOUTH AMERICA

ANTARCTICA

AUSTRALIA

INDIA

Fossil evidence 
of the Triassic 
land reptile 
Lystrosaurus.

Fossils of the fern 
Glossopteris, found in all 
of the southern continents, 
show that they were 
once joinned.

Fossil remains of 
Cynognathus, a 
Triassic land reptile 
approximately 3 m long. Fossil remains of the 

freshwater reptile 
Mesosaurus.

CHAPTER 1CHAPTER 2



13

supercontinent, Arabia, India, Africa, and South America 
have moved northwards far enough to reconnect with parts 
of what used to be Laurasia.

One billion years ago, a supercontinent named Rodinia 
existed in the Southern Hemisphere. It lasted for almost 
half a billion years and then began to split apart into smaller 
pieces. As it broke up, widespread volcanic activity brought 
fertilising minerals to the surface and promoted life on the 
planet just before the Earth was colonised by marine life.

When Rodinia fragmented, it also triggered a rise 
in rainfall, which lowered the carbon dioxide in the 
atmosphere and in turn prompted a long period of cold 
temperatures. This era is referred to as Snowball Earth. 

Before Rodinia, the little-known supercontinent 
Columbia was formed from most of the Earth’s continental 
crust present around 1.8 billion years ago. If you go back 
even further, more than halfway back in the Earth’s 
timespan to 2.7 billion years ago, the landmass Kenorland 
was together for almost a hundred million years. 
Kenorland’s fragmentation also triggered a Snowball Earth, 
a long period of freezing temperatures.

Before Kenorland, even sparser information exists. A 
landmass dubbed Vaalbara is hinted at by ancient rocks 
from three billion years ago in Australia and South Africa. 
At around the same time, or before that, a landmass called 
Ur was present. Rocks linked to Ur can be detected in India, 
Australia and Madagascar. Both of these were much smaller 

The configuration of continents on Earth since the breakup of Pangaea

Diagram of tectonic boundaries by the U.S. Geological Survey 
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than the continents of today and would have appeared like 
islands in a much more expansive ocean.

We have very little information about the exact shape 
of these landmasses and can only speculate as to what the 
landscape on them looked like. It’s important to remember 
that the continents today have just been part of a single 
landmass, and in the future will eventually drift around until 
they collide and begin to fuse into a new supercontinent.

Geologists have studied the directions that the continents 
are drifting and have drawn up maps of possible future 
shapes and positions of the landmasses. But the only thing 
that we can predict with absolute certainty about the future  
is that it will be different from the present.

Plate Tectonic Boundaries: 
Understanding the Map
The motion of the tectonic plates plays an important role in  
the surface geography of our planet, and by extension 
the lives we lead upon it. There are three types of plate 
boundaries. They are classified by the direction in which 
the plates are moving relative to each other: spreading, 
colliding, or moving past.

Divergent boundaries are where the plates are moving 
away from each other, or diverging. These are sometimes 
called mid-oceanic ridges or seafloor spreading sites. At 
divergent boundaries, new oceanic crust is created from 
below. Convergent boundaries are where two plates are 
colliding, or converging. Depending on whether it is oceanic 
or continental crust that is at the front of the impact, these 
will change the Earth’s crust in different ways. Finally, 
transform plate boundaries are where both tectonic plates 
are sliding past each other.

Let’s look at these different types. We’ll find some 
examples on Earth and try to visualise their effects on the 
shape of the planet.

PERMIAN
250 million years ago 

TRIASSIC
200 million years ago 

JURASSIC
145 million years ago 

PRESENT DAY

CRETACEOUS
65 million years ago 
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Directions of tectonic plate movement, measured by GPS devices

Harry Hammond Hess (May 24, 1906 – 
August 25, 1969) was an American naval 
admiral and oceanographic researcher 
who studied the terrain of the seafloor and 
later, the geology of the Moon.

At first a poor student of geology, he 
nevertheless became, at age 32, a professor at Princeton University. 
As the captain of a troop transport boat, Hess was involved in 
several major landings in the Pacific Theatre of World War II and 
attained a high rank as a Rear Admiral. During his time at sea,  
he was also able to use sonar equipment to build a map of the 
ocean floor.

After the war, he was able to use these maps and those of others 
to piece together a better understanding of the deep ocean floor. 
It had been presumed that the seafloor was a flat plain, but he and 

other scientists discovered that there were vast mountain ranges 
running incredible distances. Until then, there had been no way to 
detect the presence of these mid-oceanic ridges. 

In 1962, Hess published The History of Ocean Basins, in which 
he interpreted these long mountain chains as the sites of spreading 
seafloor, and the driver of the drift of continents. These realisations 
strongly supported Alfred Wegener’s theories, and formed the 
oceanic crust half of the theory of plate tectonics. It explained how 
the seafloor was continuously created at the divergent ridges and 
destroyed at the convergent plate boundaries.

As head of Princeton’s geology department, Hess was a 
contributing scientist to NASA’s Apollo missions to the Moon. He 
lived to witness the first astronauts walking on the Moon – and to 
have the unimaginable opportunity of studying lunar rocks.

New material rises to the surface at a divergent plate boundary

Harry Hammond Hess and the Spreading Seafloor

Divergent Plates – Drivers of Motion
Tectonic plate boundaries can be a source of new crustal 
material from deep within the Earth. The motion of the hot 
rock within the mantle can result in plumes of heat rising 
away from the core and towards the surface. Heated from 
the interior by radioactive elements and the residual heat 
from the planet’s formation, these areas of convection drive 
the movement of the tectonic plates.

The divergent plate boundaries are where a small portion 
of the Earth’s internal energy is released into the brittle 
crust on the surface. At certain lines along the Earth, this 
heat triggers melting of the asthenosphere and the hot rock 
rises through the lithosphere to break through to the surface 
as new oceanic crust.

The oldest oceanic crust is about 200 million years old,  
as it is regularly and eventually recycled into the 

lithosphere. While the continents float on top, oceanic 
crust is created at the divergent plate boundaries such as 
the Mid-Atlantic Ridge, and destroyed at convergent plate 
boundaries such the western coast of the Americas.

The Mid-Atlantic Ridge – 
Mover of Continents
The largest and longest of these boundaries is in the 
middle of the Atlantic, stretching across almost an entire 
hemisphere along a north–south direction. Known as 
the Mid-Atlantic Ridge, it is the most prominent site of 
spreading tectonic activity on the planet. It is part of the 
longest mountain range in the world, and these spreading 
plate boundaries are the source of geological energy that 
shapes the map. These mid-oceanic ridges run in a linked 
set of paths for almost 80,000 kilometres.

The Mid-Atlantic Ridge is a segment of a long connected 
series of divergent tectonic plate boundaries. It continues in 
the south around the southern tip of Africa into the Indian 
Ocean, and splits: towards the Arabian Sea and the African 
Rift Valley; and along the coastline of Antarctica to the 
southeastern Pacific and up towards North America. In the 

LITHOSPHERE MAGMA
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north, it continues along the north coast of Eurasia towards 
a meeting zone of several plates in the Northern Pacific.

There are also places where these divergent boundaries 
are visible on land. In Iceland, the northern section of the 
Mid-Atlantic ridge is exposed in a dynamic landscape of 
geysers, volcanos, and lava flows. In Russia, Lake Baikal is 
formed within a divergent plate border. Another notable 
region of divergent plates is the Great East African Rift, 
another region of lava flows, hot springs, and volcanoes.

The Mid-Atlantic Ridge itself is a twin line of basaltic 
mountains three kilometres high rising above the ocean 
floor. The uplifted region is about 1,200 kilometres broad, 
and in the centre of the ridge is a valley 60 kilometres wide. 
In the central valley, new magma is constantly coming up 
from within the Earth and pushing the sides out farther 
from the ridge. New material is consistently arriving at the 
centre, and as you move away from the ridge, you encounter 
older and older material. Because the material is moving 
like a conveyer belt away from the ridge, it does not have 
time to accumulate enough material to break through to the 
surface of the ocean.

The Mid-Atlantic Ridge marks the divergent plate 
boundary that broke up the ancient supercontinent of 
Pangaea 180 million years ago. If you look at the map of 
the world, you can see that South America and Africa, and 
North America and Eurasia, have roughly matching shapes. 
They were at one point one giant landmass, and the tectonic 
source of energy that pushed them apart is still continuing 
as the Mid-Atlantic Ridge.

The movement at this boundary is of such giant scale 
that it is driving the tectonic plate activity of the Pacific 
coastline on the far side of the planet. As the Atlantic  
Ocean grows at about 2.5 centimetres per year, it is  
pushing the continents away from each other on one side – 
but this means that on the other side of the globe they are 
being pushed together. The Pacific Ocean is shrinking at the 
same time, and at its edges tectonic plates are colliding into 
each other.

Magnetic Stripes
As the inner core of the Earth spins within the outer core, 
it creates a giant magnetic field that today has one end 
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MagmaLithosphere

in northern Canada and one oppositely charged end just 
offshore of Antarctica. This difference in the electrical 
charges is called polarity. These poles move over geological 
time, and about every half a million years, flip directions. 
If you can imagine being around during this transition: 
You’d find that a compass needle would be pointing in the 
opposite direction.

As the divergent plates bring up new material, it is 
deposited as new ocean floor with the magnetic polarity 

of the planet. So, on either side of the mid-oceanic ridge 
is a parallel and symmetrical set of stripes recording 
these changes in magnetic direction over geological time. 
Detecting these stripes has been an important element 
in the development of plate tectonic theory and has also 
given geologists the ability to understand the energy source 
driving plate tectonics.

Because most of the oceanic ridges are underwater, 
studying them is exceedingly difficult. Advances in mapping 
and detection technology has only in the last century made 
it possible to understand how the ocean crust is formed. 
They were first observed by World War II submarines fitted 
with magnetic instruments intended to detect other ships, 
which found unexpected magnetic phenomena on either 
side of the ridges.

Convergent Plates – Titanic Collisions
When two plates collide, the boundary is known as 
convergent. These are zones of immense impact, where 
mountains rise and deep trenches form. The crust can 
buckle upwards into the sky, or it can be pushed down.  
They can utterly transform the shape of the terrain. The 
great mountain ranges of Earth exist near the convergence 
of plates, as do the deepest oceanic trenches.

Smashing Lands – 
Continental Convergences
Continental crust is lighter and thicker than the oceanic 
crust. When both of the meeting plates are continental, they 
are too light to sink into the mantle, and they combine in 
complex folds and curves. These boundaries are also known 
as orogenic zones, from the Greek for “mountain building”.

The most characteristic example of a continental tectonic 
plate convergence is the Himalayas, the world’s highest 
mountain range. The Himalayas run roughly east to west 
in the southern portions of Central Asia. They are at the 
point where the continental plate of India slams into the 
continental plate of Asia. This has been occurring for about 
50 million years. 

India lost contact with what is now Northern Australia 
and impacted into the landmass of Asia at a speed of about 
12 centimetres per year. This collision has combined their 
crustal material to make it the thickest section of crust on 
Earth. Here, the distance down to the Moho (the boundary 
of crust and mantle) is approximately 60 kilometres.

The Himalayas are still growing by a centimetre each 
year, but they are also simultaneously being gouged and 
eroded by water, snow, vegetation, and human activity at 
the rate of about one centimetre per year. They are also 
very structurally complex. The rocks are visibly folded into 
remarkable shapes, with some layers bent parallel through 
180 degrees of arc. A mountain traveller in the Himalayas 
can cross regions in which several rock types and layers are 
visible, each one having its own origin story.

At this convergence of continental plates, volcanic 
activity cannot punch through the thickened continental 
crust to reach the surface. This convergence is also marked 
by shallow earthquakes as the material continues to impact.

Convergent continental plate boundaries were more 
widespread on Earth hundreds of millions of years ago 
when the continents were combined into supercontinents. 
Today, a smaller number of these collisions remain. 
One example is the Ural Mountains of Russia. A much 
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Oceanic–continental convergence

The Ring of Fire

older, worn down example is the 
Appalachian mountains of eastern 
North America. In the Appalachians, 
the mountains stopped actively 
uplifting 250 million years ago.

Destruction: Ocean Crust 
versus Continental Crust
Before the continental crust mass of 
India began its northward collision 
with continental Asia, the oceanic 
crust on the northern edge of the 
Indian plate would have been at the 
convergence boundary.

What happened to that oceanic 
crust? Being heavier than the 
continental crust, it sank beneath 
and was pushed towards the mantle. 
At a convergence of continental 
crust and oceanic crust, the oceanic 
crust is destroyed in a process called 
subduction. For that reason, these 

are sometimes called destructive plate boundaries. These 
are found on the edge of the Pacific in a geologically active 
region of volcanoes and earthquakes known as the Ring of 
Fire. The collisions on the Pacific Rim are being driven by 
the expansion of the Atlantic Ocean on the other side of the 
planet at the divergent plate boundary.

The western coastline of the two American continents 
is a prominent zone of active collision between ocean and 
continental crust. On land, the grand mountain ranges of 
the American Cordillera run from Alaska to Chile parallel 
to the line of collision, uplifted by the energies of the plate 
boundary. Offshore, deep ocean trenches form where the 
oceanic crust is being pushed down. Subduction zones can 
also be found to the east of Japan and the Philippines, at the 

north coast of Africa on the Mediterranean, and to the west 
of Myanmar and Indonesia.

Some of this subducted oceanic crust material can come 
to the surface in the most dramatic way possible – through 
the eruption of a volcano. The subducted, heavier basaltic 
oceanic crust can trigger the existence of a line of volcanoes. 
As the oceanic crust is pushed down towards the mantle, the 
water that is contained within the rocks is heated and the 
crust begins to melt. This melted combination of water and 
oceanic crust is known as magma, and it is lighter than the 
continental crust. Thus, it begins to float to the surface and 
can press upwards and erupt at the surface.

In some instances, this forms andesite volcanoes. When 
these mountains erupt, they can send forth andesite rocks 
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Transform faults

Trenches at subduction zones

that resemble the internal continental crust, and gases 
that have accumulated from within the lithosphere. These 
volcanoes tend to erupt powdery ash rather than liquid lava.

The magma can also come to the surface more slowly and 
accumulate continental crustal silicon on the way. It can 
press forth onto the surface as domed and craggy granite. 
From the destroyed oceanic crust, new continent is created.

The collision can also push up material collected on 
the ocean floor – mostly river sands that flowed off the 
continent. This material is returned to the continent after 
being transformed by pressure and glued on, or accreted. 
What this means is that the continent is now a little bit 
larger with this returned material now glued to it.

As the basaltic material subducts to the mantle, it can 
sometimes become locked into a position due to friction or 
some unknown obstacle. When it releases, as it inevitably 
will, earthquakes are triggered. The world’s strongest 
tremors have all occurred at these destructive boundaries.

Ocean Crustal Collisions – 
Arcs of Islands
A third and final type of converging tectonic plate boundary 
occurs when two regions of oceanic crust collide. Most of 
this occurs invisibly beneath the ocean, but evidence can  
be seen as arcs of islands that breach the surface.

Of the two colliding oceanic crust regions, the older 
one is usually more dense and heavier. It will sink beneath 
the younger one, and the material will move towards the 
mantle. It will become heated and then melt into magma. 
Some of this hot magma is then lighter than the oceanic 
crust above it. It rises and erupts onto the surface of the 
crust, which is below the surface of the ocean. This  
material cools into solid rock and begins to collect into a 
volcanic cone.

In some cases, this cone and others nearby can grow 
into a mountain. It can eventually become tall enough to 
rise above the water as an island. Not all oceanic crust 
convergences will give rise to island arcs – many of them are 
hidden beneath the ocean.

These islands are found in arcs that are parallel to the 
line of plate collision. Two prominent examples of these 

volcanic island arcs are the archipelagos of Japan and 
the Philippines. They are also present as the Aleutian 
Islands offshore of Alaska, northeast of New Zealand as the 
Solomon Islands, and in the eastern Caribbean islands  
of Martinique.

Parallel to an island chain will be a deep submarine 
trench. These are the very lowest portions of the Earth, and 
the deepest places under the oceans.

Transform Boundaries – 
When Plates Slide Past
Transform boundaries occur when two plates are moving 
past each other. They are neither colliding nor spreading, 
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The transform fault along the west of North America

Fracture zone directions

and they don’t have the remarkable volcanic phenomena of 
the other types of plate boundaries. Also, unlike the other 
two types, they don’t involve one plate moving up or down. 
The two plate sections are of the same density and move 
past each other horizontally.

Transform boundaries, or transform faults, can release 
immense energy in the form of shallow earthquakes. As 
the two plates move past one another, grinding friction 
can temporarily obstruct their motion. When the plates 
suddenly move past an obstacle, the stored energy is 
released suddenly.

Along the line of the transform fault is a long valley or 
an underwater canyon. The fault can go in either direction 
– right or left. If you and a friend were looking across the 
fault over a long period of time, you would find each other 
moving to the right in a dextral fault, and to the left in a 
sinistral fault.

On Land and Under Sea
Some of the prominent transform boundaries on Earth are 
found in the southwest of North America, in the mountains 
of Turkey, along the South Island of New Zealand, and 
at the Dead Sea between Israel and Jordan. The thick 

continental crust is deformed drastically over a substantial 
width, and it is in these areas that some of the world’s most 
spectacular scenery is found.

At the San Andreas Fault in North America, two plates 
are moving northwards at differing speeds. The Pacific 
Plate is being pushed by the divergent plate boundary at 
the East Pacific Rise, while the North American Plate is 
moving more slowly, pushed from afar by the Mid-Atlantic 
Ridge. This fault runs through Baja California and the US 
State of California, in a geologically complex zone of warped 
and jolted crust. Moving at a rate of about 30 millimetres 
per year, the faults here are responsible for the frequent 
earthquakes that rock the coastal cities.

Underneath the ocean, there are numerous transform 
faults that link different angled sections of the much 
longer mid-oceanic ridge. The transform faults run at right 
angles between the spreading ridges, and represent two 
linear sections of spreading seafloor pushing in opposite 
directions. Since these two sections are a little offset from 
each other, the overlapping region in the middle will have 
seafloor being conveyed past each other.

Outside the two spreading regions, long linear cracks 
called fracture zones also run at right angles to the 
spreading seafloor ridge. The oceanic crust here is older 
than that at a transform fault. At the fracture zone, the 
seafloor on both sides of the transform fault is moving in 
the same direction. However, one side of the fracture zone 
will have older, colder, and denser oceanic crust than the 
other. Between these two ages of oceanic crust will be a deep 
canyon – the fracture.

Relative motion of 
North American plate
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Earthquakes, Volcanoes and 
Tsunamis: South Asia 

A SAMPLER OF GEOLOGICAL PHENOMENA
The Earth is an ever-changing planet. While some of these 
changes may happen too slowly for us to notice, others can 
happen with great speed and impact. In this section, we’ll 
chart some of the events of change on Earth – the natural 
phenomena that happen over time. We’ll span a range of 
time scales – from millions of years to just a few seconds. 
We’ll cover a vast range of physical spaces – from small hills 
to continental mountain ranges.

While it would be impossible to describe all of the 
geological phenomena that happen on our planet, let’s take 

a look at some that represent the variety and importance of 
how these affect the biosphere and our own human lives.

We’ll start with slow events that take millions of years, 
and work our way towards events that happen suddenly  
and quickly. 

The Building of the Mountain Ranges
The great mountain ranges, uplifted areas of Earth’s 
continents, were built by titanic geological forces pushing  
up crustal material. The continental mountain ranges,  
such as the South American Andes, the North American 

A volcano is born as hot magma rises to the surface of the Earth and erupts through the crust
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Rockies, the Asian Himalaya, the European Alps, the 
Australian Dividing Range, and the North African Atlas 
Mountains, were all formed by the collision of converging 
tectonic plates. 

There are other types of mountains, including those  
left behind by the erosion of the rocks around them and 
solitary volcanic cones, but they are on a much smaller scale 
than mountain ranges formed on compressed and buckled 
continental crust.

The mountains can rise within a few million years of  
the start of the collision, and in most regions can reach a 
height of about 4,000 metres. This potential height is  
linked to the weight of the mountains on the floating 
continental crust. The higher mountains, such as in the 
Himalaya and the Andes, are found where the continental 
crust is thicker, or, in other words, where the distance to the 
Moho is greater.

Even after they stop rising, mountains can persist 
for many hundreds of millions of years. They erode into 
sediments and become lower and lower, but as a distinct 
geological phenomenon they can be identified far into  
the future.

Mountain ranges provide for humans in a variety of 
ways. One of the foremost benefits of the mountain ranges 
is water supply. Water from the atmosphere collects on the 
ranges as snow or rainfall. If it falls on the lowlands it may 
puddle or flood, but in the mountains it is channelled down 
to the streams and rivers. 

In mountain ranges, the journey of a water drop is 
slowed down, and provides a predictable supply of water 

for humans living nearby. In higher and cooler ranges (such 
as the Southern Andes), the water that is locked in snow is 
released slowly over the year as opposed to simply sweeping 
down off the mountain in one giant flash flood. The water 
is also slowed down in its journey as it drips into the soil of 
the vegetation. By contrast, the water falling on mountain 
ranges in hotter, less vegetated areas (such as the Atlas 
Mountains on the north edge of the Sahara), rushes down  
the mountains shortly after it falls from the sky. 

Besides providing a supply of water, there is also a 
great amount of energy in the downward flow of the water. 
Hydroelectricity takes advantage of this gravitational 
potential energy and converts it into electrical energy that 
can be transmitted by wires to human settlements. To 
control the timing of water supply and energy that goes 
through power stations, humans have dammed some river 
valleys and created artificial lakes. These have provided 
some stability for agriculture, drinking water, and electrical 
generation, but at the very high cost of flooding usable 
land. Large-scale dam projects have obliterated many 
small villages and towns, annihilated vegetated areas, and 
changed the natural landscape. 

The mountain ranges of Earth also provide mineral 
resources brought up from deeper within the crust, 
including metals such as gold, copper, and silver. Besides 
the movement of the rocks towards the surface, the slopes 
of the mountain range provide the opportunity to view 
different strata and rock types at an angle. With this 
perspective, the materials forming the mountain range can 
be seen more clearly, and the areas with valuable mineral 

Asia is home to several active volcanoes that have erupted within the last 10,000 years
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resources can be identified and targeted. By contrast, on flat 
areas without mountains, there are fewer opportunities to 
see exposed rock.

The soil fertility of the lowlands is replenished by the 
small pieces of rock that crumble off of the mountains and 
are carried down by gravity, water, and wind. The chemicals 
within the rocks are used by plants and animals. While 
there are other major processes by which soil fertility is 
created (such as wind-blown sand and volcanic activity), the 
mountain ranges of the Earth provide the raw materials for 
the natural landscape and the agricultural land below.

The mountains are important refuges for biodiversity, 
forest and wilderness. Because they are harder to access, 
and often too steep to live on, mountains are home to some 
of the remaining forests and jungles. Building towns or 
growing crops requires either flat terrain or immense efforts 
to terrace the hillsides. The steep slopes of the mountain 
ranges are therefore used for grazing or forestry, and by 
consequence are less heavily impacted than the lowlands. 

In places where access is very difficult, areas of the last 
remaining natural environment may be present. These 
remnant forests, grasslands, and alpine fields are critical 
habitats for the Earth’s biodiversity. 

Seamounts and Coral Atolls – 
Dry Land in the Mid Ocean
The open ocean of the tropics contains many islands that 
were formed by a remarkable geological process involving 
giant volcanoes and tiny invertebrate animals. The coral 
atoll islands are some of the most beautiful places on Earth. 
White sands, rainbow coral reefs, and a patch of green 
vegetation combine to form the visual image of the perfect 
tourist destination. Atolls refer to shallow lagoons within a 
ring of coral. The ring may have some portions above water 
that appear as an island. 

These islands are actually only the tip of a much larger 
phenomenon. In the middle of the ocean, the sea floor can 
be more than three kilometres deep, but tectonic forces can 
create mountains, or seamounts, of sufficient size to reach 
the surface. On its underwater slopes, sea life can find a 
stable footing near the sunlit water surface. Coral grows 
around the edge of the solid land, and a distinct marine 
habitat forms that is more structurally complex than the 
nearby ocean waters. As global conditions change, the sea 
levels rise or the mountain begins to settle back down – but 
not so fast that the coral can’t keep growing to stay near 
the surface. The coral can also rise above the surface and a 
larger, taller island is formed. The seamount is hidden from 
view underwater, and a ring of coral is found at the surface. 

This whole process can take several million years to 
occur. Drilling down on Pacific coral islands has shown 

that there is coral limestone 1,400 metres thick before 
the volcanic rocks of the seamount below. As coral is 
mechanically broken by the ocean waves, the small pieces 
accumulate along the ring and form white sandy beaches. 
The small crescents and rings of dry land and sandy 
beaches that are now present are evidence of a much larger 
geological phenomenon hidden under the sea. 

Atolls are most common in the tropical waters of Indian 
and Pacific Oceans, and less so in the Western Hemisphere. 
No coral atolls are found above 29 degrees latitude in either 
the Northern or Southern Hemispheres. Humans live on 
coral atolls. Nations such as the Maldives, Tuvalu, Kiribati, 
and Nauru all have their geological origins as atolls. 

Due to the geographical isolation of the South Pacific 
atolls, they have also been the sites of strategic landing 
sites for aircraft, and consequently, bitter naval warfare. 
The coral atolls of Bikini, Mururoa, and Fangataufa are 
infamous for their usage by world powers for nuclear 
weapons testing, and many atolls have been destroyed or 
permanently irradiated by these powerful explosions.

Within the lagoons, hotspots of marine biodiversity 
create some of the world’s most treasured diving and fishing 
sites. As the coral at the interior of the lagoon dies, it colours 
the water a brighter blue than the surrounding ocean. The 
lagoon is sheltered from waves and can have tall submarine 
cliffs for divers to explore. 

Coral atolls are difficult to see from boats, and they have 
wrecked many ships that ran aground. These shipwrecks are 
important resources for archaeology and also attractions for 
recreational divers.

The rich sea life has historically provided food to small 
populations of islanders, and for some islands, now form the 
core of tourism economies. Life on atolls may look beautiful 
to the tourist, but they are difficult places to live. The soil is 
insufficient for agriculture, and the storage of fresh water 
can be a challenge. Food, medicine, fuel, and technical 
expertise must be brought from somewhere else at great 
expense. They are exceptionally vulnerable to tsunamis and 
cyclones, and, tragically, these low-lying islands will be the 
first to disappear in a world of rising sea levels.

Earthquakes
Earthquakes are exciting and dramatic phenomena, 
but large earthquakes can cause catastrophic damage 
to buildings and infrastructure, resulting in injuries, 
casualties, and economic loss; a severe earthquake can also 
cause physical changes to the local terrain. 

Earthquakes can result from several mechanical causes 
in the Earth’s crust. Transform faults can store large forces 
that can release suddenly, and volcanic material can shift 
or erupt from oceanic crust sliding under continental crust. 

CHAPTER 3
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The converging continental crusts that lift up mountain 
ranges can cause quakes as these mountains are pushed up, 
and as they crumble or shift, the falling pieces can cause 
their own quakes. 

Caves can collapse underground, and sedimentary  
layers can settle into a new position. Underwater landslides 

off of the continent into the deeper ocean can trigger 
earthquakes, as well as artificial causes such as explosions, 
hydraulic gas fracking, and mining. Meteorite impacts  
can result in earthquakes, as well as large-scale volcanic 
flood events. The largest and most common quakes are 
caused by tectonic forces at the plate boundaries. Based on 
their mode of generation, earthquakes may be divided into 
the following categories: 

Tectonic Earthquakes
Tectonic earthquakes are by far the most common and the 
largest earthquakes. These earthquakes are produced when 
rocks fracture through various geological forces because of 
the constant geological reshaping of the Earth. 

The basic idea in plate tectonics is that the Earth’s 
outermost layer, the 100 to 200 kilometre-thick lithosphere, 
consists of several large and fairly stable slabs; these are 
called plates. There are six major plates as demarcated in 
Fig. 1; the boundaries of these plates constitute the world’s 
seismic belts. In addition, several microplates have also 
been demarcated by recent investigations. Further, the 
Indo-Australian plate (Fig. 1) has now been divided into two 
plates, the Indian and the Australian plate. The plates move 
horizontally relative to adjoining plates on a layer of softer 
rock called the asthenosphere. Lava is continually upwelling 
at the mid-oceanic ridges, known as spreading zones or 
divergent plate boundaries. The molten rock or lava slowly 
moves across the Earth’s surface as a new seafloor on either 

The 2011 earthquake off the east coast of Japan caused extreme destruction 
in the country

World map of seismicity and major plates. Most earthquakes 
(70 percent) occur around the Pacific plate boundary, called the 
Ring of Fire. The Indian plate is demarcated by two tsunami risk 
zones: a circular zone in the Arabian Sea and an elliptical zone 
in the Indian Ocean at the Andaman–Sumatra subduction zone 
are shown. The 2004 Indian Ocean mega-earthquake (M = 9.3) 
caused tsunamis in Sumatra, India, Africa, Thailand, Malaysia, 
Sri Lanka and many other countries (after Bolt 2006; see  
Kayal 2008).
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side of the ridge (Fig. 2a). In this way, the plates move like a 
conveyer belt over the asthenosphere, and get cooled as they 
move further away from the ridges. 

Since the Earth remains the same size over quite a 
long period of geological time, the moving plates must be 
absorbed at some places; these are named convergent plate 
boundaries. The burial grounds of the plates are the ocean 
trenches, where the plates plunge into Earth’s interior. 
This process is known as subduction, as occurs along the 
Andaman–Sumatra trench, the Japan Trench, and so on 
(Fig. 2b). The other type of convergent plate boundary 
forms the continent–continent collision zone, as happens 
in the Himalaya, where the Indian plate is in a head-on 
collision with the Eurasian plate (Fig. 2c). The third type 
of plate boundary is the transcurrent boundary, where the 
plates move past one another, as happens along the San 
Andreas Fault in California, between the Pacific plate and 
the North American plate (Fig. 1). 

All large and great earthquakes are generated along 
these plate boundaries, in the subduction, collision 
and transcurrent zones. The mid-oceanic divergent 
zones normally generate smaller magnitude (M < 6.0) 
earthquakes. The earthquakes in the middle or centre part 
of a plate, away from the boundary zones, are caused by 
the transmitted tectonic stress from the convergent zones. 

(a) Part of a teleseismogram showing the seismic phases of  
the Iran earthquake of June 21, 1990 (M = 7.7), recorded by 
an analogue recorder in northeast India. Minute marks are 
indicated by square pulses above. The seismic phases continued 
for more than 40 minutes. Long-period surface waves (R & L) are 
also recorded. 
(b) Part of an analogue seismogram showing local earthquakes; 
P and S phases are indicated. 
(c) A local earthquake recorded by a three-component digital 
seismograph in the Andaman Islands. 
(d) Locations of the hypocentre (or focus), epicentre and 
seismograph station are illustrated, where H is the depth of 

(a) Schematic diagram showing oceanic plate spreading out from 
the mid-ocean ridge and sinking under the oceanic trench. Magma 
rises upwards above the subduction zone, and a volcanic arc or 
island arc appears. There is a convecting movement of the molten 
materials in the asthenosphere.  
(b) The Pacific oceanic plate subducting beneath the Japan trench. 
The subducting materials become melted at depth and emerge 
as a volcano along the volcanic arc. Trenches and volcanic arcs 
constitute the surface evidence of a subduction zone. All along the 
subducting Pacific plate boundary exists the volcanic arc known as 
the Ring of Fire. 
(c) The Indian plate is in a head-on collision with the Tibetan plate. 
This causes the rise of the Himalaya mountains, and the stress is 
released by large and great earthquakes (see Kayal 2008).

(a)

(a) (c)
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These earthquakes are called intraplate earthquakes, which 
are sometimes devastating but are infrequent.

Volcanic Earthquakes
Volcanic earthquakes are defined as earthquakes that occur, 
or are connected, with volcanic activity. These earthquakes 
occur in two ways. First, often before an eruption minor 
seismic activity increases in the vicinity of the volcano. 
Some kilometres below the volcanic vent, very hot viscous 
magma moves sluggishly under high steam pressure 
through a network of veins and arteries from one storage 
chamber to another. Due to this motion, various parts of 
the surrounding rock become hotter and more strained as 
the magma puts them under pressure. These forces fracture 
the neighbouring rocks, and small or moderate earthquakes 
relieve the strain. Second, sometimes fault rupture precedes 
the motion of magma and eruption of lava. The earthquake 
waves from the rupturing fault may shake up the molten 
material in the storage reservoir beneath the volcano. This, 
in turn, disturbs the unstable equilibrium of the magma 
below the vent, and stimulates local volcanic earthquakes.

Induced Earthquakes
Some earthquakes are induced; this means that they 
are triggered by human activity. Examples include: 

(b)

(c)

focus of the earthquake, D is the hypocentre distance, and X is the 
epicentre distance from the seismograph station.
(e) An example of a portable analogue seismograph in the field for 
aftershock investigation. 
(f) Different types of seismometers (sensors), which are fixed on the 
ground to record ground vibrations due to an earthquake; the bigger 
rectangular box is a digital recorder (see Kayal 2008).

(d)

(e)

(f)
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(i) reservoir induced seismicity (RIS) at dam sites, (ii) 
nuclear explosions, (iii) rock bursts associated with mining 
exploration or tunnelling, and (iv) fluid injection as a result 
of oil exploration.

Teleseismic, Regional and Local Earthquakes
Earthquakes may further be classified into three types 
based on the distance from the source to the seismograph 
station (an “earthquake recording station”, also simply 
called observatory). Since the character of seismograms 
(earthquake records) depends on the distance to the 
epicentre, the nomenclatures for seismic phases are also 
distance dependent.

Teleseismic Earthquakes
Earthquakes that are recorded by a seismograph station at 
a greater distance are called teleseismic earthquakes (Fig. 
3a). By international convention, the epicentre distance is 
more than 1,000 kilometres for a teleseismic event. These 
earthquakes provide very useful seismic phases that pass 
through the Earth’s crust as well as the interior of the Earth. 

Regional Earthquakes
Earthquakes that occur beyond say 500 kilometres but 
within 1,000 kilometres of a seismograph station are called 
regional earthquakes. Like teleseismic events, amplitudes 
of regional earthquakes can range from barely perceptible 
to large. These earthquakes also provide seismic wave data 
for the Earth’s crust and mantle (see section “Seismic Waves 
and Earth’s Interior”).

Local Earthquakes
Earthquakes occurring within a distance of a few hundred 
kilometres, say 500 kilometres, from a seismic station 
are called local earthquakes. Local earthquakes are often 
characterised by impulsive onsets and high frequencies 
(Figs. 3b and 3c). A local earthquake signal typically has 
an exponentially decreasing tail. The seismic wave data 
are very useful for studying the local geological structure/
velocity structure of the Earth’s crust and upper mantle. 
Earthquake parameters, like epicentre, hypocentre, 
epicentre distance, and hypocentre distance are explained 
in Fig. 3d. With an average value of VP/VS of 1.73, we may 
estimate the hypocentre distance of an earthquake, which 
is approximately eight times the S-P time interval (Fig. 3d). 
For example, if the S-P time interval is 10 seconds (meaning 
the S phase arrives 10 seconds after the arrival of the P 
phase), then the hypocentre distance of the earthquake is 
approximately 80 kilometres.

Foreshocks, Aftershocks and Swarms
An earthquake is never an isolated event. A larger shock 
is likely to be preceded by a few smaller shocks, which are 
called foreshocks. There are almost certain to be many 
shocks after a main shock; these are called aftershocks. The 
aftershocks gradually decrease in frequency and magnitude. 
The foreshocks and aftershocks are expected to occur in the 
same epicentre area of the main shock, and are generally 
associated with the same fault system of the main shock. 
On the other hand, a long series of small shocks with no 
main event may be frequently recorded in certain localities; 
these sequences are called earthquake swarms. Shallow 
crustal heterogeneities and rainfall may cause such swarms, 
even in an less active intraplate region (see Kayal 2008). 
Sometimes a large earthquake may be preceded by a swarm 
in a tectonically active interplate region; this type of swarm 
is called a precursory swarm.  

A crack in the road in Christchurch, New Zealand, formed after an earthquake in 
late 2010
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Earthquake Magnitudes, Intensity and Energy
Magnitude is one of the basic important parameters of an 
earthquake. It defines the size (or energy) of an earthquake. 
Laypeople are often unclear about different scales of 
magnitude and may confuse an earthquake’s intensity with 
its magnitude. Journalists often report the magnitude value 
of an earthquake as its intensity; this is incorrect. 

Intensity 
The intensity of an earthquake is a measure of its effect, 
i.e., degree of damage; for example, broken windows, 
collapsed houses, and so on, produced by an earthquake at 
a particular place. The effect of the earthquake may cause 
collapsed houses at city A, broken windows at city B, and 
no damage at city C. Intensity observations are, therefore, 
subject to personal estimates, and are distance dependent. 
Intensity varies from place to place for the same earthquake. 
The Modified Mercalli (MM) scale (1956 version) has 
been popularly used to prepare an intensity map, called 
an isoseismal map (area with similar intensity) (see Kayal 
2008). The MM scale has now been thoroughly revised, 
and a new scale, called the Medvedev–Sponheuer–Karnik 
(MSK) scale, has been adopted since 1992.

Magnitude
It is desirable to have a scale for rating an earthquake in 
terms of its energy, i.e., magnitude. Richter (1935; see 
Richter 1958) first proposed a magnitude scale based solely 
on amplitudes of ground motion recorded by a seismograph. 
He defined local magnitude as:
ML = log A – log A0(Δ),
where A is the maximum amplitude in millimetres recorded 
on a Wood–Anderson seismograph for an earthquake at 
an epicentral distance of Δ km, and A0(Δ) is the maximum 

Example of estimating Richter magnitude (ML) of a local 
earthquake. Procedure: measure the S-P interval (= 24 
seconds), maximum amplitude (= 23 millimetres), and 
draw a straight line between the appropriate points on the 
distance (left) and amplitude (right) scales to obtain  
ML = 5.0 (see Kayal 2008).

A house in east Christchurch, New Zealand, leans precariously after an earthquake 
in February 2011

Table 1. Classification of earthquakes.

amplitude at Δ km for a standard earthquake (see Kayal 
2008). The local magnitude is thus a number characteristic 
of the earthquake, and independent of the location of 
the recording station. Based on this, Richter developed a 
monogram to estimate local magnitude, named ML. (Fig. 
4). This scale is still popular, but with the advent of digital 
recording systems, various scales based on theoretical 
considerations are now being used. In particular, the 
moment magnitude (MW) scale is widely used, as this scale 
is stable even for higher magnitude earthquakes (7.0 and 
above), where ML becomes saturated. In addition, body 
wave magnitude (Mb) and surface wave magnitude (Ms) 
scales are also used in international earthquake catalogues, 
such as those of the International Seismological Centre 
(ISC) and the US Geological Survey.

Magnitude Classifications
Earthquakes may be classified based on magnitude as 
shown in Table 1:

Magnitude (M) Classification

M > 8
7 < M < 8
6 < M < 7
5 < M < 6
3 < M < 5
1 < M < 3

M < 1

Great earthquake
Major or large earthquake
Strong earthquake 
Moderate earthquake
Small earthquake
Microearthquake

Ultra-microearthquake

Figure 4
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Frequency–Magnitude Relation
Gutenberg and Richter (1941; see Richter 1958) found 
that the frequency of earthquake occurrence is related to 
magnitude. The frequency–magnitude relation is given as:
log10N = a – bM,
where N is the number of earthquakes of magnitude M 
or greater, and a and b are constants. Parameter b is 
often referred to as the b-slope, or b-value. Many studies 
of earthquake statistics show that in normal cases, in a 
seismically active region, the value of b is approximately 
1.0, which means that the number of earthquakes increases 
tenfold for each decrease of one magnitude unit. Thus, 
if an area produces one earthquake of magnitude 6.0 in 
a year, it will produce 10 earthquakes of magnitude 5, 
100 earthquakes of magnitude 4, 1,000 earthquakes of 
magnitude 3, and so on. Table 2 illustrates the global 
observations of frequency of occurrence of earthquakes 
since 1900.

magnitude 8.0 earthquake is equivalent to 32 earthquakes 
of magnitude 7.0. This explains why bigger earthquakes are 
so devastating.

EarthquakeS and Faulting
The explanation for faulting events or the mechanism 
of earthquakes is one of the most fascinating topics in 
tectonics. Faults are ruptures where opposite walls of 
the rupture move past each other. The main feature is 
differential movement parallel to the surface of the fracture. 
Faults can be classified as a thrust fault, a normal fault 
or a strike-slip fault based on the nature of the relative 
movement along the fault. These three basic categories of 
faults are briefly described as follows.

Thrust Fault
A thrust fault is a fault or rupture surface where the 
hanging wall (upper side of the fault) moves up relative 
to the footwall (lower side of the fault) (Fig. 5a). Thrust 
faulting involves crustal shortening and implies dominant 
compressional stress.

Normal Fault
A normal fault is a fault where the hanging wall moves 
relatively downward (Fig. 5b). Normal faulting involves 

Energy 
Gutenberg and Richter (1954; see Richter 1958) gave an 
empirical formula that relates energy release to magnitude 
as follows:
log E = 12 + 1.8M
This relation holds for earthquakes in the magnitude range 
4 < M < 7, but for large earthquakes, the energy given by 
this formula is too high. Gutenberg and Richter (1956; see 
Richter 1958), observing ground motion records, revised 
the formula and used unified magnitude M derived from 
body waves recorded at teleseismic distances. The revised 
formula took the following form: 
log E = 5.8 + 2.4M
It has been shown that with one unit of magnitude increase, 
the ground motion increases by a factor of 10 and the 
energy release increases by a factor of 32. This implies 
that an earthquake of magnitude 9.0 is equivalent to 32 
earthquakes of magnitude 8.0 at a given time. Similarly, a 

(a) Thrust faulting: The arrows indicate dominant 
compressional stress. 

(b) Normal faulting: The arrows indicate tensional stress. 

(c) Strike-slip faulting with left lateral movement or right 
lateral movement: Shearing stress causes strike-slip faulting.

Figure 5

Description Magnitude Annual Average

Great
Major
Strong

Moderate

Small
Minor

Microearthquakes

8 and higher
7–7.9 
6–6.9
5–5.9
4–4.9
3–3.9

< 3.0

1
18
120 
800

6,200 (estimated)
49,000 (estimated)

Magnitude 2–3: 
about 1,000 per day

Magnitude 1–2: 
about 8,000 per day

Table 2. (Note: Description or classification as per USGS, see Kayal, 2008)

 (The stress systems in all types of faulting develop due to 
plate movement; see Kayal 2008.)

Left lateral
(sinistral)

Right lateral
(dextral)
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lengthening of the crust and implies dominant tensional 
stress. There are many possibilities concerning the actual 
movement; the footwall may remain stationary while 
the hanging wall descends; or the hanging wall remains 
stationary and the footwall ascends.

Strike-slip Fault
A strike-slip fault is a near vertical fault along which 
displacement occurs essentially parallel to the strike of the 
fault (Fig. 5c). The sense of movement is apparent when 
standing on a block and seeing the relative movement of the 
block on the opposite side. When the opposite block moves 
to the left, it is called a left lateral strike-slip, or sinistral 
fault. If the movement occurs to the right, it is known as a 
right lateral strike-slip, or dextral fault. 

Earthquakes and Seismic Waves  
Two basic types of elastic waves or seismic waves are 
generated by an earthquake: body waves (primary, or 
P-waves; and shear, or S-waves) and surface waves 
(Rayleigh, or R-waves; and Love, or L-waves). These waves 
cause shaking that is felt, and various kinds of damage. 

Body Waves
The P-wave motion, which is the same as that of a sound 
wave in air, alternately pushes (compresses) and pulls 
(dilates) the rock. The motion of the particle is always in the 
direction of propagation. When a P-wave emerges from deep 
within the Earth at the surface, a fraction of it is transmitted 
into the atmosphere as sound waves. This is known as 

Ground motions for (a) P-wave and (b) S-wave. The 
relations of P-wave (VP) and S-wave (VS) velocities with the 
physical properties of the Earth’s crust are given, where λ 
is Lame’s constant, μ is the rigidity modulus, and ρ is the 
density (after Bolt 2006).

earthquake sound. The P-wave velocity (VP) through solid 
rock is about 1.73 times faster than the S-wave velocity (VS); 
in other words VP/VS ~ 1.73. The effect of the P-wave is, 
however, not damaging; it produces upward or downward 
motion of the ground, along with the earthquake sound.

The S-wave or the shear wave shears the rock sideways 
at right angle to the direction of propagation. As shear 
deformation cannot be sustained in liquid; thus shear waves 
cannot propagate through liquid materials. If the travelling 
S-wave is so polarised that the particle motion is vertical, 
it is called SV wave, and if particle motion is horizontal, it 
is called SH wave. In both the cases, however, the particle 
motion is at right angle to the direction of propagation. 
The effect of S-wave is severe due to its shear horizontal 
ground motions; longer the duration of the S-wave more the 
destruction. If the buildings are not seismically designed, 
they collapse and cause injuries or fatalities.

Surface Waves
The British mathematician A.E.H. Love (1911) demonstrated 
that if an SH ray strikes a reflecting horizon near the surface 
at a post critical angle, all the energy is ‘trapped’ within this 
horizon; this is called a waveguide (see Kayal 2008). These 
waves propagate via multiple reflections between the top 
and bottom surfaces of the low speed surface layer (Fig. 7). 
The resultant waves are called Love waves, and they travel 
with a velocity VL, which is in-between the S-wave velocities 
of the top and bottom layers. 

Love waves result in horizontal shaking, which damages 
the foundations of structures. Love waves do not propagate 
through water; they affect surface water only. They cause 
the sides of lakes and ocean bays to move backwards and 
forwards, pushing the water sideways like the sides of a 
vibrating tank. 

(a)
(a)

(b)
(b)

Figure 6

Figure 7
Ground motions for (a) Rayleigh waves and (b) Love waves 
(after Bolt 2006). 
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(a) A schematic view of the Earth’s interior and seismic 
waves. The blue arrows show body waves and the yellow 
arrows indicate surface waves. 

Figure 8

(b) Teleseismic waves travel through the interior of the Earth 
and get converted (e.g., PKIKP: P-wave through the outer 
and inner core; ScS: S-wave refracted from the mantle–core 
boundary, etc.) (see Kayal 2008). 

Rayleigh (1885) demonstrated that the surface boundary 
condition could be satisfied leading the ‘trapped’ P-SV 
(P-wave converted to SV) wave travelling along the surface, 
such as the Earth-air interface, and with an amplitude 
decaying exponentially away from the surface (see Kayal 
2008). This second type of surface wave is known as a 
Rayleigh wave. Like rolling ocean waves, Rayleigh waves 
induce particle motion both vertically and horizontally in a 
vertical plane pointed in the direction of wave propagation 
(Fig. 7a). Since Rayleigh waves are generated from coupled 
P and SV waves, the particle motion is always in a vertical 
plane, and due to phase shift between P and SV the particle 
motion is elliptical and retrograde (counterclockwise) 
with respect to the direction of propagation. The speed 
of Rayleigh waves (VR) is slower than Love waves (VL), 
and about 9/10ths of the Vs of the surface medium; thus 
Rayleigh waves arrive after Love waves.

Seismic Waves and Earth’s Interior
Virtually all our direct information about the interior of 
the Earth is derived from the observations of earthquake-
generated seismic waves only. Since much of the planet 
is an elastic solid, two kinds of body waves can propagate 
through the Earth. The paths of the waves are affected  
by two main discontinuities in the Earth, one at a depth 
30–60 kilometres, and the other at a depth of 2,900 
kilometres. The first is called the Mohorovičić (Moho) 
discontinuity, which is of special importance in interpreting 
local earthquakes.

Evidence of the second discontinuity was first 
discovered by Wiechert and by Oldham in 1906, but 
precise identification and determination of the depth of 
this discontinuity was made by Gutenberg (1914), and it 
is therefore called the Gutenberg discontinuity (see Kayal 
2008). These two discontinuities divide the Earth internally 
into an outer shell, called the crust; an intermediate shell, 
called the mantle; and a central core (Fig. 8a). The mantle 
is subdivided into the upper mantle and the lower mantle, 
and the core is subdivided into the outer core and the inner 
core. These discontinuities and the transition zones are 
ascertained via converted seismic phases (Fig. 8b).

Indian Plate Movement 
The Indian plate became separated from Antarctica about 
180 million years ago and started moving to the north-
northeast. About 55 million years ago, it came into contact 
with the Eurasian plate, and a head-on collision began 
(Fig. 9a). The present topography map shows the effects of 
this head-on collision (Fig. 9b). The topography map also 
shows the Andaman–Sumatra trench along the Andaman–
Sumatra islands at the Indian oceanic plate (Fig. 9b). 

The present-day movement of the Indian plate results in 
the subduction below the Andaman–Sumatra trench. These 
plate margins are the major seismic belts of the moving 
Indian plate and the adjoining regions in South Asia (Fig. 10).
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General Seismicity in the South Asia Region
The general seismicity in South Asia is due to the movement 
of the Indian plate and its interaction with the Eurasian plate 
and with the Southeast Asia or Sunda plate. Figure 10a shows 
the intense seismic activity all along the Himalayan collision 
zone, Indo-Burma ranges, Myanmar, Thailand and also 
along the Andaman–Sumatra subduction zone. Seismicity 
along the Carlsberg spreading ridge at the southwest corner 
of the map is also observed (Fig.10a). It is argued that the 
Andaman–Sumatra subduction zone is extended beneath 
the Indo-Burma ranges. Earthquakes in the Indo-Burma–
Andaman–Sumatra subduction zone are deeper, down to 
300 kilometres. To the far southeast of Java island, the 
events go down to more than 600 kilometres within the 
downgoing subducted plate (Kayal 2008). The earthquakes 
in the middle of the plate, away from the plate margins, are 
called intraplate earthquakes; these are infrequent and much 
shallower (< 50 kilometres).

Large and Great Earthquakes in South Asia
The large (MW > 7.0) and great (MW > 8.0) earthquakes in the 

(a)  Indian plate movement during the last 55 million years. (b) The present-day topography of South Asia. The 80°E 
ridge, the 90°E ridge and the Andaman–Sumatra trench are 
seen. The Carlsberg spreading ridge in the southwest is 
also marginally seen.

(a) Seismicity in and around the Indian plate (data source: 
India Meteorological Department). Intense seismic activity 
(MW > 5.0, 1964–2002) is observed along the plate margins, 
including the Himalaya, Indo-Burma, Andaman–Sumatra 
and the Carlsberg spreading ridge. The earthquakes in the 
intraplate zone are comparatively much less numerous (see 
Kayal 2008). 
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(b) Intraplate seismicity map of Thailand and active faults 
(red lines). The red stars indicate earthquakes of  
MW = 6.0–6.8, depth 19–21 kilometres, while the red 
circles, MW = 5.0–5.8, depth 5–40 kilometres (data source: 
International Seismological Centre, 1925–2011). The 
geological map is taken from Arak et al. (2013).

(a) Great, large and strong earthquakes in the Indian 
subcontinent are indicated with stars, large circles and 
small circles, respectively.

Figure 11Figure 10

Indian subcontinent follow the Himalayan collision zone and 
the Indo-Burma ranges, except a few events in the Kachchh 
area in western India and in the Shillong plateau in the 
northeast India intraplate region (Fig. 11a). The Himalaya 
has produced three great earthquakes (MW > 8.0) that have 
been recorded by instruments during the last century. These 
are the 1905 Kangra, the 1934 Bihar/Nepal, and the 1950 
Assam/Tibet great earthquakes. There is evidence of another 
three great earthquakes (1803 Delhi, 1833 Nepal, and 1885 
Kashmir) in the Himalaya. Prior to 1800, little is known 
about Himalayan seismicity. Instrumentally recorded great, 
large and strong earthquakes during the last century are 
shown in Fig. 11a. The most recent was the 2005 Kashmir 
earthquake (MW = 7.8, MM intensity X) in the western 
Himalaya, which was extremely devastating and resulted in 

the deaths of some 80,000 people and catastrophic damage 
to property. Himalayan earthquakes are mostly shallow 
(depth < 25 kilometres) and occur by thrust faulting due to 
collision tectonics.

The large and great earthquakes in the Indian Ocean 
at the Andaman–Sumatra subduction zone are shown in 
Fig. 11b. There are several great earthquakes, the most 
recent of which was the 2004 Andaman–Sumatra mega-
earthquake (MW = 9.3), which caused devastating tsunamis 
and massive casualties along the coastal regions of South 
Asia. In the subduction zone of Southeast Asia, several great 
earthquakes (MW > 8.0) have caused tsunamis in the past. It 
should be noted, however, that the ~1,300-kilometre-long 
rupture zone of the MW = 9.3 mega-earthquake superseded 
all rupture zones (~250 kilometres on average) of the past 
great earthquakes (Fig. 11b). Subduction zone earthquakes 
occur via all three types of faulting, normal faulting due to 
bending of the downgoing plate below the trench, and thrust 
and strike-slip faulting due to interaction of the downgoing 
and overriding plates. Subduction zone earthquakes may be 
as deep as ~700 kilometres (Fig. 11c).

Records show that on average one great earthquake 
occurs in a year (Table 2), and these occur mostly in a 
subduction zone. There have been records of four mega-
earthquakes (MW > 9.0) in the world since 1960, and all of 
these occurred in subduction zones (Fig. 12). These are the 
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Large and great subduction zone earthquakes may 
be classified into three categories: (1) normal faulting 
earthquake zone where the subducted plate bends,  
(2) Interplate great and mega thrust earthquakezone,  
(3) Strike-slip earthquake zone in the overriding plate  
(beach balls illustrate mechanisms of the earthquakes  
in the respective zone) (see Kayal 2008).

Figure 12

(c) Intense seismicity (MW > 5.0) along the Indo-Burma–
Andaman–Sumatra–Java subduction zone (data source: 
International Seismological Centre). The plate boundaries are 
well demarcated by seismicity. Note that the Indo-Australian 
plate (shown in Fig. 1) is now divided into two, the Indian 
plate and the Australian plate. The seismic depth sections (A–
A’, B–B’, C–C’ and D–D’) show that earthquakes are deeper 
below the Indo-Burma ranges (~200 kilometres), Andaman 
island (~250 kilometres), Sumatra island (~300 kilometres) 
and Java island (~760 kilometres) (see Kayal 2008).

(b) Great and large earthquakes along the Andaman–Sumatra 
subduction zone. The active volcanic line is parallel to the 
Java–Sumatra faults (JF and SF), which connect the ASR 
(Andaman Sea Ridge) in the sea and the Sagaing Fault in 
Myanmar to the north. 

western part of the Indian plate, as well as the Shillong 
plateau in the northeast part, however, have produced large 
as well as great earthquakes (Fig. 11a). The large earthquakes 
of the Kachchh region intraplate are comparable with those of 
the New Madrid large earthquakes (MW = 7.2–8.1) (December 
1811–February 1812) in Central America. The Kachchh region 
produced two large earthquakes (MW = 7.8, 1819, and MW 
= 7.7, 2001) during the last two centuries, and the Shillong 
plateau produced one great (MW = 8.0, 1897) and three large 
(MW > 7) earthquakes, including one in Bangladesh (Fig. 11a). 
Both these regions experience complicated stress systems. 
The Kachchh region is under stress from the Himalaya as 
well as from the Chaman Fault, a long strike fault system in 
Pakistan at the western border of India. The Shillong plateau 
is under stress from the Himalaya as well as from the Indo-
Burma ranges.  

The intraplate region in Myanmar (Burma) and Thailand 
falls in the Southeast Asian plate (also called the Sunda plate) 
(Fig. 11c). This intraplate region is under stress due to the 
northeastward movement of the Indian plate. The stress is 
transmitted to the intraplate region and accommodated by 
strike-slip motion/faulting. In Myanmar, the long Sagaing 
Fault and similar parallel faults in Thailand thus generate 
strike-slip earthquakes (Fig. 10b). At the northern boundary 
of Thailand, the long (~150 kilometre) Mae Chan Fault runs 
east–west; the largest earthquake (MW = 6.8) occurred to the 

1960 Chile, 1964 Alaska, 2004 Andaman–Sumatra and the 
2011 Japan mega-earthquakes (Fig. 12). All these events 
were devastating and generated tsunamis.

In the intraplate region, we generally do not observe 
large or great earthquakes. The Kachchh region in the 
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north of this fault zone in Myanmar (Fig. 11c). There are 
several long (~150–200 kilometre) north–south trending 
faults; these are: the Mae Hong Son Fault at the eastern 
border, and the Mae Tha, Mae Yom and Uttaradit Faults at 
the centre. These faults join or are truncated by long (~250 
kilometre) northwest–southeast trending fault zones (MPF: 
Mae Ping Fault and TPF: Three Pagoda Fault) in the central 
part of Thailand (Fig. 10b). In the southern part of the 
peninsular, there are several northeast–southwest trending 
faults (e.g., KMF: Klong Marui Fault and RNF: Ranonog 
Fault) (Fig. 10b). The intraplate strike-slip earthquakes 
in Thailand are mostly around MW = 6.8, and these are 
typically shallower earthquakes (depth < 40 kilometres). 
The strong (MW = 6.0–6.8) and moderate (MW = 5.0–5.8) 
earthquakes in the intraplate region of Thailand are shown 
in Fig. 11b. 

The damage caused by earthquakes is almost entirely 
due to the collapse of buildings. While modern architecture 

What to do before, during and after an earthquake strikes

Before an earthquake strikes
If you are in an area prone to earthquakes, 
make sure you are prepared:
1. Make sure you have a fire 

extinguisher and learn how to 
operate it 

2. Have a first aid kit and learn first aid
3. Have an emergency survival kit or 

essential supplies prepared (torch, 
battery powered radio with spare 
batteries, water, non-perishables, 
ready-to-eat food, essential 
medicines, etc.)

4. Make sure everyone knows how to 
turn off the gas, electricity and water

Year Magnitude 
(Mw)

Intensity Depth 
(km) 

CasualtiesGeologic Environment

2001 7.7 X 25 15,000Intraplate, Kachchh Rift basin, Bhuj, India

300,000

100,000

525

18,000

2004 

2005
2010

2010

2011 

9.3 

7.6

7.0

8.8

9.0

X

IX

IX

VIII

XI

35 

10
13

35

30 

Andaman–Sumatra subduction zone, 
Banda Aceh, Sumatra, generated tsunami

Himalayan collision zone, Kashmir, Pakistan
Strike-slip plate movement, Haiti (island)

Chile subduction zone, Chile, Argentina, 
generated tsunami

Aftermath of an earthquake: a collapsed bridge on a Thai beach

5. Secure heavy furniture (cabinets, etc.) 
to the walls or floor

6. Ensure heavy objects are in lower 
cupboards or on lower shelves, and 
hang mirrors or pictures away from 
where people sit or sleep

7. Plan where you will meet your family 
after an earthquake in case you are 
separated

8. Identify the safest places in each 
room and in outdoor spaces so you 
automatically know where to go when 
an earthquake hits

During an earthquake
1. Above all: keep calm! 
2. If you are inside, stay inside. “Drop, 

cover and hold on”: Drop to the 
ground and use your hands to cover 
your head and neck. If possible, get 
under a strong piece of furniture and 
hold on. If none is in the room, crouch 
in the inside corner of the building

3. Keep away from anything that could 
fall or break, like windows or  
light fittings

4. If you are outside, move away from 
buildings, streetlights and overhead 
wires, in case they fall. Stay in the 
open until the shaking stops

Japan subduction zone, Tohoku, Japan, 
generated tsunami

100,000

Table 3. Devastating large earthquakes during the last decade (2001–2014).
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has the ability to create resistant buildings, these are 
not always affordable or feasible in a particular location. 
Earthquakes kill the most people when there are poorly 
constructed homes and steep hillsides that can landslip.

Some devastating large earthquakes that occurred 
during the last decade (since 2001) are given in Table 3. In 
the last decade, digital communication technologies have 
brought together seismograph networks. Online databases 
allow earthquakes globally to be seen and studied. Perhaps 
with this increase in data and combined with satellite 
imagery, we will one day be able to predict quakes before 
they occur.

Volcanoes 
Earthquakes and volcanoes often accompany each other. 
At the subduction zone, the rocks in the downgoing plate 
become melted at depth due to the higher temperatures, and 
the molten rocks make their way to the surface as volcanoes 
(Figs. 2a and 2b). The Ring of Fire is defined as the string 
of volcanoes and earthquakes around the edge of the Pacific 
Ocean or Pacific plate (Fig. 13a). About 70 percent of the 
world’s earthquakes and about 75 percent of the world’s 
active volcanoes (some 460 volcanoes) occur along the Ring 
of Fire (Figs. 1 and 13a). Shaped like a 40,000-kilometre 
horseshoe, the volcanoes and the earthquakes stretch from 
the southern tip of South America, up along the coast of 
North America, along the Alaska–Japan–Philippine trench, 
and connect to the Tonga–Kermadec trench and then to the 
Hikurangi trench to the south in New Zealand (Fig. 13). 

The major volcanoes in Southeast Asia also lie along the 
Andaman–Sumatra–Java subduction zone as a volcanic line 

Located on a small island north of Sicily, Stromboli is one of the most active 
volcanoes in the world, with regular explosions of glowing lava

5. If you are in a moving vehicle, stop 
as quickly as you can and stay in the 
vehicle. Try to avoid stopping near 
buildings or streetlights. Once the 
shaking stops move carefully, as 
bridges and roads may be damaged

6. Do not light any candles or matches, as 
there may be a gas leak 

7. Be mindful of the electricity going off 
or warning systems activating, such as 
sprinklers and fire alarms

8. Avoid using doorways for protection, 
as many are lightly constructed; only 
use if you are certain they are strongly 
supported

9. If in bed, stay in bed, hold on and 
protect your head with a pillow (unless 
under a heavy light fitting that may fall)

After an earthquake has struck
1. Expect aftershocks; they too can 

cause further damage
2. If you smell gas, turn the gas supply 

off, open all windows and doors, 
leave immediately and inform the 
authorities  

3. If water pipes are damaged, shut off 
the water and use your emergency 
supply

4. Only use the telephone for 
emergency calls. Use a battery-
powered radio for emergency 
information

5. Stay away from beaches in case of 
tsunamis and surges that may occur 
after the shaking stops

6. Stay out of damaged buildings and be 
careful around broken glass and debris

7. Check yourself and others for injuries; 
provide first aid where necessary

8. Clean up spilled material
9. If trapped under debris, cover your 

mouth with clothing, do not move 
around or kick up dust and do not 
light a match. Tap on pipes or walls so 
rescuers can find you. Only shout out 
as a last resort, as it could cause you  
to inhale dangerous amounts of dust
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Indonesia’s Mount Bromo, an active volcano at a height of more than 2,000 metres

connecting the Andaman sea ridge, and then to the north, 
it is connected to the Sagaing Fault in Myanmar (Fig. 11b). 
Volcanoes along this volcanic line are mostly active in the 
ocean part of the subduction zone; most active volcanoes 
lie along the Java–Sumatra subduction zone; one active 
volcano (Barren Island) lies at the Andaman subduction 
zone. In the land part, such as in the Indo-Burma ranges, 
the volcanoes are presently passive or extinct. The dipping 
Indian plate below the Indo-Burma ranges is now being 
dragged by the motion of the Indian plate; the sea between 
the two plates is closed. The two continental plates (India 
and Burma) are now interacting; the active oceanic plate 
subduction has ceased. When two continental plates 
interact, like those in the Himalayan collision zone, volcanic 
activity is not normally present.

Various types of volcanoes are illustrated in Fig. 13b. In 
Thailand’s intraplate region, layers of lava flows result in 
the eruptions of shield volcanoes. They may be produced by 
hotspots lying far away from the edges of tectonic plates. All 
the volcanoes in Thailand are now extinct; they are unlikely 
to erupt again, because they no longer have a supply of lava. 
Thailand’s oldest volcano is in the city of Loei. This volcano 
is around 395–435 million years old. The other extinct 
volcanoes are in the northern city of Chiang Rai, the central 
city of Sukhothai, the eastern city of Chanthraburi, and the 
western city of Kanchanaburi.

The magma chambers below the volcanic vents are 
under a lot of pressure, and their movements cause volcanic 
tremors. Before an earthquake, the tremor activity rises 
abnormally. Thus, early warnings of a volcanic eruption can 
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(a) Map showing the volcanic arcs (lines) of the world. 
The Ring of Fire around the Pacific Ocean, a horseshoe of 
approximately 40,000 kilometres, starts from the southern 
tip of South America and ends at New Zealand. The volcanic 
line along the Java–Sumatra trench continues to the north 
to the Andaman trench and then enters the continental 
zone in Myanmar.

Figure 13

(b) Various types of volcanoes are illustrated.

be given if the tremors in a volcanic area are monitored by a 
suitable seismic network. Volcanic eruptions are, however, 
exceptionally observed at some places where active oceanic 
plate subduction is absent, for example in the Hawaiian 
Islands, in the middle of the Pacific oceanic plate. Large 
earthquake ruptures sometimes propagate to volcanic 
chambers, accentuating sudden eruptions. In such cases, 
volcanic eruption warning systems may fail.

Stratovolcanoes – 
Fertile Soils and Climate Impacts
Volcanoes forming inland of oceanic-continental subduction 
are the most symmetrical and beautiful of all mountains. 
The iconic example of a stratovolcano is Mt. Fuji in Japan. 
Other notable examples are Ararat in Turkey, Krakatoa in 
Indonesia, Rainier in the US, Orizabo in Mexico, Etna in 
Italy, and Mount Kenya in Eastern Africa.

As the oceanic crust is pushed underneath the lighter 
continental crust during the collision of tectonic plates, the 
ocean water and rock comes closer to the hot rocks of the 
Earth’s mantle. When they reach a certain heat, they rise 

up through the continental rock and erupt at the surface as 
volcanoes. Periodically, these volcanoes launch powdery ash 
into the air and spew lava down their flanks, and these pile on 
top of each other to form a steep cone-shaped mountain.

They have a wide variety of forms and chemistries. 
Depending on when and how it last erupted, it can be a 
distinct peak, or the shattered shell of the mountain called 
a caldera. The caldera can have a rising dome in the centre, 
such as Mt. Saint Helens in the US. It can have a lake in the 
centre of a circular summit crater, such as in North Korea’s 
sacred Baekdu Mountain. In the Democratic Republic of the 
Congo, a steep volcano known as Mt. Nyiragongo contains an 
unusually liquid lake of lava, which occasionally spills out of 
the crater to disastrous effect. Most, however, appear to be 
solid mountains with powdery ash spilling down their sides.

Stratovolcanoes can be surprisingly young. While 
an inland volcanic arc associated with the plate tectonic 
boundary may have been active for millions of years, a 
specific mountain is usually less than 100,000 years old. 
The extinct forms of older volcanoes are found around the 
world in a range of sizes and conditions – often the active 
volcanoes of today are growing out from the dead shells of 
their predecessors.

While it may appear to humans that the time between 
eruptions is great, at a geological time scale they erupt with 
great regularity every few hundred or thousand years. The 
material brought forth by stratovolcanoes is immensely 
fertile, and farmers are attracted to the landscapes below 
stratovolcanoes. However, the hazards of living near a  
volcano are serious: avalanches of hot volcanic material, 
landslides of snow and rock, abundant earthquakes, sudden 
ash falls, and toxic clouds of subterranean gases are all real 
and present dangers. In Italy, one of the ancient world’s 
most important archaeological sites is the city of Pompeii, 
where the sudden eruption of Mt. Vesuvius instantly trapped 
and entombed the people of the Roman village. With the 
technological improvements of seismic and photographic 
sensors, humans are now better equipped to predict, or  
at least provide some advance warning, of upcoming  
volcanic eruptions. 

A single large volcanic eruption can have a strong effect 
on the planetary climate for a number of years. Piecing 
together records from tree rings, ice cores, cave stalactites, 
and other sources, researchers have observed several periods 
in Earth’s recent history where cooler temperatures, or 
“volcanic winters” appear to be linked to massive volcanic 
eruptions. The physical material and the sulphur dioxide 
released by large eruptions can suppress the Earth’s 
temperature by several degrees for two or three years.

This was first recorded by the Roman historian Plutarch 
in the year AD 44 – after Mt. Etna’s eruption he observed the 
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situated at the Japanese coast. All past shallow megathrust 
earthquakes have generated devastating tsunamis (Fig. 12). 

An early warning of a tsunami, however, is possible, as 
it reaches the coast after several minutes or even a couple 
of hours. In the case of the Japanese earthquake, it took 30 
to 40 minutes to reach the coast, as the Japan subduction 
zone is much nearer to the mainland. In the case of India, 
it may take half an hour to a few hours, depending on the 
distance between the epicentre in the Andaman–Sumatra 
subduction zone and the coast. For a great earthquake in the 
Andaman subduction zone, the tsunami may reach the coast 
of the Andaman Islands in half an hour, but it may take two 
to three hours before it reaches the coast of the mainland. 
The other tsunami zone is at the Makran subduction zone 
in the Arabian Sea (Fig. 1). The 1945 tsunami in this zone 
is debated, however. India had no tsunami warning system 
before the devastating 2004 mega-earthquake. A tsunami 
warning system has now been established by INCOIS 
(Indian National Centre for Ocean Information Services), 
Hyderabad, which records real-time telemetric observations 
of tsunamigenic earthquakes in the sea. It is functioning well.

Concluding Remarks
(i) The seismicity and seismic source zones in and around 
the Indian plate are well understood from the available 
seismological data. The Indian plate movement with respect 
to the Eurasian and Sunda plates is causing plate boundary 
as well as intraplate earthquakes in South Asia.  
(ii) High-precision digital instrumental data have been 
recorded over the last few decades only, whereas the 
recurrence period of a large or great earthquake is of the 
order of 100 to 1,000 years, depending on the source zone 
and the accumulation of tectonic stress. Thus, data are 
too limited for accurate earthquake prediction in terms of 
space, time and magnitude. Further, earthquake precursory 
phenomena are yet to be well understood. For example, it 
is claimed that the 1975 Hi Cheng earthquake (MW = 7.5) 
in China was successfully predicted from abnormal animal 
behaviour, saving lives though not property. However, the 
1976 Tangshan earthquake (MW = 7.8) and the 2008 Sichuan 
earthquake (MW = 7.9) in China caused huge devastation and 
casualties due to the lack of earthquake-resistant buildings.
(iii) Seismic hazard-prone zones have been well identified 
on the seismic zoning maps prepared globally or nationally. 
Further, seismic microzonation maps of most urban areas 
have been undertaken by many countries. These maps should 
help us in seismic hazard mitigation. The construction 
of earthquake-resistant buildings is the foremost task 
in disaster mitigation. All old buildings (particularly old 
school and hospital buildings) should be retrofitted and new 
construction should follow seismic design codes rigorously. 

Map showing the epicentre of the 2004 Andaman–Sumatra 
megathrust earthquake (MW = 9.3) in the Indian ocean 
subduction zone and the widespread effects of the tsunami 
along the coastal areas of South Asia, even reaching 
Madagascar and the Africa coast (Google map).

Figure 14

changing weather. In more recent years, volcanic winters 
have been observed after the eruptions of Pinatubo (1991, 
Indonesia), Krakatoa (1883, Indonesia), Tambora (1815, 
Indonesia), Laki (1783, Iceland), and Tarawera (1315,  
New Zealand). 

These volcanic winters can have profound effects on 
human activity – suppressing agriculture, disrupting trade, 
and promoting conflict. 

Tsunamis
When they reach the coast, the huge oceanic waves 
produced by a large or great earthquake rise to an enormous 
height; such tsunamis can cause severe destruction of 
coastal regions. Not all earthquakes produce tsunamis. 
The generation of a tsunami requires the fulfilment of 
three conditions: (i) a great earthquake in the sea in 
the subduction zone, (ii) a shallow earthquake (< 50 
kilometres), and (ii) an earthquake generated by thrust 
faulting. Under such conditions, the thrust movement of 
the seafloor causes waves with a large wavelength. This 
wave may be just a metre high in the mid sea, but when 
it reaches the coast, the amplitude increases to 5 to 15 
metres, depending on the rupture length or the wavelength 
and depth of the water column in the mid sea. The most 
recent experience of the devastating effects of a tsunami in 
South Asia was the 2004 Andaman–Sumatra megathrust 
earthquake (MW = 9.3) (Fig. 14), and the 2011 Japan 
megathrust earthquake (MW = 9.0) (Table 3). The 2004 
tsunami took unprecedented numbers of lives, while the 
2011 tsunami destroyed the Fukushima nuclear power plant 
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People flee as a tsunami wave comes crashing down at 
Koh Raya, about 23 kilometres from Phuket
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For example, Chile has reduced its casualties from several 
100 thousand in 1960 to a few hundred in 2010 as a result of 
very similar magnitude earthquakes (MW = 8.8–9.0) (Table 
3). Japan and California have also reduced casualties to a 
minimum following large earthquakes. This has largely been 
made possible by constructing earthquake-resistant houses. 
The high casualties following the 2011 Japan earthquake 
(Table 3) were due to the tsunami, not because of the shaking 
caused 
by the earthquake.
(iv) The coastal zones of South Asia are prone to tsunami 
hazards. These hazards can be mitigated efficiently by 
the tsunami warning system as well as by taking some 
precautionary measures, including avoiding habitation within 
500 metres of the coastline and also by planting mangroves 
at the coast to act as natural barriers against the waves.
(v) General awareness is the most important defence against 
natural hazards like earthquakes and tsunamis. For example, 
a teenage girl from the UK holidaying at a beach in Phuket, 
Thailand, understood the potential danger after seeing the 
abnormal behaviour of the sea caused by the 2004 Indian 
Ocean earthquake; when she raised the alarm and told people 

to flee, she likely saved hundreds of lives. In Indian coastal 
areas, on the other hand, people unwittingly ran to the 
beach to witness the sea’s strange behaviour, and many lives 
were lost as a result. 
(vi) Natural hazards like earthquakes can neither be 
stopped nor precisely predicted. Even if we could predict 
that a large earthquake were to occur in Delhi or Bangkok 
within 15 days or even a month, it would be impossible to 
vacate the entire city. Further, even if the prediction were 
successful, it would not be possible to avoid the inevitable 
damage to property. Thus, we should learn to live with 
earthquakes and focus instead on general awareness and 
ensuring earthquake-proof housing is constructed in 
hazard-prone areas.
(vii) Early warning systems for earthquakes, volcanoes or 
tsunamis may work well in some cases, but they provide 
only a minimal amount of time to take action. Lives and 
property can be saved only by constructing earthquake-
resistant buildings in safe places. We should learn lessons 
from past experiences.

Thailand’s Koh Phi Phi archipelago was devastated after the 2004 Indian Ocean tsunami that destroyed most of its infrastructure
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What to do before, during and after a tsunami hits
Before a tsunami hits
1. Make sure you have a fire 

extinguisher and learn how to 
operate it

2. Have a first aid kit and learn first aid
3. Have an emergency survival kit or  

essential supplies prepared (torch,  
battery-powered radio with spare 
batteries, water, non-perishables, 
ready-to-eat food, essential 
medicines, etc.)

4. Have an emergency family 
communication plan and make sure 
everyone knows the plan. Schools 
may have their own plans; make 
sure you are aware of what these are

5. Plan your evacuation routes. 
These should ideally be at least 30 
metres above sea level or up to two 
kilometres inland, but every metre 
inland or upwards could make the 
difference, so go as far as you can. 
Practise your route so that it is 
more of a reaction and requires less 
thought during an emergency when 
there may be panic. You should aim 
to reach a safe location within 15 
minutes on foot

During a tsunami
1. If an official warning is issued or you  

see signs of a tsunami (water receding 
far back), evacuate immediately! Take 
an emergency supply kit and follow 
the evacuation route – get inland or  
to higher ground

2. If you cannot head inland because 
you are trapped, head upwards. Try to 
get inside a high, sturdy building and 
go as high as you possibly can. This 
is not ideal, as the structure could 
collapse, so do this only if you have no 
other option

3. As a last resort, find a strong, tall tree 
and climb up as high as you can

4. If you are in the sea, go further out 
where the waves have more space to 
spread out and will be less powerful

5. Stay away from the beach. Do not go 
watch the tsunami come in. If you  
can see the wave, you are too close  
to escape

6. Do not return home/to school until 
officials tell you it is safe! Do not 
assume that the danger is over after 
one wave – tsunamis are a series of 
waves that can last for hours

7. If you are caught in the wave, do 
not fight the current; it may drown 
you and there will be deadly debris 
being pulled along too. Try to grab 
hold of debris or something solid 
on the ground; you are more likely 
to survive if you can grab hold of, or 
float on, something. If you cannot 
grab anything, then avoid the 
debris, move out of its way or duck 
underneath it

After a tsunami
1. Only return home once you are sure 

it is safe and after officials tell you  
it is safe to do so; use your battery-
powered radio for information. 
Tsunami waves can continue  
for hours

2. Avoid disaster areas; your presence 
may hinder emergency response 
operations and may put you at risk

3. Use telephones only for emergency 
calls

4. Check yourself and others for 
injuries; administer first aid  
where needed

5. Stay out of buildings if water 
remains in and around them. The 
water may have damaged the 
foundations and walls

6. When re-entering homes, be very 
careful. Turn off the electricity (if 
you have to step in water to do this, 
ask an electrician) and check for gas 
leaks (if you suspect one, turn off 
the gas supply, open the windows 
and doors and leave immediately)

7. Open the windows and doors to 
help dry out the building and shovel 
out any mud while it is still moist to 
allow walls to dry

8. Check food and water supplies. 
Discard any food that has come into 
contact with floodwater. Only use 
tap water if officials say it is safe; do 
not use tap water if water pipes  
are damaged

9. Try to rally as a community 
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GEOLOGICAL HISTORY 

History is the written record of the past. But not all writing 
is done by humans. In this section we will learn about the 
long spans of geological time, and all of the records that the 
Earth has written in the crust over billions of years. We’ll 
learn just how old the planet really is, and about the most 
important techniques we can use to study this “deep time”. 
The first set of techniques, fossils of living creatures and 
layers of sedimentary rock, allow us to compare different 
time frames relative to each other. The second, radioactive 
dating, uses a special chemistry technique to get an absolute 
age of a given rock sample.  

A Long History
The Earth has gone through many changes in the four and a 
half billion years of geological time. Geologists have divided 
this long history into long eons. The earliest, the Hadean, 

occurred for the first six hundred million years of the planet. 
There was no life on Earth at this point, or at least none that 
can be detected today. After the Hadean, the Archean lasted 
for 1.5 billion years. The Proterozoic, or early life period, 
lasted from 2.5 billion years ago to the start of the modern 
life period, the Phanerozoic, about five hundred million  
years ag0.

These eons are further divided into eras, and the eras 
are divided into periods. The time scales and their order 
can be seen in a geological chart. All of these time frames 
were developed in a relative sense – they are derived from 
rock layers that are stacked on top of each other, with the 
youngest on top. On dry land, in areas of sedimentary rock, 
the deeper you dig, the older the material you encounter. 
But what is a sedimentary rock, and how did this geological 
record appear?

A masterpiece of Nature: soil erosion makes for a wondrous sight as a green river winds through a canyon
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Geological time put in a diagram called a geological clock, showing the relative lengths of the eons of the Earth’s history

Relative Ages and Sedimentary Rocks
Rocks on Earth can be divided into three categories: volcanic, 
metamorphic and sedimentary. Volcanic rocks are brought 
up by tectonic forces from below, metamorphic rocks have 
been warped and transformed by heat and pressure, and 
sedimentary rocks have formed by the slow accumulation 
of smaller material. It’s this last category that has provided 
humans with the most knowledge of our planet’s past. The 
sedimentary rocks have accumulated in layers over millions 
of years, and the sequence of layers can tell us about what 
happened during those unimaginably distant times.

Layers in a stack are called strata. You can find layered 
strata throughout Nature – in mud pools, snowfields, soil 
pits, leaf litter, ancient archaeology, and even in the trash 
heap. But beneath all of these layered stacks are the rocks of 
the planet Earth. 

On the dry surface of the continental crust, material 
inevitably crumbles or disintegrates and eventually, by the 
force of gravity, ends up in the ocean. Within the ocean, 
water currents and random motion makes this material 
settle to the seafloor in flat layers. These layers pile on top of 
each other, and when conditions change on the dry land, the 



44

composition of the layers changes. This sequence of changes 
is used to interpret changes in the Earth’s environment.

These rocks are interpreted and examined in the study 
of stratigraphy. The layers have a distinct order and are 
therefore a record of time on Earth. As you learn about the 
formation of these strata, you’ll learn about the ancient 
history of Earth and the landscapes upon it.

To get a sense of how these rock strata come to be, 
let’s look at what material the rock layers are composed of. 
We’ll then travel far back in time and follow the path of a 
crumbling rock as it erodes off of a mountainside. After it 
tumbles downhill through river and coastline, it will enter 
the ocean and settle to the floor. We’ll then move forward 
in time as this crumbled rock and its cohort stack up and 
transform into a sedimentary rock. 

What Is Sediment? 
The word “sediment” describes the masses of small rocks 
formed from the breakdown of larger rocks. Sediments are 
particles eroded from the materials of the Earth’s crust that, 
with the help of gravity, wind, and water, move away from 
the parent material. 

Sediments can be of any size, but the most abundant 
on Earth are clays, silts, and sand. On a different planet, 
they may tend to be of a different size. You could also even 
think of gravel, rock fields, and giant boulders as a kind of 
sediment. Volcanoes can send or push up small pieces of 
ash or larger rocks, and these can act as sediments or erode 
into smaller pieces. 

The most obvious place to see sediment is the beach, 
but any pile of rocks or dirt can be thought of as sediment. 
Sediments are small pieces of once-greater objects.
 The erosion of the original material can happen in  
various ways:
• Gravity can pull directly on rock and it can avalanche in  
 big or small quantities. 
• Chemical reactions can dissolve or disintegrate minerals.
• Rainwater can take away tiny particles of rock; many  
 mountain valleys were once solid rock, and all of the  
 material has washed downhill.

Crosscutting relations can be used to determine the relative ages of rock 
strata and other geological structures. Explanations: 
A – folded rock strata cut by a thrust fault; 
B – large intrusion (cutting through A); 
C – erosional angular unconformity (cutting off A and B) on which rock  
       strata were deposited; 
D – volcanic dyke (cutting through A, B and C); 
E – even younger rock strata (overlying C and D); 
F – normal fault (cutting through A, B, C and E).

A depositional environment is a specific type of place in which sediments are 
deposited, such as a stream channel, a lake, or the bottom of the deep ocean. 
They are sometimes called sedimentary environments. The layers of sediment 
that accumulate in each type of depositional environment have distinctive 
characteristics that provide important information regarding the geologic history of 
an area. The characteristics that can be observed and measured in a sedimentary 
rock to deduce its depositional environment include its lithology (which is 
essentially its rock type), its sedimentary structures, and any fossils it may contain.

Glacial
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Deep
water
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Schematic diagram showing the main
sedimentary depositional environments
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Sam Pan Boak, the “Grand Canyon” of Thailand, is a group of rock formations and holes created by erosion
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• Water can collect in cracks and freeze into ice crystals,  
 which expand and shatter off sections of rock. 
• Winds can abrade rocks, especially if they are able to  
 pick up small grains and sandblast larger rocks.
• Glaciers can scour, polish, and gouge rocks. They  
 transport the material beneath, within, and alongside  
 their icy flanks. The collected sediment can form a pile  
 called a moraine.
• Waves can crash into coastal rocks and break them   
 down. Beaches are collections of sediment.
• Underwater currents can erode rocks and move  
 submarine sediments.

• Living animals such as molluscs can slowly rasp away  
 at rocks. Animals can directly dig or pull and break  
 down material.
• Plants and fungi can wedge roots and other parts into  
 rocks and break them apart.
• Lichens growing on rock faces can generate acids that  
 break down the material.
• Humans can dynamite, hammer, chisel, and scrape 
 away at rocks.

What Is Sediment Made of? 
The vast majority of sediments that we encounter on Earth 
are silicon dioxide, quartz. The material of the continents 
is rich in silicon, so it is abundant in the breakdown of 
continental rocks. 

Basaltic rocks from the ocean floor are less common 
on dry land. These sediments derived from oceanic crusts 
would be found near areas of volcanic activity that brought 
this material onto the continent.

Sediments can also be formed by salts. Salts can dissolve 
in water, and the vast majority of it makes its way to the 
ocean. In some places, such as the Caspian Sea, the centre 

The natural 
process of 
sedimentation, 
disintegrating a 
mountain range

The rock cycle, depicting different types of rocks and the various processes they undergo
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of Australia, the Dead Sea, or the Great Salt Lake, water 
flows into a basin and evaporates. The salt is left behind 
and forms sediment. If the basin ever fills with water again, 
these sediments may dissolve again.

Sediments can also be partially formed from biological 
material. This can take many forms, including the soil and 
litter in a forest, the shells of molluscs, the bones of animals, 
fallen pieces of wood, or the bodies of algae. The elements 

calcium and silicon can accumulate as sediments after  
being collected by biological organisms. Limestone is a 
calcium-based sediment with biological origins that is of 
special importance.

Limestone is formed by the calcium chemicals in bones, 
shells and coral. The calcium chemicals dissolve in water. If 

you put a tooth or a seashell in a glass of water and waited 
long enough, eventually the solid material would dissolve. 
This material dissolves in great quantities from coral  
reefs and eventually accumulates on the seafloor in  
minute quantities. 

While the result may be similar to the mechanical 
transportation that brings rock to sedimentary deposits, 
there is instead a chemical disintegration of the calcium. 

Fossil corals in limestone on Samaesarn beach in Thailand

Over great lengths of time, enough accumulates to form a 
rock layer of limestone. These limestones, when exposed on 
the surface, are dissolved by rainwater into fantastic shapes 
and caves.
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The Great Journey Downwards
Let’s travel in our imaginations back a hundred million 
years or so in time, to a soaring mountain range in the 
middle of a supercontinent. Let’s go to the rocky, knife blade 
summit of the highest peak, where the wind blows away the 
snow and on a clear summer’s day, the sun shines brightly. 
There is no shade, and no life at this altitude. At the very 
summit is granite rock, and a once-microscopic crack in 
this rock has filled with liquid water from the mist that 
occasionally rolls through.

The sun sets below the horizon, and the air gets cold. A 
few hours after sunset, the temperature falls below freezing. 
The liquid water freezes and expands, and the absolute 
summit of this peak is broken by the force of the ice in that 
crack. A small shard of rock cracks off and tumbles down a 

few metres. This shard will one day in the future be part of 
an entirely new and different landscape, but for now, it is 
just a little piece on a high mountain. 

During the winter, the shard is covered by snow just 
below the summit of the peak. When spring melt arrives, 
the water pushes it a little farther down the slope. Gravity 
and water combine, and it tumbles down off the summit 
pyramid. With each season, expanding ice fills cracks and 
pushes off more rocks. It is joined by other pebbles and 
flakes and shards. At the base of the rock blade, the shard 
falls down into a gully, and then is washed away and falls 
down into a ravine. This ravine meets up with a larger 
ravine, and the shard drops down between the massive 
ridges on the side of this mountain.

An imaginary mountain range from which sediment is deposited into a basin. The inset shows forms of clastic rocks
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In this ravine, a mass of ice has accumulated – a 
glacier. The shard travels for a thousand years embedded 
within the ice, and eventually melts out far below at the 
tip of the glacier where the air is warmer. It stays in a deep 
pile of other disintegrated material until eventually an 
exceptionally warm year causes more of the glacier to melt, 
and a trickle of meltwater turns into a torrent. The shard 
tumbles down the waterway; this rivulet joins a stream, and 
this stream joins a river that cuts deep into a valley at the 
base of the mountains. As it travels farther it is polished and 
blunted by impacts with water and other rocks, and it is now 
best described as a flake rather than a shard.

The river tumbles the flake along, past other sediments: 
beaches of gravel and banks of silt. Eventually it leaves the 

mountains and flows in looping arcs called meanders across 
a flat plain. The river is carrying countless flakes of minerals, 
and organic biomass. 

After a long, curving journey, the flake of rock that once 
crowned the summit encounters salt water pushing it in a 
new direction. The freshwater river has met the waves of the 
ocean. In this ever-moving region, the waves push the flake 
of rock onto the beach. There, it sits in a mixture of grains, 
pebbles, and rocks. Many of these beach sand grains came 
from the same mountain range, but most of them have come 
from different terrains that are drained by the river. A very 
few scattered pieces have come from the same mountain, and 
though it is unlikely, it is possible that these other bits of rock 
were at one point the summit of that highest mountain.

The flake of rock has now been rounded and shrunken 
by its journey. Little pieces have been split off of it, and they 
have been travelling on their own journeys. As it lies on the 
beach, it is smashed again and again by the waves, and more 
and more tiny fragments break away. Our flake is now a grain 
of sand.

After millions of years, the beach it is on is hit by a 
tsunami caused by an earthquake in a transform fault far 
offshore. In this massive wave, the grain is swept out to sea, 
and leaves the continent behind. It now drifts out towards the 
oceanic floor, pushed along by the current of the river that 
flows from the mountain range it once called home.

The Journey Ends
The grain of sand is carried outwards. In the waters all 
around it are rocks of all sizes swept away by the tsunami: 
boulders, pebbles, grains, and bits of clay. They are 
suspended in the water by the forces keeping the water in 
motion. At the underwater floor just near the dry land, the 
sediments eventually fall out of suspension at some point 
when the energy of motion is no longer enough to keep them 
lifted. Heavier, denser rocks fall down first and settle on the 
ocean floor, and then the lighter sand grains. 

At this particular stretch of coastline, there is an 
underwater landscape with low regions. These low areas form 
dishes, or basins, that collect the sedimentary material, and 
our grain of sand, after being swirled around in the waters, 
finally comes to settle in this basin. As the sediment settles 
into the basin, it forms a flat layer that collects and begins to 
fill the basin.

The complex motion of the water has discouraged piles 
and slopes from persisting. As a comparison, if you built 
a sand castle on a large flat sheet, and then shook it from 
side to side, the castle would likely collapse. Keep providing 
energy, and all of the energy holding up the castle would 
eventually just be dissolved. The sand would fall into a flat 
layer. In a more practical example, abundant energy in the 
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form of earthquakes will eventually crumble all buildings  
and hillsides.

In the sedimentary basin, the energy is provided by the 
water from above, as opposed to the shaking from below in 
our examples. So, even though our sand grain at one point 
settled onto the top of another sand grain, it eventually 
was pushed off of this perch by a random wave. This same 
process was repeated whenever any grain of sand found 
itself on top of another, and by this simple mechanism the 
surface of the deposit is kept flat.

All of these sand grains together may eventually form a 
rock layer. Each sand grain has its own history and travelled 
on its own pathway to join the others. Under the weight 
of the sediments above, the sand grains are squeezed by 
immense pressure into a consolidated mass. Together, they 
are strata. Strata are classified in many ways, including as 
sandstones, mudstones, or siltstones.

The process continues and repeats. Eventually, 
something might change in the area providing the sediment. 
The course of a river may change, the climate may tend 
toward more rain, a volcano may erupt, or a shift in ecology 
might create a new chemical environment. The sediments 
may become dry land and be exposed to new types of 
material such as wind-borne dust (loess), volcanic ash or 
vegetation (coal). If this change creates any difference in 
the shape or composition of the sediment being deposited 
that can be detected in the far future, then a new stratum 
has formed. Taken together, these two strata, composed of 
countless grains, form a sequence of rock layers.

Four Principles to Study the Strata
Four basic ideas about strata have been used to create our 
modern picture of geology. They serve as a good starting 
point to understand the rocks and landscapes around us. 
Stratigraphy, or studying the layers of rock, is the way to 
understand the deep history of time. 

Nicolas Steno – The Father of Stratigraphy
Nicolas Steno (January 1, 1638 – November 25, 1686) (Niels Stenson in his native Danish) is considered to be the most 
important founder of the sciences of stratigraphy. His three principles of superposition, original horizontality, and lateral 
continuity were first formulated in 1669. Steno was originally trained as an anatomist, and in those days anatomical 
dissections of corpses were educational performances shown to scientific audiences.

His initial studies of tears and muscle activity led him to the fossilised sharks’ teeth found in the rocks of the Italian 
mountains. These had been thought to have grown within the rocky interior, but using his anatomical training he began 
to observe and study the rocks in which these teeth were found. He identified them as ancient fossils, and proposed  

the mechanisms of geology that could capture them in the ancient ocean. His work on the physical Earth continued with observations of  
crystal angles. 

Steno was a Danish Lutheran Christian who came to embrace the Catholic faith during academic studies in Italy. He became a priest and 
rose to the high rank of bishop. At a time when the Catholic Church was known for its vast wealth, he was notable for his humble and modest 
lifestyle. Three hundred years after his death, the process of formally declaring Steno a saint was begun by the Catholic Church.

The first three principles of stratigraphy were presented 
in 1669 by the Danish naturalist and Catholic bishop 
Nicolas Steno. He became involved in geology as an 
anatomist studying sharks’ teeth and seashells found on 
the mountaintops of the European Alps. He used careful 
observation to match the geology he observed with his 
religious beliefs. 

An ancient sandstone canyon wall corroded by rain and wind in Pha Chor, Mae 
Wang National Park, Thailand
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The tilting of the once-horizontal layers of the colourful Painted Hills in Oregon, USA, suggesting that the strata were altered by a later process

First concept: The principle of superposition states that 
material above is older than material below. Since gravity 
brings things to rest at the lowest possible place, and since 
material can accumulate on top of other material, then 
the uppermost material settled most recently. There is an 
instinctive simplicity to this basic principle: If you dropped 
a shovelful of dirt on the ground, and then dropped a second 
one, which would be on the top? 

Second concept: The principle of original horizontality 
states that material is originally deposited flat on the surface 

of the Earth, and if strata are found tilted, then it must have 
been altered by some later process. 

If you dropped a handful of sand into a glass of water, it 
would swirl around and settle eventually in a flat layer. It’s 
unlikely that it would form a sloping surface, and if there 
were any motion in the cup or waves in the water, then any 
slopes would soon collapse. The ocean is full of energy from 
the winds, tides, rivers, and temperature differences. These 
currents evenly distribute dissolved material randomly over 
a region’s surface, and together, they form a flat surface.

This is especially important to remember when we see 
layered sections of rocks twisted and folded. The layers were 

formed horizontally, and later were modified into an upright 
or slanted position.

A third concept, the principle of lateral continuity, 
provides a key to comparing and matching different pieces 
of the terrain. This declares that if you identify a strata or a 
sequence of layers in one place, and then come across the 
same strata within the region, then they are probably part of 
the same continuous layer. If they are no longer in contact, 
then something has happened to separate them. This may 
have happened at the time when the strata were laid down 

– for example a giant rock could have been present already 
– or it could have happened more recently – by the cutting 
of a waterway or glacier, or via a landslide.

Lateral continuity requires us to think of rock layers as 
distinct horizontal areas, rather than as vertical columns 
that develop in place. To match the rock layers in a region, 
we need to have a sense of just how large the region of 
material deposition is. It won’t go on forever but will thin at 
the edges or be blocked by some change in geology. 

More often, however, the geologist needs to judge 
whether two matching strata are part of the same original 
layer. Having a distinct layered sequence makes this task 
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Schematic representation of the principle of lateral continuity

easier: If you can recognise the layers as the history of a 
place, you can identify two places as having the same origins. 

In a very few instances, such as iridium brought in by a 
meteor or radioactive dust risen by an atomic bomb, material 
in the atmosphere can settle onto much of Earth’s surface in 
a relatively even blanket. In these very thin layers, there is a 
lateral continuity at a global scale.

A fourth concept has been added to Steno’s three: the 
principle of faunal succession. This tells us that animals 
(and plants, and other fossilised biota) have changed over 
geological time and can be used to understand rocks. It 
could perhaps have more accurately been referred to as the 
principle of biological succession.

Biological succession can be linked to geological time by the identification of 
fossil trilobites

This is credited to William Smith, a British engineer 
who carefully observed open pit coal mines. After studying 
the fossils of animals and plants within the different layers  
of the pit, he realised that the specific fossils indicated  
specific layers. 

William Smith (March 23, 1769 – August 
28, 1839) is remembered for his 
pioneering work in large-scale geological 
mapping and for his insights into the age 
of the rock strata of the world. 

Working as a surveyor while a young 
man, he had the opportunity to travel around an England that 
was ramping up its production of and exploration for coal. He 
surveyed the construction of a major canal and observed the 
layers of rock revealed by the cutting. In the layers of coal and 
other sediments, distinctive fossils gave him the critical clues to 
identify rock strata at different sites, and to gain a sense of their 
relative age using the principle of faunal succession.

He sketched and sampled the strata as he travelled, and 
eventually, in 1815, compiled one of the world’s very first 
national geological maps. He followed on from the example of a 
regional botanical map and was able to create coloured regions 
representing different rock types around the British Isles.

Unfortunately, he was not able to make a living from selling 
his maps. His material was used by the Royal Society without 
giving him due credit, and he found himself going to prison for 
running up debt. After he was freed, he was championed by a 
member of the British aristocracy and eventually recognised for 
his pioneering work.

William Smith – Geological 
Mapper and Fossil SpottER

(Phillipsia) Mississippian-Permian

Silurian Devonian

Ordovician

Upper Cambrian

Middle Cambrian

Lower Cambrian

(Phacops)

(Eobronteus)

(Illaenurus)

(Ptychoparia)

(Paedeumias)
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Red sandstone cave-like canyons made by water erosion
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For example, a certain type of snail shell was only found 
in a certain upper layer, and another type of clamshell was 
only found in a lower layer. This is an observation similar to 
saying that you will never find dinosaur fossils of the same 
age as human fossils. By matching the rock layers with the 
fossil layers, he added a valuable ability to stratigraphy – 
the ability to match strata that may be the same age but 
were formed of different material.

This also allowed knowledge about the age of one area 
of rocks to be transferred to areas of different material. If 
we know that a specific type of snail shell was on Earth for 
a short period 50 million years ago, we can say with some 
certainty that the presence of this “indicator fossil” in a 
chalk cliff here comes from roughly the same period as a 
sandstone cliff over there.

Deep Time and Naming Strata 
Using these principles, and the studies of geologists over 
the years, we can now start piecing together distinct periods 
of time over the long history of the Earth. No rock layer 
sequence that we can detect is deep enough to represent 
more than just a segment of Earth’s history. The Earth is 
dynamic and the oldest rocks have generally been recycled 
and transformed far from any sedimentary position they 

The fossil of a dinosaur at an exploration site in Thailand
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may have occupied. However, rock strata have provided the 
initial step in understanding that the Earth is very, very  
old, and that some parts of its story are laid out clearly for 
us to observe.

Seeing Sedimentary Landscapes – 
The Grandest Canyon
Let’s visit two of the most striking examples of sedimentary 
landscapes on Earth – the massive sandstone plateau of 
the Colorado River, and the strikingly beautiful regions of 
limestone and caves in the southeast of Asia.

In the southwestern quadrant of the United States, a 
large area of high land is cut through by the Colorado River. 
Starting at an altitude of almost 4,000 metres, the channel 
of the rivers cuts through a kilometre-and-a-half of rock at 
the world’s largest canyon. On its walls, and throughout the 
region, the strata are clearly visible as orange, red, yellow, 
and brown layers. 
 This long vertical section of exposed layers represents 
two billion years of geological history – far more than 
any other exposed sedimentary area on the planet. A long 
sequence of alternating sandstones, limestones, mudstones, 
and siltstones provide geologists with the most famous and 
educational environments for reading rock layers.

A closeup of a fossil: the skeleton of a big fish at the bottom of the sea
The Colorado River at Horseshoe Bend, Arizona, a few kilometres below Glen 
Canyon Dam

The canyon’s rocks were laid down in a shallow sea 
on the western side of the North American continent, and 
uplifted relatively recently, 75 million years ago, with the 
rise of the Rocky Mountains. As conditions changed on the 
continent – which was moving on the oceanic crust as a 
tectonic plate – the composition of the sediments changed. 
Each layer has its own colour and pattern, and therefore 
each height of the canyon has its own unique character.

The canyon as a geographical feature is much younger – 
about six million years old. Each stratum would have been 
cut away at a different speed, depending on how the rock 
was formed.

Draining into the canyon are many smaller canyons, 
some of them narrow slots that challenge even the most 
intrepid adventurer. As one travels in this landscape, each 
step up a slope can traverse thousands or millions of years 
of geological history.

The Karsts of Southeast Asia
In Southeast Asia, some of the world’s most extensive 
limestone scenery is found. It is not one continuous 
stratum, but rather a variety of geologies, with some 
deposits as much as 600 million years old. The scenery here 
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Phang Nga Bay is part of what was once a huge coral reef that covered much of 
what is now Southeast Asia. The islands of Phang Nga Bay were formed by the 
movements of massive slabs of earth called “plates”. These plates, however, 
were underwater. They were part of the coral reef. They were lifted out of the seas 
by the movement of the plates.

is surreal and fantastic. In this region are the world’s largest 
caves, extensive subterranean rivers, and towering rock 
pillars. These limestone formations continue to dissolve 
through the action of rainwater and humidity, and the once-
flat strata of rock can be hidden and unrecognisable beneath 
the newly dissolved and transformed rock.

This complexity of structure gives rise to unique and 
abundant biodiversity. On the surface, some of the world’s 
most biodiverse tropical rainforests grow vigorously on 
these special soils, and inside the caves, a number of 
organisms have adapted to the unique conditions within.

 For the cave explorer, the history of the rock can be 
seen from a special angle. The limestone that forms these 
caves was deposited on an ancient seabed, and in the walls 
of some of these caves you can see the layers marking 
different changes in the deposit. The water that formed the 
cave generally dripped inwards from the uppermost part of 
the cave, and as it dissolved the cave downward, it exposed 
older and older strata. So, as one descends into the cave, we 
are moving through strata deeper into time.  

The geological formation of Halong Bay has a long history, with more than 
500 million years of changes between mountain growth, marine degradation, 
mountain sinking, and encroaching sea. Halong used to be a very deep sea 
during the Odovic–Silua era, a shallow sea during the Cacbon–Pecmi era, and 
a coastal area during the Plaogen–Neogen era. Not only that, contributing to 
the present natural wonder, Halong Bay was the result of a magnificent ancient 
marine limestone accumulation, which reached above 1,000 metres 240 to 340 
million years ago, and the karst erosion period of more than 20 million years.

The Karst Mountains and caves in Guilin are some of the few places on Earth that 
display the beauty of huge, naturally forged karst hills and caves. These hills 
and caves have long been an attraction, with some inscriptions on cave walls 
dated to 729 AD in the Tang dynasty. The beauty of the place and its imposing 
structures makes this an almost spiritual place to visit and experience.

The famous tower karst formations of Guilin in China, 
Ha Long Bay in Vietnam, and Phang Nga in Thailand are 
isolated pillars of limestone left after the areas around them 
have dissolved. Like all strata, the lowest areas of rock are 
the oldest, and the uppermost, the youngest.

CHAPTER 4
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Absolute Age and Radioactive Elements
The studies of the sedimentary rocks described above 
provide the order and the scale for a portion of the 
geological record, but how did the makers of the geological 
time chart calculate the specific number of years since a 
specific stratum? And how did we manage to put dates on 
non-sedimentary rocks?

At first, scientists tried to calculate the age of rocks by 
using calculations of heat and the melting temperature of 
different rocks. They also tried investigating the level of salt 
in the ocean, and arithmetic based on the size of the rock 
layers. None of these approaches produced consistent, or 
correct, answers.

In modern geology, to get absolute ages, a set of 
techniques is used based on the radioactive decay of certain 
elements. Scientists in the 1800s and early 1900s discovered 
that some elements sent out electromagnetic waves. This 
was unexplainable at the time, and it sparked new ideas 
in chemistry and physics. Unfortunately, these scientists 

Radioactive Elements Used in Geological Dating

Original Parent  Daughter Product Half-Life Values 
Nitrogen-14
Lead-206 
Lead-207 
Lead-208 
Strontium-87 
Argon-40 
Neodymium-143 

Carbon-14 
Uranium-238 
Uranium-235 
Thorium-232 
Rubidium-87 
Potassium-40 
Samarium-147

5,370 years
4.5 billion years 
704 million years 
14.0 billion years 
48.8 billion years 
1.25 billion years 
106 billion years

A Collection of Absolute Dates

Sample Sample Approximate Age 
in Years 

Approximate Age 
in Years 

Cloth wrappings from a mummified bull 
Samples taken from a pyramid in Dashur, 
Egypt. This date agrees with the age of the 
pyramid as estimated from historical records. 

Charcoal 
Sample recovered from bed of ash near Crater 
Lake, Oregon, is from a tree burned in the 
violent eruption of Mount Mazama, which 
created Crater Lake. This eruption blanketed 
several states with ash, providing geologists 
with an excellent time zone. 

Charcoal 
Sample collected from the “Marmes Man” 
site in southeastern Washington. This rock 
shelter is believed to be among the oldest 
known inhabited sites in North America.

Spruce wood 
Sample from the Two Creeks forest bed near 
Milwaukee, Wisconsin, dates one of the last 
advances of the continental ice sheet into the 
United States. 

Volcanic ash
Samples collected from strata in Olduvai 
Gorge, East Africa, which sandwich the fossil 
remains of Zinjanthropus and Homo habilis, 
possible precursors of modern man. 

2,050 37,500,000 

6,640 80,000,000 

10,130 1,030,000,000 

11,640 2,700,000,000 

3,200,000,000 1,750,000 

Monzonite 
Samples of copper-bearing rock from a vast 
open-pit mine at Bingham Canyon, Utah. 

Quartz monzonite
Samples collected from Half Dome, 
Yosemite National Park, California. 

Pikes Peak granite 
Samples collected on top of Pikes Peak, 
Colorado. 

 
Gneiss
Samples from outcrops in the Karelian area 
of eastern Finland are believed to represent 
the oldest rocks in the Baltic region. 

The Old Granite
Samples from outcrops in the Transvaal, 
South Africa. These rocks intrude even 
older rocks that have not been dated. 

were unaware that deadly radioactive energy was being 
emitted by these materials, and they damaged their health 
by working with them. The most famous of these chemists, 
Marie Curie (November 7, 1867–July 4, 1934), died from 
cancers that developed from the radioactive materials she 
was studying.

Soon it was discovered that radioactive elements were 
unstable. Over time, they actually transformed from one 
type, “the parent element”, to another, “the daughter 
element”. This was also unexplainable at the time, but it 
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was observed that the speed at which they transformed, or 
decayed, was fixed and predictable. 

In the early 1900s, scientists applied the mathematics 
of a “half life” to radioactive substances present within 
rocks to determine age. A “half life” is a specific amount of 
time in which half of the material will convert from parent 
to daughter. For example, if you have 100 kilograms of 
unstable radioactive material with a half-life of one year, 
you can predict how much of the parent material will be left 
in the future. After one year, you will have 50 kilograms, 
and after two, you will have 25 kilograms remaining.

This mathematics can also be done in reverse to 
determine the ages of objects. There are several different 
radioactive elements that occur in tiny amounts in most 
rock samples, and even in the bodies of living organisms.

This technique of radiometric dating has allowed for 
huge advances in geology and ecology. We now know:
• the age of samples in archaeological remains;
• the absolute age of the Earth, about four billion years;
• the ages of different layers in sedimentary rocks;
• the ages of rocks that aren’t in sedimentary layers.

This is most easily accomplished with volcanic igneous 
rocks, which are uniform throughout, and more difficult 
with metamorphic and sedimentary rocks, which can have 
pieces of radically different age.

We can now put numbers on the geological history 
chart, and link up the vast time frames of relative history 
with absolute age.

Fossils in Thailand
Thailand is rich in fossil history, with animal and plant 
remains from various times in the Earth’s geological 
past. Fossils are found within limestone caves and within 

A closeup of fossils showing preserved  shells in Thailand

Dinosaur footprints at Phu Luang Wildlife Sanctuary, Loei Province, Thailand

sedimentary deposits such as coal. In the northeastern 
portion of Thailand, 0n the Koraj Plateau, many dinosaur 
fossils have been found, as well as giant crocodiles, ancient 
birds, and petrified trees. 

There are also relatively recent cave fossils dating back 
about two million years. These are bones of vertebrate 
animals and are used to piece together the recent zoological 
history of Southeast Asia. 

Stretching back even further in time, fossils discovered in 
Thailand also include:
• marine invertebrates and land plants from more than  
 260 million years ago;
• plant fossils, including ferns, from more than 300  
 million years ago;
• corals and other marine invertebrates from 380  
 million years ago;
• corals, snails, and seashells from 420 million years ago
• seashells from 475 million years ago;
• trilobites from 500 million years ago, the oldest fossils  
 in Thailand.

Thailand is notable for establishing the world’s longest 
exposed trunk of petrified wood, having the thickest rock 
layer deposit of fossil shells, and for having a well-developed 
tourist infrastructure for visitors to learn about fossils, 
petrified wood, and dinosaurs. 
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If you’d like to see fossils in Thailand, you can visit the  
following sites:
• Petrified Forest Park, Tak, northern Thailand
• Phu Wiang National Park and Phu Wiang Dinosaur  
 Museum, Khon Kaen, northeastern Thailand
• Phu Kum Khao Dinosaur Research Center and Phu  
 Kum Khao Dinosaur Site Museum, Kalasin, north- 
 eastern Thailand
• Museum of Petrified Wood and Mineral Resources,  
 northeastern Thailand
• Fossil Shell Cemetery, southern Thailand
• National Geological Museum, Pathum Thani,  
 central Thailand

Susan Hoi, or Fossil Shell Beach, at sunrise, Krabi, Thailand

Thailand’s Petrified Forest Park is home to some of the world’s largest fossilised trees
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THE UNIVERSE

Introduction
The Earth itself is only one planet within the Solar System, 
and the Sun is just one of the stars in our giant galaxy, 
the Milky Way. In turn, the Galaxy is but one of countless 
galaxies in a vastly larger universe.

Let’s go back to the very beginning, and learn about 
the current theories of how the Universe and our Galaxy 
came into being. In future chapters, we’ll also explore the 
formation of stars and planets, and learn about human 
activity in space.
 
Historical Concepts of the Universe
We’ll take a quick trip through the history of astronomy 
and trace some of the development of knowledge about the 
Universe. We’ll focus on the times and regions where there 
are the best-written records – Babylon, Ancient Greece, and 

Renaissance Europe. For each, we’ll try to give an overview 
of the developments in astronomy. It’s important to 
remember that there are other regions that have their own 
stories of astronomy – especially China, India, the Arctic 
and Central America. 

The Sumerians and the Babylonians
Before there was any recorded history, humans and 
other animals have looked up to the skies with little 
comprehension of what the stars actually were. 

With the dawn of written history, we have some of the 
first records of astronomical studies. In the thousands of 
years since, our ability to understand the heavens above has 
brought us knowledge about the very earliest moments of  
the Universe.

A portion of the Small Magellanic Cloud, a dwarf galaxy and a galactic neighbour of the Milky Way
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The Sumerian civilisation was present about 8,000 years 
ago in what is now Syria and Iraq. They farmed in the area 
between the Tigris and Euphrates rivers. They developed 
the first writing by pressing wedge shaped pointers on clay 
tablets. They were also accomplished mathematicians. From 
the Sumerians, we have inherited the pattern of keeping time 
with 60 seconds and 60 minutes, and of dividing the angles of 
a circle into 360 degrees.

The kingdom of Babylon emerged in the same 
region about 4,000 years ago, and inherited much of the 
technological and astronomical knowledge of the Sumerians. 
They used Sumerian names for many stars. The oldest of 
all astronomical historical writings come from Babylon, 
describing the movements of the planet Venus. They clearly 
recognised that this bright object in the sky did not follow the 
same pattern as the “other” stars. 

Around 3,600 years ago, the Babylonians began keeping 
regular records of astrological predictions, which were 
reported to the king. They studied and interpreted the Sun, 
the Moon, the weather, eclipses, thunder, the stars and the 
planets. They also developed clocks based on the speed of 
water dripping through holes, and sundials with which to 
mark time during the day.

Babylonian astronomy expanded 2,700 years ago with 
observations of the activity in the skies, studied in hopes 
of predicting future events within the human world on 

Earth. This science influenced all other astronomers in the 
Western Eurasian region. The priests who studied the skies 
began to use mathematics and written records to not just 
observe the skies, but also to predict when events would 
occur in the future. They detected the 19-year cycle of lunar 
eclipses, and they began to divide the night sky into 12 
sections. We still refer to these sections of the zodiac by the 
Greek names for the constellations within them. They are 
still used as the basis for modern astrology and horoscopes.

It is very difficult to describe what the Babylonians 
and Sumerians thought of the world around them. They 
associated their gods Marduk and Ishtar with the planets,  
and paid close attention to them to see how they would 
influence their lives. Their star catalogues were some of 
the very first written, repeated observations of the natural 
world. We now use a similar method of observation and 
record keeping as the very basis for the scientific study of  
the Universe.

The Ancient Greeks
The collection of city-states of Ancient Greece left us a rich 
legacy of written records. Between three and 2,000 years  
ago, Greece was a hotspot of intellectual and scientific  
activity. They described all aspects of life and thought in 
their writings, and made great advances in mathematics  
and astronomy.  

An artist’s impression of the view from space of our Earth, amidst the vast universe and countless stars
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We also have detailed descriptions of the Universe that are 
both scientific and religious.

Early Greek writers imagined different shapes to the 
world. Homer, in the ancient epic story of the Odyssey, 
describes the skies as a “bowl” over the disk-shaped Earth, 
with the clouds in between. Orphean religion viewed the 
Universe as an egg similar to that of a bird, and broken 
apart by the gods. The upper section is the sky above. 
The philosopher Thales, 2,500 years ago, wrote that the 
objects in the night sky were made of water, rather than 
being gods that might resemble humans. This was probably 

a dramatic break with the earliest ideas of the Babylonians, 
who never left any record that they viewed these objects as a 
natural, understandable phenomenon. 

One of the most influential of all philosophers was 
Aristotle, who looked at the Earth as a sphere surrounded 
by other spheres in layers. He believed that the Moon 
inhabited one sphere, the planets inhabited different 
spheres above that, and above everything, the stars were 
in their own layer. He followed on from the mathematical 
work of Pythagoras, which suggested that all of Nature was 
harmonious in the musical sense.

THALES

ARISTOTLE

PYTHAGORAS
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The Greek astronomers Hipparchus and Ptolemy 
separately compiled star catalogues and applied rigorous 
mathematics to their work. Another astronomer, 
Aristarchus, was the first in the Western tradition of the 
sciences to propose that the Earth revolved around the Sun.

PTOLEMY

ARISTARCHUS

ARCHIMEDES

The mathematician Archimedes used numbers to 
measure the size of the Universe. By guessing at the size 
of the Sun and the distance to the stars in the outermost 
sphere, he came up with an approximate size for the known 
Universe. His calculations are now known to be incorrect, 
but his mathematical techniques for handling very large 
numbers were revolutionary and are still used today.

The Greek concept of the Universe was based on careful 
observation and was limited by their lack of telescopes 
and accurate timepieces. However, they made important 
steps in viewing the Universe as a regular, predictable, and 
understandable system. They left the supernatural behind 
and moved towards a rational view of the Universe.
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Kepler and the Cosmographic Mystery
Fifteen hundred years after the Greeks, the philosophers 
of Western Eurasia had not continued a rigorous tradition 
of astronomical observation. The Islamic world was the 
leader in mathematics and astronomy. As Muslims, they 
had religious interests in their work. In their daily prayers 
they had to face in the direction of the city of Mecca (in 
what is now Saudi Arabia), so they developed geographical 
techniques to accurately determine exactly which direction 
that was.

JOHANNES KEPLER

However, starting in the 1500s the Christian nations of 
the Western European world made great strides forward in 
astronomy and the understanding of the Universe. Around 
the year 1600, the German scientist Johannes Kepler was  
one of the major contributors to these endeavours. 
Kepler used mathematics to describe the Universe in a 
groundbreaking way. 

He was educated in mathematics in the university 
system and worked as a calendar maker and teacher. 
He also practised astronomy and astrology on his own. 
He accepted the heliocentric, or Sun-centred, view of 

the Universe, which had been described in detail by the 
Nicolaus Copernicus. At the time, the Catholic Church in 
Rome was very powerful throughout Europe and insisted 
that this position was incorrect. While Kepler was not part 
of the Church, the Catholics’ notion of the Sun moving 
around the Earth was the dominant one at the time.

In 1597, Kepler published Mysterium Cosmographicum 
(The Cosmographic Mystery), which made him well known 
and respected by other astronomers. He used simple 
geometric relationships – a triangular pyramid within a 
cube – to describe the distances of the planets from the 
Sun. While his mathematics was not correct, his ideas were 
influential in furthering the concept of an orderly universe. 

In the year 1600, Kepler moved to the city of Prague and 
began working with the eminent Danish astronomer Tycho 
Brahe, with whom he argued over access to data. When 
Brahe died suddenly the following year, Kepler took over 
his position as the royal astronomer to Emperor Rudolph II. 
The emperor was a strong supporter of the sciences and  
had filled his palace with astronomers, alchemists, and 
other scientists.

Kepler also published studies of planetary motion, 
lunar and solar eclipses, and the mathematics of lenses and 
optics. He was the first to report on the six-sided shape of 
snow crystals, and published several astrology calendars. 
After several attempts to chart the motions of the planets, 
he realised that their orbits were elliptical in shape, rather 
than ovals or circles. With this correct shape in mind, the 
paths of the planets could now be predicted properly, and 
understood through simple mathematics.

While working for Rudolph II, Kepler compiled star 
charts and corresponded with many other scientists. He 
wrote a spirited support of the Italian scientist Galileo’s 
telescope studies of the moons of Jupiter, and conducted his 
own studies of them. He was also one of the first scientists 
to use the newly invented telescope in studying the stars.

Kepler believed that his mathematics supported the 
Christian view of the Universe. He acknowledged that the 
Sun must be part of God, and that it was more appropriate 
for the Earth to be revolving around it than the other way 
around. One of his final major works, Harmonices Mundi 
(or The Harmony of the World), revived the musical ideas 
of the Ancient Greeks to describe the Universe as an object 
of beauty.

The Big Bang
Let’s now go all the way back to the beginning of the 
Universe, and along the way we’ll explain how this science 
was understood.

The Big Bang theory is the prevailing model that 
explains the birth of the Universe and its subsequent 
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expansion. The model calculates the beginning of this 
expansion at about 13.8 billion years ago, and this is 
therefore what we would call the age of the Universe. The 
“bang” refers to the fact that the Universe expanded very 
rapidly from an infinitesimally small and extremely hot 
and dense initial state – what might be thought of as an 
immense explosion.

By definition, any ideas about what existed before 
the Big Bang cannot be tested or proved by science. The 
answers for this are thus found outside of the current state 
of scientific knowledge.

Imagine the changing state of the Universe just 
moments after the Big Bang has begun. The Universe 
is immensely, unimaginably hot, more than 10 billion 
degrees. There are no materials, elements, or atoms – just 
tiny particles with different electrical charges and spins. 
Eventually, as the Universe cools slightly, these little 
particles begin transforming and combining. The protons, 
electrons, and neutrons become atoms, and these atoms are 
eventually pulled together by gravity into nebulae, which in 
turn give birth to stars, and then galaxies. Within the stars, 
the simple, light particles with which the Universe started 
out eventually fuse together to create the heavier, more 
complex elements found in the Universe today.

The Big Bang theory helps to explain many of the 
characteristics of our Universe, but it also leaves many 
questions. One of the major mysteries is whether the 
Universe will continue to expand forever, or whether it will 
one day begin to shrink again under the force of gravity. via the Big Bang. Previously, physicists had accepted that 

the Universe had always existed.

ALEXANDER FRIEDMANN 

Developing the Big Bang Theory
In 1922, Alexander Friedmann, a Russian physicist, used 
the mathematical breakthroughs of Einstein to calculate 
that the Universe had once been contained in a single point. 
Today, we live in a three-dimensional space, with height, 
width, and depth. But his calculations described a time 
where there was no size and no dimensions – a single point, 
or “singularity”, from which the Universe came into being 

GEORGES LEMAÎTRE

Independently of Friedmann, the Belgian scientist 
Georges Lemaître published a virtually unnoticed paper 
that provided a solution to Einstein’s equations of General 
Relativity for the case of an expanding universe. He 
concluded that if the Universe was indeed expanding then 
at some time in the past it must have originated at some 
initial point. He called it the “primeval atom”, but it was 
essentially the same as the “Friedmann point”. Lemaître 
wrote a paper that was published in the scientific journal 
Nature, describing the beginning of the Universe as an 
explosion. Later, the phrase “fireworks theory” or “cosmic 
egg” would be used to describe his concept.

In 1929, Friedmann’s and Lemaître’s theories received a 
significant boost when the American scientist Edwin Hubble 
observed that distant galaxies were moving away from the 
Earth, meaning that the Universe was expanding. However, 
Hubble also found that all of them were moving at the same 
speed, which meant that he could not identify a direction 
from which it was expanding. The Universe was expanding 
in all directions at the same time, and thus the Universe had 
no identifiable centre.
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EDWIN HUBBLE

The Big Bang theory received additional support from 
Russian theoretical physicist George Gamow, who described 
the high-energy material at the start of the Universe, and 
the way in which it transformed into the material of the 
present day. His mathematics pointed toward the presence 
of a “background noise” of microwave radiation that 
originated at the Big Bang.

The name “Big Bang” theory was first coined during a 
radio show by the British astronomer Fred Hoyle in 1949. 
In 1964, scientists Arno Penzias and Robert Wilson were 
trying to explain an error in their astronomical data when 
they realised that they were actually detecting radiation that 
existed in all directions throughout the Universe. They had 
confirmed the predictions of Gamow and his associates. 
This cosmic microwave background (CMB) is the thermal 
radiation left over from the Big Bang, imprinted on the sky 
when the Universe was just 380,000 years old.

NebulaE and Galaxies in the Universe
Nebulae are clouds of dust or gas in space. Not as dense as 
a planet or a star, they may contain very little material in 
a very large region. Throughout the Universe, after the Big 
Bang, the expanding material began to collect together by 
the force of gravity.

When enough mass came close enough together, a 
star began to form. These newly formed stars eventually 

Advances in technology have helped us map outer space 
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FRED HOYLE

clustered into galaxies. Many different varieties of galaxies 
can be observed today: large elliptical clouds, flattened 
lenses, spirals with bars in the middle, and many-armed 
spiral disks. Our own star, the Sun, is one among trillions of 
stars that make up the spiral disk galaxy we call the Milky 
Way. It’s possible to see our galaxy as a band of stars across 
the night sky. 

Over millions of years, galaxies can interact with one 
another across immense distances of space. Small galaxies 
may be torn apart when they collide with larger galaxies, 
forming beautiful and unusual shapes. At the centre of 
galaxies are strange and invisible objects called black holes, 
which are so dense that light cannot escape their gravity. 
Their immense pull helps explain the shape of the galaxies.

The galaxies are themselves collected into giant clusters, 
and then into superclusters. These are the largest known 
entities in the Universe.

Black holes shape the Universe

FRED HOYLE
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Kepler’s Three Laws of Planetary Motion 

• (1) Planets move around the Sun in ellipses, with the  
 Sun at one focus. An ellipse is a special mathematical  
 shape resembling a circle or an oval. An ellipse has  
 two focus points. If these are farther apart, then the  
 ellipse is more like an oval. If the focus points are at  
 the same place, then it is equivalent to a circle. The  
 orbits of the planets are very close to being circles, but  
 to be described accurately, they need to be calculated  
 as ellipses. 

• (2) The line connecting the Sun to a planet sweeps equal  
 areas in equal times. The planets move at different  
 speeds while at different points on their orbit. While its  
 orbit may be close to circular, a planet actually moves  
 faster when it is approaching the Sun.
• (3) The square of the orbital period of a planet is  
 proportional to the cube of the mean distance from the  
 Sun. A trip around the Sun is one “year” for a given  

• Taurus (“The Bull”) was named GU₄.AN.NA, “The Steer 
 of Heaven”. It is identified with the spring equinox on 
 March 21, when day and night are equal lengths.

Four Constellations Named by Babylonian Astronomers 

• Leo (“The Lion”) was named UR.GU.LA, “The Lion”.  
 It is linked to the summer solstice on June 21, when  
 the days are the longest.

• Scorpio (“The Scorpion”) was named GIR.TAB,  
       “The Scorpion”. It is linked with the autumn equinox on  
 September 21, when day and night are equal lengths.

• Capricorn (“The Goat”) was named SUḪUR.MAŠ,  
 “The Goat-Fish”. It is linked with the shortest day of  
 the year,  the winter solstice, on December 21.
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 planet. This law describes the relationship between the  
 years of different planets and their relative distances from  
 the Sun. Different planets have years of different lengths,  
 and this length for a given planet can be determined by 
 knowing how far the planet is from the Sun relative to our  
 own Earth. 

Our star and its planets are but a tiny part of the Milky Way. 
Our Galaxy comprises an immense number of stars, and it is 
so large that even at the speed of light, it would take 100,000 
years to cross it. All of the stars in the night sky, including the 
Sun, are just some of the residents of our galaxy. Beyond our 
Milky Way lies a vast expanse containing billions of galaxies.

The eight planets in our Solar System, in orbit around our Sun (bodies and their orbits are not shown to scale)
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Facts About Our Universe
• There are at least 100 billion galaxies in the Universe. A  
 galaxy is full of stars: Our Sun is just one of at least 100  
 billion stars in our own Milky Way galaxy, and each of  
 those stars could have its own planetary system.
• About 68 percent of the Universe is made up of “dark  
 energy”, while “dark matter” comprises about 27percent.  
 We cannot detect dark energy or dark matter directly,  
 but calculations show that it must be present. The  
 remaining ordinary matter – everything on Earth, the Sun,  
 the Milky Way, all the other galaxies, everything ever  
 observed with all of our instruments – adds up to less than  
 five percent of the Universe.
• We now know that our Universe has a “foamy” structure.  
 The galaxies that comprise the observable universe are  
 concentrated in vast sheets and filaments surrounding  
 enormous cosmic voids.
• The Milky Way galaxy is in the Local Group, a neighbourhood  
 of about 30 galaxies. Our nearest major neighbouring galaxy  
 is called Andromeda. However, it is still very far away:  
 Travelling at the speed of light, it would take two-and-a-half  
 million years to get there.
• More than 1,700 planets outside our Solar System (or  
 exoplanets) have been confirmed. Thousands more potential  
 exoplanets await discovery. Other planetary systems could  
 have the potential for life, but no signs have yet been found  
 beyond Earth.
• The Hubble Space Telescope observed a tiny patch of sky  
 (one-tenth the diameter of the Moon) for 11.6 days and  
 found approximately 10,000 galaxies of all sizes, shapes  
 and colours.
• Roughly two-thirds of the galaxies within the Universe are  
 spiral-shaped like the Milky Way. The remaining galaxies  
 have elliptical shapes, and a few have unusual shapes like  
 toothpicks or rings.
• Black holes are not empty spaces in the Universe. A black  
 hole is a huge amount of matter packed into a very small  
 area, which results in a gravitational field so strong that  
 nothing – not even light – can escape.

An artist’s impression of what the daily sunrise on Earth might look like from space 
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Observing and Understanding Stars
Distant stars are easy to observe. At night, when our own 
Sun or the nearby Moon does not completely overpower 

Our Sun is just one of the roughly 300 billion stars in the Milky Way galaxy 

The journey of a star
them, you can look up into the sky and see countless tiny 
points of light. Almost all of these points are stars located at 
a great distance. 
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There are also planets, comets, asteroids, meteors, and 
distant galaxies, visible to the eye and with telescopes, but 
the overwhelming majority of the points of light are stars.

By carefully observing stars with the aid of telescopes, 
we have been able to piece together the chemistry and the 
life cycle of the stars. Different stars have different colours 
and brightnesses, and these qualities signal at what stage 
of their life cycle they are in. Here, we’ll learn about the 
evolution of stars, and we’ll conclude by visiting our own 
star, the Sun, and learn about its own history and future.

Humans have long been fascinated by the infinite mysteries of space

For reasons of convenience and culture, humans have 
long imagined the stars to be in groups forming pictures 
in the sky. These groups of stars, or constellations, are 
configured by chance based on our position when we see 
them. A constellation may be composed of some stars that 
are near, some that are far, and even some that are not stars 
at all. The constellations used to give names to stars and to 
identify regions of the sky. Stars are part of the reason there is life on Earth

Planets and asteroids are among the other objects that 
occupy outer space, together with stars
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The Life Cycle of Stars
Stars are the engines of the Universe. Within stars, energy is 
formed and new, heavier, complex elements are built from the 
very simple elements of hydrogen and helium. Without the 
stars, we would have no life on Earth. The stars themselves 
have their own life cycle, and they end their lives in a variety 
of ways. We’ll trace the life journey of a star from its beginning 
as a molecular cloud, and explore the different pathways it can 
take over its very long lifespan.

The Orion Nebula, 1,500 light years away from Earth

Protostars Grow within a Giant Molecular Cloud
Stars begin to form within a cloud of gas and dust called a 
molecular cloud. The force of gravity causes regions of mass 
to come together, raising the temperature and pressure in 
fragments of the cloud. Eventually, the increased density, 
temperature and pressure within the fragment give rise to 
the formation of a protostar, a rotating sphere of hot gas. A 
single molecular cloud can have many such protostars form 
within it. Stellar formation may be triggered by the energy 
from collision with another molecular cloud, from a nearby 
supernova, or when one galaxy collides with another.

CHAPTER 6
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Planets can form when material in space comes together, getting denser

Many gas clouds, or nebulae, are visible from Earth, and 
telescopes in space have captured breathtakingly beautiful 
images of these many-shaped clouds. Three types of nebula 
have been classified based on their brightness. An emission 
nebula contains gas lit up by the high-energy particles 
from young stars within it. A reflection nebula is a cloud of 
molecular dust that reflects the light of nearby stars. Finally, 
a dark nebula is a cloud that is so dense that it absorbs light 
from objects behind it. This last type of nebula is visible 
when it is in front of a brighter object.

A protostar can spend 10 million years becoming denser 
and denser. During this time, the material surrounding the 
protostar can accumulate into smaller concentrations that 
will become planets.

Main sequence stars with greater mass burn faster, shortening the life of the star

The mass of the Sun is about 333,000 times that of Earth and it will burn for another
10 billion years

star from collapsing in on itself. As the fusion of hydrogen 
into helium continues, the star burns brighter and hotter. 
Massive stars burn so intensely that they vent off significant 
amounts of their fuel as a stellar wind, ultimately making 
them less efficient.

Cataloguing the Stars 
Main sequence stars are very diverse, and can be catalogued 
based on their brightness and temperature. This method 
of organising the stars was developed independently in the 
early 1910s by Danish astronomer Ejnar Hertzsprung in 

The Main Sequence 
The amount of material in the cloud determines what sort of 
star will form. From this initial mass, you can reliably predict 
the star’s life cycle and the way in which it will “die”. You can 
think of the starting material as the fuel that the star burns 
in its lifetime. The protostar’s dense core region eventually 
becomes hot enough for nuclear fusion to begin; the star is 
then said to have started its main sequence. In the fusion 
reaction, single-proton hydrogen atoms combine to form 
double-proton helium. Our Sun took about 50 million years 
to mature from protostar to a main sequence star.

This main sequence is the adulthood of a star, and it 
spends most of its existence in this “dwarf” phase. Almost all 
of the stars in the sky are in the main sequence. Our own Sun 
has been in the main sequence for about 4.5 billion years, 
and has enough fuel to continue for another 10 billion.

The surface of a main sequence star can be as hot as 
50,000 degrees Celsius. In the interior of the star, the 
energy radiating out from the fusion reactions pushes back 
against the force of gravity with enough pressure to stop the 
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variable main sequence stars, which are blue when they 
are massive and red when they are less massive. These less 
massive main-sequence stars are called yellow dwarfs (or 
G-type) and red dwarfs. Our own Sun is a G-type star. These 
are brighter, bluer, and more massive than the red dwarfs.

Red Dwarfs Fade Away
A less massive star – less than a quarter the mass of our own 
Sun – burns away its fuel slowly and efficiently over time. 
Much dimmer than the Sun, these red dwarfs are some of 
the most abundant stars in the Universe. Their efficient 
fuel consumption means that they can burn for billions of 

the Netherlands and American 
astronomer Henry Norris 
Russell in the United States.

The Hertzsprung–Russell 
diagram shows that most of the 
stars are organised into two 
groups. The first comprises the 
consistently small and whitish-
blue white dwarfs. The second 
group contains the highly 

Ejnar Hertzsprung, working with Henry Russell, plotted the absolute magnitude 
of stars in relation to their luminosity, classification and temperature

Red dwarfs burn their fuel very slowly, allowing them to live a very long time

Hertzsprung-Russell Diagram
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years, since the less massive the star, the longer and cooler 
it will burn. Once a red dwarf has exhausted its fuel supply, 
it simply fades out slowly and evenly. Astronomers theorise 
that the red dwarf will pass through a brightening stage 
called a blue dwarf, before becoming a white dwarf, and 
then eventually a black dwarf. 

Red dwarfs are typically one-tenth the mass of the Earth 
and are much less energetic than our Sun, with a surface 
temperature of less than 4,000 degrees Celsius. The most 
well-known example of a red dwarf is Proxima Centauri, the 
nearest star to Earth.

The two bright stars are (left) Alpha Centauri and (right) Beta Centauri. The faint 
red star in the centre of the red circle is Proxima Centauri. Taken with Canon 
85mm f/1.8 lens with 11 frames stacked, each frame exposed 30 seconds.

An artistic impression of a red dwarf, which burns its fuel very slowly, allowing it 
to live a very long time

sequence star becomes a giant after it uses up its first supply 
of fuel, hydrogen. It then collapses to a certain size when 
the internal conditions are hot enough that it begins to use 
the heavier helium as a secondary fuel source. When this 
occurs, the star expands outward and becomes much larger 
than it was during its main-sequence “dwarf” phase.

When the helium fuel is completely used up, the star’s 
core of carbon and oxygen contracts. The outer parts of the 
star are then violently ejected outwards, forming a cloud 
called a planetary nebula. This term is a misnomer that has 
its origins in the observations of early astronomers who 
thought these roughly circular clouds of gas resembled 
planets. After the outer layer is blown off, the remnant core 
eventually becomes a white dwarf, as there is not enough 
mass and therefore insufficient temperature for nuclear 
fusion of carbon or oxygen.

A planetary nebula, consisting of a glowing shell of ionised gas ejected 
from old red giants

Giants, Planetary Nebula, Supergiants, 
Hypergiants 
Giant stars are several hundred times larger than the Sun 
and are correspondingly much brighter. A massive main 
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The supergiant Betelgeuse – with a gigantic bubble boiling on its surface and a radiant plume of gas being ejected to at least six photospheric radii, 
or roughly the orbit of Neptune
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Cool giants are referred to as red giants, while hotter 
giants are called yellow giants. The blue and white giants 
are the hottest. Our Sun is massive enough to become a red 
giant, and go through the planetary nebula phase, before 
becoming a white dwarf.

Some stars, the supergiants, are so massive (around 10 
times the mass of the Sun) that they begin burning their 
secondary helium fuel before exhausting their primary 
hydrogen fuel. They can also create energy by fusing heavier 
elements. Supergiants end their lives in huge explosions 
called supernovae. 

Supernovae occur about once every 50 years in a galaxy the size of the Milky Way

The very largest of all stars, hypergiants, are 
exceptionally large, massive and bright supergiants. They 
can be more than 100 times the mass of the Sun. At present 
very few remain in the Universe, but they may have been 
much more common just after the Big Bang. 

White Dwarfs – A Second Life for Stars 
White dwarfs are the remnants of red and yellow dwarfs 
that have burnt off their fuel and all that is left is the ultra-

hot core. This core is very dense and very faint. A white 
dwarf no longer actively fuses hydrogen into helium and it 
only emits light from the “leftover” energy.

Like many other stars, our Sun will one day burn all of 
its fuel and become a white dwarf. If a white dwarf is near 
another star, it may pull away material from the other star’s 
surface. This extra material may allow the white dwarf 
to flare into ignition once again, in a bright event called 
a nova. However, if a white dwarf is big enough, the core 
may become dense enough that it collapses into itself and 
explodes in a supernova.



80

Supernovas and Neutron Stars
A massive evolved star may reach a point where it is not 
able to resist the inward force of gravity. The star’s core falls 
in on itself and, in a few seconds, shrinks to less than one 
percent of its previous size, reaching a temperature of 100 
billion degrees. The star then explodes, outputting titanic 
amounts of energy as bright as a galaxy.

Massive stars destined to explode as supernovae are 
not just burning hydrogen and helium. Layers of heavier 
elements such as carbon, oxygen, silicon and iron are also 
being used as nuclear fuel; these heavy elements are thrown 
out into the Universe when a star explodes. Thus, much of 
the elemental material in the Universe has its origins in a 
supernova. Parts of the Earth and even your own body come 
from the explosion of a supernova!

A massive main-sequence star (about 10 times the mass 
of the Sun) will end its life in a supernova, leaving behind a 
remnant called a neutron star, an extremely hot and dense 
object that is composed almost entirely of neutrons. These 
strange ultra-compact stars may have a radius of just 10 
kilometres but have the same mass as two suns. The gravity 
at a neutron star may be 20 billion times that of Earth, and 
it may also be spinning extremely fast, as much as 700 times 
per second.

Neutron stars are so dense that they warp and bend 
the path of light rays – one of the things predicted by 
Einstein’s mathematics. There are various types of neutron 
star, several of them never observed but predicted by 
mathematical theory. Rotating neutron stars emit beams of 
radiation from their poles, and the pulses from these objects 
can sometimes be detected from Earth; these neutron 
stars are known as pulsars. About 2,000 neutron stars 
are known, most of which were detected from the signals 
emitted by pulsars. 

Black Holes 
When a very massive star reaches the end of its life and 
explodes in a supernova, the collapsed remnant is called a 
black hole. While a neutron star is so dense that it warps 
light, a black hole is so dense that its gravitational field does 
not allow light to escape. Black holes are invisible, but they 
can be detected by observing the effect of their gravitational 
field on other things, including light. 

Supermassive black holes are found at the centre of 
galaxies. It is theorised that these black holes are formed 
when black holes merge and when the intense gravitational 
field of the black hole attracts surrounding matter. The 
attracted material forms a disk surrounding the black hole, 
and the resulting object, a quasar, emits a jet of high-energy 
particles that can be detected on Earth. The supermassive 
black hole in the centre of our Milky Way galaxy is four 

Neutron stars are so dense that a teaspoon of material can weigh as much as an 
average mountain

Even light cannot escape black holes, but we can infer their presence by detecting 
their effect on surrounding matter 
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Quasars shine so brightly that they eclipse the ancient galaxies that contain them

million times the mass of the Sun. More than 200,000 
quasars have been discovered, many of which are extremely 
distant, so we observe them as they existed in the very  
early Universe.

Black holes are exotic objects that are difficult to 
understand and can be observed only indirectly. They  
may make no sense to us, but they have been predicted  
by mathematics.

Our Star 
Our own star, the Sun, is a main-sequence star around  
which the Earth orbits. Larger than 90 percent of most other 
stars, the Sun provides the heat and light that powers our  
natural world.

The Sun is the largest and most massive object in our 
Solar System. Our star has a diameter of more than 100 
times that of our planet, and its mass is two quadrillion 
(2 x 1030) kilograms. The Sun is almost entirely made up 
of hydrogen and helium, the two simplest elements in 
the Universe. Inside the Sun, hydrogen atoms are being 
combined to form helium in the process of nuclear fusion. 
The Sun is also fusing helium into heavier elements. 

Our star is relatively young and probably formed in the 
second generation of stars in the Universe. The earlier stars 
exploded as supernovas and provided stars like the Sun with 
a supply of heavier elements such as carbon, neon, and iron.

Inside the Sun, about 700 million tons of hydrogen are 
transformed into 695 million tons of helium every second. 

Our Sun contains more than 99.8 percent of the total mass of the Solar System
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During this nuclear reaction, the missing five million tons is 
converted into energy. Einstein’s famous equation, E = MC2, 
allows us to calculate the amount of energy corresponding 
to this mass that radiates out into the Universe. Only a small 
portion of this energy is transmitted to Earth and the  
other planets.

In the core of the Sun, the temperature is more than 15 
million degrees Celsius, while the surface is a much cooler 
5,500 degrees. From the core outwards, the interior of 

The structure of our Sun

The colour of a star depends on its temperature

Colours of Stars 

Brightness Categories of Stars
• 0 or Ia+ – hypergiants or extremely luminous supergiants
• Ia – luminous supergiants
• Iab – intermediate luminous supergiants
• Ib – less luminous supergiants
• II – bright giants
• III – normal giants
• IV – subgiants 
• V – main-sequence stars (dwarfs, the Sun)
• sd (prefix) – subdwarfs
• D (prefix) – white dwarfs

Class Temperature (Kelvin*) Colour

≥ 30,000
10,000–30,000
7,500–10,000
6,000–7,500
5,200–6,000
3,700–5,200
2,400–3,700

O
B
A
F

G (the Sun)
K
M

Blue
Blue-white

White
Yellow-white

Yellow 
Orange

Red

*Kelvin (K) is an absolute temperature scale. Thus, zero kelvin (0K) is the 
coldest possible temperature. Temperature (K) = Temperature (ºC) + 273.15.

the Sun is divided into two main layers: the radiative zone 
and the convective zone. Above these is the photosphere, 
the visible surface of the Sun; above this is the solar 
atmosphere, consisting principally of the chromosphere and 
the corona. 

Orbiting the Sun are eight planets and their moons, 
several dwarf planets (with many yet to be discovered), 
many thousands of asteroids, and countless numbers of 
comets. Together, these form the Solar System.
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The 88 constellations depict animals, inanimate objects, humans and mythological characters

The 88 
Constellations
• Andromeda
• Antlia
• Apus
• Aquarius
• Aquila
• Ara
• Aries
• Auriga
• Boötes
• Caelum
• Camelopardalis
• Cancer
• Canes Venatici
• Canis Major
• Canis Minor
• Capricornus

• Carina
• Cassiopeia
• Centaurus
• Cepheus
• Cetus
• Chamaeleon
• Circinus
• Columba
• Coma Berenices
• Corona Austrina
• Corona Borealis
• Corvus
• Crater
• Crux
• Cygnus
• Delphinus
• Dorado
• Draco

• Equuleus
• Eridanus
• Fornax
• Gemini
• Grus
• Hercules
• Horologium
• Hydra
• Hydrus
• Indus
• Lacerta
• Leo
• Leo Minor
• Lepus
• Libra
• Lupus
• Lynx
• Lyra

• Mensa
• Microscopium
• Monoceros
• Musca
• Norma
• Octans
• Ophiuchus
• Orion
• Pavo
• Pegasus
• Perseus
• Phoenix
• Pictor
• Pisces
• Piscis Austrinus
• Puppis
• Pyxis
• Reticulum

• Sagitta
• Sagittarius
• Scorpius
• Sculptor
• Scutum
• Serpens
• Sextans
• Taurus
• Telescopium
• Triangulum
• Triangulum Australe
• Tucana
• Ursa Major
• Ursa Minor
• Vela
• Virgo
• Volans
• Vulpecula 
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Introduction
Our Solar System comprises our Sun and the objects that 
move around it in orbit – principally the planets with their 
moons, but also the smaller bodies such as asteroids  
and comets. 

The Earth is one of eight planets orbiting the Sun. The 
planets are mostly spherical objects of varying sizes and 
compositions. All of the planets are moving around the Sun 
in the same direction in approximately the same flat plane, 
so the entire Solar System is better drawn as a disk than as 
a ball.

Of all the matter in the Solar System, 99.9 percent of it 
is in the Sun. It is about 100 times the diameter of  
our own Earth, and more than 333,000 times the mass. 
Being much smaller than the Sun, the planets are locked 
into orbits around the Sun, at different distances, by its 
much greater gravity. 

Until recently, the Solar System was thought to have nine planets. In August 2006, 
Pluto, the farthest from the Sun, was classified as a dwarf planet 

Exploring the Moon and our Solar System has been one of humankind’s greatest dreams

THE SOLAR SYSTEM

CHAPTER 7
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People have watched and wondered about the planets 
since before written history. While some of the planets 
appear as bright objects in the sky, they do not move in the 
same way as the stars. The Moon and the Sun were also 
considered by the ancients to be special, large planets in the 
sky. Today, we use the names given to the planets by the 
ancient Romans. They used the same names for the gods 
that ruled the world, and they inherited those gods from 
the ancient Greeks. In other cultures, different names were 
used. With the invention of the telescope, new planets and 
new moons were discovered. These were smaller and more 
distant, and therefore harder to observe. 

The Earth is the third planet when counting outwards. 
It is the only planet on which humans can survive, and the 
only known place in the Universe that supports life. No 
other planet or moon in our Solar System has such stable 
temperatures, liquid water, or protection from the Sun’s 
harmful radiation. As we discovered more planets and 
moons in our Solar System and beyond, we have also learnt 
how special the Earth actually is.

When one object orbits another, it is called a satellite of 
the larger object. In some rare instances, objects of equal 

Natural wonders such as this sunset over Thailand’s Phu Ruea mountain 
remind us how special our life-supporting planet is

Highlights from the Last Four Centuries 
of Moon Research

1610   Galileo Galilei is the first to use a telescope to make 
scientific observations of the Moon.

1959–1976   The USSR’s Luna programme of 17 robotic  
missions achieves many “firsts” and three sample returns.
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size have been observed orbiting each other, in which case 
they are both satellites. The planets are themselves orbited 
by their own natural satellites, called moons, and at least 
145 have so far been detected. Some of the larger planets 
can have dozens of moons of different sizes. The Earth’s 
own satellite is named, of course, the Moon, but it is also 
given the more technical name Luna. It is one of the largest 
of the moons in the Solar System. 

The planet Mars is further from the Sun than Earth, making it colder. Temperatures 
range from –140 to 30° Celsius 

A rover on Mars

They are all surrounded by dust or ice that has collected into 
flat rings, though only Saturn’s ring system is easily visible. 
They are also large enough to have many orbiting moons. 

The first of the outer planets beyond the asteroid belt is 
Jupiter, the largest of the planets. After Jupiter is Saturn, 
Uranus, and Neptune. Beyond Neptune is a handful of 
planetoids, objects similar to the planets but not exactly in 
the same category. These “trans-Neptunian objects” include 
Pluto, which for the last century was considered a proper 
planet. Beyond Pluto are even more distant objects that 
have only been discovered in recent years.

The Solar System is a large place, but it is still our local 
region. There are trillions of other stars in the Galaxy and 
many of them have their own planets orbiting them. 

An abstract illustration of planets, moons and the Universe, from the surface of 
the Earth

The asteroid belt lies between the four inner and four outer planets in our 
Solar System

An Overview
The Solar System’s four inner planets are made up mostly of 
solid rock with a central metallic core. The closest to the Sun 
is Mercury, then Venus, Earth, and finally Mars. The Earth 
is, on average, about 150 million kilometres from the Sun. 
This distance is used as a measurement within our Solar 
System – one astronomical unit, or AU.

Beyond Mars, the planet most similar to Earth, is a wide 
area, or belt, that contains many small broken rocks called 
asteroids. Beyond the asteroid belt are the outer planets. 
Very different to the rocky inner planets, they are much 
larger and are not made up of solid rock. Instead, they are 
composed of gases, ices, and probably a core of molten rock. 
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Humans have sent robot spacecraft to orbit, photograph 
and study the other objects in our Solar System, and we are 
able to catalogue and research their unique characteristics. 
However, the other galaxies, stars, and solar systems are far 
too distant for us to probe with spacecraft. To study these 
remote places, we need to use telescopes to view them.

The vast majority of the Universe remains unexplored

The Milky Way, visible over the pagoda on Inthanon Mountain, Chiang Mai, Thailand 

1961–1968   The US Ranger, Lunar Orbiter, and Surveyor 
robotic missions pave the way for the Apollo crewed  
lunar landings.

1969  Astronaut Neil Armstrong is the first human to walk on 
the Moon’s surface.

1994–1999  Clementine and Lunar Prospector data suggest  
that water ice may exist at the lunar poles.
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Small rocky planetesimals, or objects formed from dust, rock, and other materials

comets, mysterious balls of ice from the far reaches of the 
Solar System.

Let’s now take a quick tour of our Solar System. We’ll 
move outward from the Sun, and continue on to the 
terrestrial planets, the asteroids, the gas giants, the ice 
giants, the dwarf planets, and the comets.

The Inner Planets and their Moons
The four inner planets are dense and rocky, and as such,  
are referred to as the terrestrial planets. Like Earth, the 
other three inner planets can be studied with the language 
of geology. 

The Origin of the Solar System
The Sun is a relatively typical star. It formed through the 
gravitational collapse of a gas cloud, about 10 billion years 
after the Big Bang. Beginning about 4.6 billion years ago, 
the material surrounding the young Sun began to gather 
into the earliest phases of the planets, asteroids and comets. 
The first 500 million years of the Earth’s existence, up to 
about four billion years ago, is called the Hadean Era.

From the beginning about 4.6 billion years ago, the 
asteroids began forming within about the first three million 
years, and after around 10 million years the gas giants 
Jupiter and Saturn began forming. After 50 million years, 
the Sun began burning its nuclear fuel, fusing hydrogen 
atoms into helium, and vast amounts of electromagnetic 
energy began to radiate across the Solar System.

Soon after, the small rocky planetesimals started to 
form. Another 50 million years later, these would merge 
into the dense, Earth-like terrestrial inner planets and the 
dwarf planets. After 90 million years, the so-called ice giants 
Uranus and Neptune gathered enough material to form.

Six hundred million years from the formation of the Su 
n, Jupiter began disturbing the asteroid belt and they began 
travelling through the Solar System and colliding with the 
planets. Earth was impacted by comets, one of the possible 
sources that brought water to the planet. Shortly thereafter, 
3.8 billion years ago, the first signs of life appeared on 
Earth. One possibility is that life on Earth was seeded by 

A solar system is born
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2003   The European Space Agency’s SMART-1 lunar orbiter 
inventories key chemical elements.
2007–2008   Japan’s second lunar spacecraft, Kaguya, and 
China’s first lunar spacecraft, Chang’e 1, both begin one-year 
missions orbiting the Moon; India’s Chandrayaan-1 soon 
follows in lunar orbit.

The four inner planets, also known as the terrestrial planets

Mercury, the planet closest to the Sun, has an orbital period of about 88 Earth-days

The inner planets all have metallic cores of iron 
surrounded by a mantle of silicate rock. They have all had 
volcanic activity on their surface and therefore have terrain 
features. By contrast, the surface of the outer giant planets 
is composed of vapour and gas. The terrestrial planets are 
surrounded by atmospheres, which formed by the release 
of gases trapped in the interior or through the collisions 
of comets. While the outer planets have many moons, the 
inner planets have very few: Mars has two, but neither 
Mercury nor Venus have any. They terrestrial planets also 
have no ring systems like Saturn. 

2008   The NASA Lunar Science Institute is formed to help lead 
NASA’s research activities related to lunar exploration goals.
2009  NASA’s Lunar Reconnaissance Orbiter (LRO) and 
Lunar Crater Observation and Sensing Satellite (LCROSS) 
are launched together, beginning the US return to lunar 
exploration. In October, LCROSS is directed to impact a 
permanently shadowed region near the lunar south pole, 
resulting in the discovery of water ice.

2011   Twin GRAIL spacecraft are launched to map the interior 
of the Moon from crust to core, and NASA begins the ARTEMIS 
mission to study the Moon’s interior and surface composition.
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Like the Earth, Venus has a central core, a molten mantle and a crust

The Earth is the only planet in our Solar System that is not named after a Greek 
or Roman deity

Early on in the Solar System’s formation, there were 
possibly several more small terrestrial planets. However,  
they have since collided with the Sun, or combined with 
other planets.

Mercury is the planet closest to the Sun, and the 
smallest of the planets – about the same size as Earth’s 
moon. It is about four-tenths of the distance from the Sun  
to the Earth. As it rotates, the temperature shifts hundreds 
of degrees between the super-hot sunlit and ultra-cold 
shaded sides.

Mercury has no moons, no ring systems, and almost 
no atmosphere. It is geologically similar to Earth, but it 
has a large metallic core, with a correspondingly thinner 
rocky mantle and crust. The surface of Mercury is rocky 
and resembles our Moon. It has a wrinkly appearance with 
long geological features that are thought to be a result 
of the planet shrinking as it cooled after its formation. It 
is heavily marked by craters, signs of past impacts from 
meteorites. The fact that these craters are still visible means 
that Mercury is geologically inactive – neither volcanoes nor 
erosion has erased these craters.

Venus has a distinctly developed landscape and active 
volcanic activity on the surface, but it is only detectable 
through the planet’s dense clouds using radar technology. 
Due to a colossal impact early in its existence, Venus  
spins in a westerly direction, the opposite direction to the 
other terrestrial planets. 

Venus is very bright in the night sky, second only to the 
Moon. Seen near sunset or sunrise, it has been referred to as 
both the Morning Star and the Evening Star. If you visualise 
the Solar System with both Mercury and Venus closer to 
the Sun than Earth, then you can also imagine that these 
planets will always be visible in the same direction as the 
Sun. At dawn and dusk, the Sun is shaded by the Earth’s 
horizon and we can see the light reflected off of Venus.

Earth, our home, is similar to Venus and Mars but 
distinguishes itself by having large amounts of liquid water 
on its surface, a large moon, a complex atmosphere, and a 
stable temperature. Earth is the densest of all the planets 
and has the largest iron core. Most importantly, of course, 
the Earth is notable for having the only ecosystem of  
living organisms.

Luna, Earth’s moon, is thought to have formed after a 
catastrophic collision between an object the size of Mars 
and the Earth. It has a special orbit around the Earth, 
always keeping one side facing us. This means that there is a 
hidden side that cannot be observed from the ground.

Mars, the fourth planet, is also known as the Red 
Planet. It is the second-smallest planet in the Solar System, 
with about a seventh of Earth’s volume and about a tenth 

Venus, the second planet from the Sun, is similar to 
Earth in its geology, size, and structure, but it has a very 
different atmosphere and no moon. With large quantities of 
carbon dioxide (the gas which we breathe out) and nitrogen, 
its atmosphere traps the heat of the Sun, resulting in an 
incredibly hot surface temperature of about 500 degrees 
Celsius. Correspondingly, the air pressure is about 90 times 
greater than that on Earth – like being at the bottom of  
our ocean.

CHAPTER 7
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Luna is the Earth’s only natural satellite Mars is home to the tallest mountain in the solar system, Olympus Mons

of its mass. It also shares many similarities with Earth – 
mountains, canyons, volcanoes, and polar ice caps. Relative 
to its size, the crust of Mars is much thicker than Earth’s. 
Mars has two small moons, Phobos and Deimos, which 
appear to be asteroids that were attracted by the gravity of 
Mars and fell into orbit around it.

 Mars is easily visible from Earth, appearing as a bright 
point coloured a dull red. It may have once had oceans of 
liquid water, and this has prompted the idea that there may 
have once been life on Mars.

Of the 40 attempts to visit Mars in orbit or on the 
surface, only 18 have succeeded. Several robots have visited 
the surface of Mars and explored the environment. You can 
find photographs and videos of these rovers online,  
and experience the surface of this planet through their 
camera eyes.

Ten Facts about Asteroids
 If all of the asteroids were combined into a ball, they would  
 still be much smaller than Earth’s moon. If the Sun were as  
 tall as a typical front door, Earth would be the size of a US 
 nickel (about 20 millimetres in diameter), the Moon would 
 be about as big as a green pea, and Ceres (the largest object  
 in the asteroid belt) would be as small as a sesame seed.
 Most, but not all, asteroids orbit our Sun, in a region of  
 space between the orbits of Mars and Jupiter known as  
 the asteroid belt.
 Days and years vary by asteroid. A day on the asteroid Ida, 
 for example, takes only 4.6 Earth hours (the time it takes to  
 rotate or spin once). Ida makes a complete orbit around the  
 Sun (a year in this asteroid’s time) in 4.8 Earth years.

3

Asteroids
The word asteroid means “star-like”. These bright spots in 
the night sky are now understood to be small rocky objects 
orbiting the Sun. Most of them are located in what is known 
as the asteroid belt, between Jupiter and Saturn, and orbit 
in the same plane as the other planets. There are estimated 
to be almost two million asteroids (greater than a kilometre 
in size) in the asteroid belt. While they are actually several 
million kilometres apart, this is much closer than the 
distance between the planets. Most of the meteors that 
collide with Earth are pieces of asteroids.

The asteroids are left over from the formation of the 
Solar System. They have a great variety of shapes – some 
are almost circular, some are elongated, and some are 
more disk shaped. Many of them show signs that they have 
been hit by meteorites. The largest of all the objects in the 

2

1
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asteroid belt is the dwarf planet named Ceres, which is 
approximately one thousand kilometres across. Some of  
the smaller objects are only a few hundred metres across, 
and there may be even smaller ones that we have not  
yet detected.

Because there are so many asteroids, they have been 
given a wide variety of names. They are classified into three 
basic geological types by astronomers. Their type depends 
on how far they were from the Sun – and therefore how hot 
– when they formed in the early period of the Solar System. 
The chondrite asteroids are dark and are made up of large 
amounts of the element silicon. The stony asteroids contain 
silicon, nickel, and iron. The metallic ones are mostly nickel 
and iron. 

The location of most of the objects in the asteroid belt 
is strongly influenced by the immense mass of Jupiter. 
However, there are many asteroids on unexpected orbits. 
Some have been captured by the gravity of other planets. 
Some, called trojans, are located ahead or behind a 
particular planet in that planet’s orbit, and travel at the 
same speed. Others have fallen into orbit around the planets 
and are now moons. Some are at the wrong angle to fall into 
orbit and instead collide. Asteroids have also collided with 
Earth as well as many other planets and moons, creating 
craters and even knocking them into new positions. It is 
thought to have been an asteroid that collided with the 
Earth 65 million years ago, driving dinosaurs to extinction 
and helping mammals to dominate.

The Solar System contains many different types of asteroids, grouped by the minerals they contain

A stony chondrite meteorite is a piece of an asteroid

Human spacecraft have visited and photographed 
asteroids. A Japanese robot also collected small samples of 
asteroid dust and returned them to Earth for study.

Outer Planets and their Moons
The outer planets – Jupiter, Saturn, Uranus, and Neptune 
– are dramatically different to Earth. Jupiter and Saturn 
are huge spheres of the simple elements hydrogen and 
helium, and are referred to as “gas giants”. The majority of 
these planets comprise vapours and gases, but their inner 
cores may be liquid or even solid at very high pressures. 
These two gas giants contain more than 90 percent of the 
planetary material in our Solar System.
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Hayabusa, an unmanned spacecraft developed by the Japan Aerospace 
Exploration Agency to bring a sample of material from an asteroid named 25143 
Itokawa to Earth

The Great Red Spot on Jupiter has raged for at least 350 years

An artist’s impression of the asteroid Chariklo

Jupiter, the fifth planet, is by far the largest object in 
the Solar System, after the Sun. It is more than double the 
mass of all the other planets combined, but it is still only 0.1 
percent of the Sun’s mass. It is almost 1,000 times the size 
of Earth and more than 300 times the mass. Jupiter may 
be an example of a planet that is almost, but not quite, big 
enough to become a star.

Jupiter is surrounded by faint rings that have divided 
into three sections, and by more than 65 moons. The 
largest four moons – Io, Callisto, Europa, and Ganymede 
– were first detected in 1610 by Galileo. Their discovery 

 Asteroids are solid, rocky and irregular bodies,  
 each with a different shape. 
 
 
 More than 150 asteroids are known to have  
 a small companion moon (some have two). The  
 first discovery of an asteroid-moon system was  
 of asteroid Ida and its moon Dactyl in 1993.
 One asteroid, named Chariklo, is known to have  
 two dense and narrow rings. It is not part of the  
 asteroid belt but has an orbit between Saturn  
 and Uranus.

4
5
6

7

Asteroids do not have atmospheres.
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was especially important, as it demonstrated that the Solar 
System was more complicated than had been assumed. 
These largest four, named the Galilean moons in his 
honour, are comparable in size to the inner planets. 

Jupiter has a stormy, cloudy surface with dramatic 
colouring, including a giant storm known as the Great 
Red Spot that is three times larger than the Earth. Jupiter 
rotates very rapidly: A new day dawns on Jupiter every 10 
Earth hours.

Saturn, the sixth planet, is the second largest of the 
planets. Saturn is well known for its giant ice rings, which 
give it a beautiful and unique appearance. It is also a gas 
giant composed mostly of hydrogen and helium, with a core 
probably composed of iron and nickel. Saturn is more than 
700 times the size of Earth, and about 100 times the mass. 

The surface of Saturn is not as stormy as Jupiter’s, and 
the bands of clouds are less well defined. The planet’s rings, 
which extend out 120,000 kilometres, are divided into nine 
bands of different shades, and are mostly water ice, similar 
to what we have on Earth. The rings also contain dust and 
rocks of various sizes. At Saturn’s northern pole, a giant 
cloud pattern has formed in the shape of a hexagon. At the 
southern pole, there is a giant spiral storm. Both of these 
polar features are huge – about the same size as Earth.

Saturn has more than 150 moons, which vary greatly in 
composition and offer a good comparison to the conditions 
on the planets. The largest by far, Titan, is as large as the 
inner planet Mercury, and makes up nine-tenths of Saturn’s 
moon material. Titan has its own atmosphere with organic 
chemistry resembling that on Earth. 

Saturn’s ring system was discovered in 1610 by the astronomer Galileo Galilei

Uranus was the first planet discovered with the use of a telescope

Uranus and Neptune are called “ice giants”. Instead of 
the simple elemental gases of hydrogen and helium, they 
are formed of more complex, heavier elements. These two 
planets may include oxygen, nitrogen, sulphur, and carbon. 
They are quite similar to each other in their attributes.

Uranus is the seventh planet, and the third largest in 
our Solar System. It is 60 times the size and 15 times the 
mass of our own planet. It has a cold, hazy atmosphere 
without many visible features. It also has a faint ring 
system, and 27 orbiting moons have been detected.

Uranus is the only planet that is rotating in a completely 
different way to the others. Instead of its axis of rotation 
being perpendicular to the orbital plane, it is almost 
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Despite being smaller than Uranus, Neptune has a greater mass

parallel. It is suspected that Uranus was hit by another 
planet during the formation of the Solar System, knocking it 
out of alignment.

Neptune is the eighth planet, and 30 times more 
distant from the Sun than Earth. The fourth largest planet, 
it is 17 times more massive than Earth. It has 14 moons and 
a faint ring system with six bands. Because it is so far from 
the Sun, a single Neptunian year takes 165 Earth years.  

Neptune has strong winds and storm systems occurring 
in its atmosphere. One of its moons, Triton, is sending 
out ice and dust into space. Neptune has a very hot inner 
atmosphere – about 500 degrees Celsius. The reason for 
this heat is as yet unexplained.

Trans-Neptunian Objects: 
Dwarf Planets and Comets
Beyond the orbit of Neptune are several dwarf planets. 
Unlike the terrestrial planets, gas giants, and ice giants, the 
dwarf planets are rocky or icy spheres that are too small 
to dominate their orbit with their gravity. They therefore 
have more unstable and irregular orbital paths. Some of 
them have their own moons. One object classified as a dwarf 
planet, Ceres, is part of the asteroid belt.

Listed as a planet for the last century, Pluto is now 
considered a dwarf planet. It has a very irregular orbit 
and sometimes comes closer to the Sun than Neptune. 
Beyond Pluto are the relatively unknown dwarf planets Eris, 
Makemake, Haumea, and at least 20 others. All of these 
were discovered in the last 30 years. There may be many 
more awaiting discovery.

 More than 10 spacecraft have explored asteroids. 
 One, Shoemaker, even landed on the asteroid Eros.
  
 

 Ceres, the closest dwarf planet to the Sun, is the first  
 and largest asteroid to be discovered (by Giuseppe  
 Piazzi in 1801). All of the other asteroids in the entire  
 asteroid belt together would only be twice as massive  
 as Ceres.

8
9

10

Beyond Neptune

• The Kuiper belt is a ring-shaped region of icy objects  
 beyond the orbit of Neptune – billions of kilometres  
 from our Sun. Pluto and Eris are the best known of these  
 icy worlds. There may be hundreds more of such ice  
 dwarfs out there. The Kuiper belt and the even more  
 distant Oort cloud are believed to be the homes of 
 comets that orbit our Sun.

Giuseppe Piazzi

Asteroids cannot support life as we know it.
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Comets are small objects made of dust, rock, ice, and 
gas. They can have very long and elliptical orbits around 
the Sun, and can travel much farther from the Sun than any 
of the planets. They are visible to the naked eye when they 
pass near the Earth. 

Comets contain dust, ice, carbon dioxide, ammonia, methane and more

A comet has two long tails that point away from the Sun, 
although not always in the same direction. One of them 
comprises lighter gases pushed away by the solar wind, and 
the other is heavier dust.  

CHAPTER 7
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Halley’s Comet is visible from Earth every 75–76 years

Comets originate from two separate regions of the outer 
Solar System. The Kuiper belt begins outside the orbital 
path of Neptune and stretches from 30 to 55 AU. Comets 
that originate from here take less than 200 years to orbit 
the Sun. The much more distant Oort cloud is the source of 
comets that travel on long, irregular orbits around the Sun 
over much longer periods of time. The Oort cloud begins 
5,000 AU away from the Sun and continues outwards to 
100,000 AU.

Halley’s Comet was the first comet whose return was predicted

• The Kuiper belt and the Oort cloud surround our star,  
 the Sun. The Kuiper belt is a doughnut-shaped ring,  
 extending just beyond the orbit of Neptune from about  
 30 to 55 AU. The Oort cloud is a spherical shell,  
 occupying space at a distance between 5,000 and  
 100,000 AU.

• Long-period comets, which take more than 200 years to  
 orbit the Sun, come from the Oort cloud. Short-period  
 comets, which take less than 200 years to orbit the Sun,  
 originate in the Kuiper belt.
• There may be hundreds of thousands of icy bodies  
 larger than 100 kilometres (62 miles) and an estimated  
 trillion or more comets within the Kuiper belt. The Oort  
 cloud may contain more than a trillion icy bodies.
• Some dwarf planets within the Kuiper belt have thin  
 atmospheres that collapse when their orbit carries them  
 farthest from the Sun.
• Several dwarf planets in the Kuiper belt have  
 tiny moons.
• There are no known rings around worlds in either the  
 Kuiper belt or the Oort cloud.
• The first mission to the Kuiper belt is called New  
 Horizons, which aims to reach Pluto in July 2015.
• Neither the Kuiper belt nor the Oort cloud is capable of  
 supporting life as we know it.
• Both the Kuiper belt and the Oort cloud are named after  
 the astronomers who predicted their existence during  
 the 1950s: Gerard Kuiper and Jan Oort.

Comets have been observed as significant omens 
throughout history. We are now able to predict the arrival 
of comets in the night sky with great precision, but they are 
still as mysterious and magical as ever.

 Gerard Kuiper Jan Oort
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(14015) Senancour 
(5859) Ostozhenka
(10619) Ninigi
(7512) Monicalazzarin
(31323) Lysa hora
(7201) Kuritariku

Twelve Strange Asteroid Names and Their 
Reference Numbers

A Selection of Name Origins 
(Information in brackets, where applicable, indicates date and attribution 
of discovery.)

Mercury   Named Mercurius by the Romans because it appears to 
move so swiftly.
Venus  Roman name for the goddess of love. This planet was 
considered to be the brightest and most beautiful planet or star 
in the heavens. Other civilisations have named it after their god 
or goddess of love or war.
Earth  The name comes from the Indo-European base “er”, which 
produced the Germanic noun “ertho” and ultimately the German 
“erde”, Dutch “aarde”, Scandinavian “jord” and English “earth”. 
Related forms include the Greek “eraze”, meaning “on the 
ground”, and the Welsh “erw”, meaning “a piece of land”.
Earth I (Moon)  Every civilisation has had a name for the satellite 
of Earth that is known as the Moon in English. It is known as 
Luna in Italian, Latin, and Spanish, as Lune in French, as Mond in 
German, and as Selene in Greek.
Mars  Named by the Romans after their god of war because of its 
red, bloodlike colour. Other civilisations also named this planet 
from this attribute; for example, the Egyptians named it “Her 
Desher”, meaning “the red one”.
Mars I (Phobos) and Mars II (Deimos)  The inner satellite of Mars 
is named after one of the horses that drew Mars’ chariot; also 
called an “attendant” or “son” of Mars, according to Chapter 
15 of Homer’s Iliad. This Greek word means “flight”. (August 17, 
1877, Washington, A. Hall)
Jupiter  The largest and most massive of the planets was named 
Zeus by the Greeks and Jupiter by the Romans; he was the most 
important deity in both pantheons.
Jupiter II (Europa)  Beautiful daughter of Agenor, king of Tyre, she 
was seduced by Jupiter, who had assumed the shape of a white 
bull. When Europa climbed on his back, he swam with her to 
Crete, where she bore several children, including Minos. (January 
8, 1610, Padua, Galileo, who evidently observed the combined 
image of Io and Europa the previous night)
Jupiter IV (Callisto)  Beautiful daughter of Lycaon, she was 
seduced by Jupiter, who changed her into a bear to protect her 
from Hera’s jealousy. (January 7, 1610, Padua, Galileo)
Saturn  Roman name for the Greek Cronos, father of Zeus/Jupiter. 
Other civilisations have given different names to Saturn, which is 

Planets and other objects in space have often been given the names of Greek 
and Roman gods 

(211380) Kevinwoyjeck
(25836) Harishvemuri
(277) Elvira
(27453) Crystalpoole
(36446) Cinodapistoia
(6465) Zvezdotchet

the farthest planet from Earth that can be observed with the naked 
eye. Most of its satellites were named after Titans who, according 
to Greek mythology, were brothers and sisters of Saturn.
Saturn V (Rhea)  A Titaness, mother of Zeus by Kronos. (December  
23, 1672, Paris, G.D. Cassini)
Saturn VI (Titan)  Named by Dutch scientist Christiaan Huygens, 
who first called it “Luna Saturni”; in Greek mythology, a giant, and 
one of two generations of immortal giants (Titans) of incredible 
strength and stamina who were overthrown by a race of younger 
gods, the Olympians. (March 25, 1655, The Hague, C. Huygens)
Uranus  Several astronomers, including Englishman John 
Flamsteed and Frenchman Pierre Le Monnier, had observed Uranus 
earlier but had recorded it as a fixed star. British astronomer 
William Herschel tried unsuccessfully to name his discovery 
“Georgian Sidus” after George III; the planet was named by Johann 
Bode in 1781 after the ancient Greek deity of the sky Uranus, the 
father of Kronos (Saturn) and grandfather of Zeus (Jupiter).

Neptune  Neptune was “predicted” by John Couch Adams and 
Urbain Le Verrier who, independently, were able to account 
for the irregularities in the motion of Uranus by correctly 
predicting the orbital elements of a trans-Uranian body. Using 
the predicted parameters of Le Verrier (Adams never published 
his predictions), Johann Galle observed the planet in 1846. Galle 
wanted to name the planet after Le Verrier, but that was not 
acceptable to the international astronomical community. Instead, 
this planet is named after the Roman god of the sea. (September 
23, 1846, Berlin, J.G. Galle)
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An abstract representation of Earth and Mars, both in orbit around the Sun

Neptune I (Triton)  Triton is named after the sea-god son of 
Poseidon (Neptune) and Amphitrite. The first suggestion of 
the name Triton has been attributed to the French astronomer 
Camille Flammarion. (October 10, 1846, Liverpool, W. Lassell)
Neptune II (Nereid)  The Nereids were the 50 daughters of  
the sea-god Nereus and wife Doris, and were attendants of  
Poseidon (Neptune).
Ceres  Roman goddess of corn and harvests. (January 1, 1801, 
Palermo Astronomical Observatory, Giuseppe Piazzi)
Pluto  Pluto was discovered at Lowell Observatory in Flagstaff, 
Arizona, during a systematic search for a trans-Neptune planet 

predicted by Percival Lowell and William H.Pickering. It is named 
after the Roman god of the underworld who was able to render 
himself invisible. (January 23, 1930, Flagstaff, C.W. Tombaugh)
Haumea Hawaiian goddess of childbirth and fertility. (March 7, 
2003, Sierra Nevada Observatory, Spain)
Eris  Greek goddess of discord and strife. (October 21, 2003, 
Palomar Observatory, M.E. Brown, C.A. Trujillo, and D. Rabinowitz)
Makemake  Polynesian (Rapa Nui/Easter Island) creator god. 
(March 31, 2005, Palomar Observatory, M.E. Brown, C.A. Trujillo, 
and D.L. Rabinowitz)
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Introduction
The study of the Earth and the other celestial bodies has 
inevitably led to one of the most exciting chapters in 
human history – the exploration of space. The Universe 
is impossibly vast, but we have taken the first few steps to 
leave our own planet and to look back at ourselves. Space 
technology has given us a mirror to understand Earth with a 
global perspective. 

In this section, we’ll look at some of the basic types 
of space technology – telescopes, rockets, satellites, and 
vehicles. We’ll learn about the countries and organisations 
that work together to explore space. We’ll investigate how 
space technologies are utilised, and discover some of the 
history behind their development and use. 

Space exploration: a dream that humans have worked hard to achieve

SPACE TECHNOLOGY

A digital illustration of the Hubble Space Telescope, launched in 1990
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 A rocket launches from the Baikonur Cosmodrome in Kazakhstan

The telescope has allowed us to make great progress in our knowledge of space 

A modern navigation satellite

Telescopes – Viewing at a Distance
First, let’s look at telescopes. Now common objects, 
telescopes are readily available in a wide range of 
magnifications and qualities. Telescopes have a very 
important role in the history of science. While humans 
have recognised and observed planets since ancient 
times, it was only with the development of the telescope 
that we could see these objects with finer detail than 
with the naked eye. 

With telescopes, we could look at the stars, the 
Moon, and other planets. We could also look at our own 
planet with new precision. Viewing other planets has 
given us a better sense of what exactly a planet is, and 

why our own Earth is so special. Through telescopes, 
we have looked at the chemistry and geology of other 
planets and realised that our ecosystem is a rare and 
unique phenomenon. There are several varieties of 
telescopes that view electromagnetic radiation – radio 
waves, microwaves, infrared, visible light, ultraviolet 
rays, X-rays and gamma rays – in different ways, but let’s 
concentrate on the ones that are used for visible light.

The first telescopes were invented in the Netherlands 
about 400 years ago, at the beginning of the 17th 
century, and within a year of their invention they were 
being used to chart the heavens. The Italian scientist 
Galileo Galilei observed the phases and surface of the 
Moon. He drew maps of the craters and mountains. He 
also charted the moons of Jupiter, observed sunspots, 
and studied the phases of Venus. 

These early telescopes were all refracting telescopes. 
These are composed of two lenses along a fixed line. 
They are usually held together in a tube. When you see 
a handheld telescope or a pair of binoculars, they are 
using two lenses of a very specific shape held at a very 
specific distance apart from each other. To focus on 
objects at varying distances, the distance between the 
two can be altered slightly. 

The same dynamics of refraction can be seen in 
camera zoom lenses, which can provide impressive 
magnification in a very small package. A decent pair 
of modern binoculars will offer eight or 10 times 
magnification. When Galileo was improving on the 
original design of the telescope, he was eventually able 
to achieve a maximum of 33 times magnification. You 
can now buy relatively inexpensive telescopes with 
magnifications of 120 times or more.
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In the modern day, high-quality telescopes use 
mirrors rather than lenses. These reflecting telescopes 
were first developed by Isaac Newton, the preeminent 
British scientist who also discovered the physical laws 
of gravity and motion. In a reflecting telescope, a tube 
has one open end and one closed end with a large 
curved primary mirror. 

When the reflecting telescope is pointed in a certain 
direction, light enters the tube and bounces off the 
mirror. In the centre of the tube, a smaller secondary 
mirror is set at an angle. The bouncing light is focused 
on this secondary mirror, which then reflects it off to 
the side to an eyepiece or a camera. It is much easier to 
build large mirrors than it is to build large lenses. This 
means that these reflecting telescopes can be much 
larger, and much stronger, than refracting telescopes.

Reflecting telescopes are ultimately limited by the 
clarity of the Earth’s atmosphere, and space telescopes 
have been able to capture far sharper pictures than 
those taken from Earth. But you don’t need to have an 
advanced and expensive reflecting telescope to look at 

Modern telescopes allow professional astronomers as well as amateurs to 
observe the movements of bodies in space

The Moscow Planetarium, Russia, offers visitors a look at various instruments 
and methods of observing the Universe  

the stars and Moon in the night sky. You can use a cheap 
telescope, a simple pair of binoculars or, of course, your 
own eyes.

Satellites and Rockets 
Satellites travel in orbit around a larger body in space. 
The Earth, the other planets, the comets, and the 
asteroids are all satellites of the Sun. In the last 60 

A Brief Timeline of Telescopes

5,500 years ago  
Sand is melted and glass is invented by the Phoenicians.

1,800 years ago 
The Greek-Egyptian philosopher Ptolemy writes Optics, a 
book about the properties of light.

500 years ago  
Eyeglasses become available in Italy to treat 
nearsightedness (with convex lenses) and far sightedness 
(with concave lenses).

1608  
Dutch inventors discover that paired lenses can magnify  
distant objects.

1609  
The Italian scientist Galileo uses a telescope to map 
planets and moons. His studies of the moons of Jupiter 
offer evidence that the Solar System is more complex than 
previously thought. 

1668 
The English scientist Isaac Newton develops the reflecting 
telescope, a tremendous technological leap in the 
effectiveness of the instrument.

CHAPTER 8



103

An illustration of a fireworks display in ancient China 
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years, humans have learned how to use rockets to lift 
satellites into the sky and join the Moon in orbiting the 
Earth. Artificial satellites are much nearer to the Earth 
than the Moon, but they orbit in a similar way.

Rockets are, in simple terms, objects from which 
fuel or material comes out in order to propel the object 
forward. They usually take the shape of a tube, and the 
fuel is usually some highly combustible material.

A bronze cannon: tools such as this eventually replaced the use of rockets for war

Some of the first rockets were fireworks in China 
that used gunpowder to launch into the sky, and wooden 
toys in ancient Rome that expelled steam and moved 
through the air. Unfortunately, the first real usage of 
rockets was for war. In the year 1232, Chinese soldiers 
fought off Mongolian horsemen using wooden tubes on 
a stick filled with gunpowder. These early rockets were 
aimed at the enemy and lit.

Over the next few centuries, cannons and guns 
were more popular weapons than rockets. With these 
weapons, the fuel stays in place and the cannonball or 
bullet travels to the target.

At the start of the 20th century, the Russian 
writer Konstantin Tsiolkovsky described his vision of 
exploring space in rocket-powered vehicles. His ideas 
would become reality within a century. In the 1920s, an 
American meteorologist, Robert Goddard, launched the 
first scientific rockets powered by liquid fuel, carrying 
sensors, and equipped with parachutes.

By the 1930s and 40s, German scientists had 
developed rockets with the initial idea of exploring 
space, but tragically these technologies were used to 
create explosive rockets with which to wage war. After 
World War II, throughout the second half of the 20th 
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century, the development of rockets for use with nuclear 
weapons furthered the science of rocketry. At the same 
time, a peaceful use for rockets was being rediscovered 
and newly developed – space exploration. 

In 1957, the Soviet Union launched the first artificial 
satellite, Sputnik 1, and within a month, another with a 
dog on board. The United States responded by sending 

up their own satellite, Explorer 1, and the “space race” 
between the two nations began in earnest. In 1969, the 
United States successfully sent astronauts to the surface 
of the Moon. Since then, satellites sent up on rockets 
have become a regular occurrence.

The Union of Concerned Scientists maintains a 
listing of all Earth satellites. According to their listings 
published in mid-2014, there are 1,235 operational 
satellites, and more than 2,500 that are broken, expired, 
or otherwise inactive. Of these, 56 were launched by 
multinational collaborations, 512 were launched by the 
United States, 135 by Russia, 116 by China, 52 by Japan, 
and 29 by India. Thailand, Malaysia, and Vietnam have 
each contributed four satellites to the total count.

Communications satellites play a vital role in the global telecommunications system

The Indian 
Space Research 
Organisation’s 
launch vehicles

The Space Launch System, a launch vehicle being designed by the National 
Aeronautics and Space Administration (NASA)

Types of Satellites 
Communications satellites were first described by 
the science fiction author Arthur C. Clarke in 1945, with 
the American scientist John Pierce coming up with the 
first viable design in 1954. At that time, metal wires in 
long submarine cables carried telephone conversations 
across the ocean and around the planet. However, their 
capacity was limited, and they were also vulnerable to 
damage through geological events. 

In the early 1960s, the first communications 
satellites, named Telstar, Relay, and Comsat, where sent 
into orbit. By receiving and transmitting radio waves 
they were far more efficient than the metal wires  
they replaced.

More than half of the satellites in Earth orbit are 
communications satellites. These have revolutionised 
air and sea travel by allowing pilots to stay in touch with 
people on land. While not inexpensive, it is now feasible 
for small businesses and companies to rent or purchase 
satellite phones that can make telephone calls or 
access the Internet from anywhere on Earth. Lifeboats 
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Survey and mapping satellites provide us with additional information beyond what we can observe

deployed from abandoned ships are now required to 
have a satellite beacon that will allow rescuers to find 
them in the open ocean. Parties exploring wilderness 
areas can arrange for similar beacons to use on land 
or ice. Not all satellite communications are for civilian 
use. Military communications are also relayed through 
satellites after being scrambled using special codes.

Today, the submarine cables have been replaced 
by much more efficient fibre-optic strands. They now 
also carry Internet traffic between the continents. 
However, satellite communications have several distinct 

advantages and are the main source of communications 
for many remote communities.

Survey and mapping satellites look down at 
our planet and collect information about conditions 
on Earth. They have had an immense practical and 
scientific impact. Besides visible photography of the 
oceans, cities, coastlines, and ice caps of the Earth, 
satellites can also collect information at different 
wavelengths, such as infrared and ultraviolet, and 
provide new information that we cannot gain through 
the visible spectrum. These satellites have given us 
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community at very low cost, further developing satellite 
imagery as a peaceful and productive activity.

In the last 40 years, the technology has increased to 
the point that the most sophisticated satellites are able 
to pick out a single person standing. The most advanced 
satellites are operated by military organisations. 
However, the presence of satellite imagery has exposed 
various disasters and hidden activities to a wider 
audience. It is now more difficult to hide actions from 
the international community than in previous years. 
For the first time in history, all but the most well-
camouflaged or underground military installations are 
visible to everyone on the entire planet.

entirely new perspectives, blurring the traditional 
boundary between photography and mapmaking.

The first civilian survey satellite was launched in 
1972 with the American Landsat mission. For almost 
100 years prior, balloons and aircraft had been used for 
aerial observation, and by World War II, in the 1940s, 
aerial photography was an important tool for mapping. 
The earliest military satellite photography depended 
on pre-digital technology, so a capsule containing the 
exposed film had to be returned to Earth from the 
satellite. Landsat 1, by contrast, used digital processing 
to send back photographs to Earth via radio waves. 
Landsat data were also made available to the global 

Several features on Earth, including the Antarctic ozone hole, are mapped from weather satellite data
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Today, digital satellites send imagery back to the 
Earth in real time. You can access satellite and aerial 
imagery using various online map servers, such as Google 
Earth, Bing Maps, Mapquest, Bhuvan, or NASA’s World 
Wind. Less than 20 years ago, this level of convenience 
was beyond most people’s wildest imagination. We are 
now only limited by the ability of people to interpret all  
of these satellite data – rather than by our ability to 
obtain the images.

We can now view our homes, regions, countries, and 
landscapes in a seamless experience. It is also possible 
to view older imagery and track the changes of a certain 
place over time as visible from the sky. Satellite imagery 
also helps us to “zoom out” and understand Earth as a 
single blue sphere in space.

Weather satellites were first launched in 1960. 
These special survey satellites were equipped with 
sensors, such as radar, designed to study the activity 
of the Earth’s atmosphere. While photographic survey 
satellites could show the position of clouds, radar 
technology could track the moisture within them in a 
 new way.

These satellites have helped to make air and ocean 
travel much safer and more reliable. They have  
also clearly shown global weather patterns and 
phenomena such as cyclones, sand storms, monsoons, 
and storm fronts as they occur. Today’s meteorologists 
rely on satellite imagery to understand and illustrate 
the weather on a global scale. Around the world, people 
regularly view satellite imagery of the current conditions.

Navigation satellites are in special orbits to allow 
someone on the ground to be within sight of several at 

any time. These satellites send out radio signals that can 
be interpreted to give a precise location on Earth. 

The Global Positioning System (GPS) was first 
developed by the scientists tracking the 1957 Sputnik 
launch. As they were able to detect the position of the 
Soviet satellite by its radio signals, they realised that 
you could do this in reverse. In 1978, satellite navigation 
became available only to the American military through 
the Navstar satellites. GPS was eventually made 
available to aircraft and ocean-going vessels. Russia 
followed in 1995 with the GLONASS programme, and 
China, India, and the European Union are currently 
developing similar satellite programmes.

Over the centuries, countless lives have been lost 
due to navigational errors on land, at sea and in the air. 
GPS technology combined with satellite imagery has 
revolutionised transport, industry, and everyday life. It 
has entirely surpassed printed maps, compasses, and 
surveys of the stars. Today, it is possible to know exactly 
where you are in the middle of the open ocean, on land 
far from any landmark, or flying above the clouds.

Scientific research satellites can take many 
forms and undertake many different tasks. Some 
satellites specifically study the solar radiation arriving 
at the Earth, while others study very specific aspects of 
the upper atmosphere. 

Space telescopes are research satellites that point 
outwards and study the Sun, the other planets, and 
more distant objects. They can rotate in any direction 
and are unaffected by the Earth’s atmosphere, light 
pollution, or local weather. Space telescopes – the most 

The Global Positioning System (GPS) uses a web of 24 navigational satellites 

Scientific research satellites can observe the atmosphere of our planet, 
the stars, the Sun and other parts of space
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famous of which is the Hubble Space Telescope – have 
provided us with incredible images of, and data from, 
unimaginably distant galaxies and stars. Because light 
always travels at a very specific speed, the light from these 
very distant objects has travelled for a very long time. 
Thus, these space telescopes are not just looking into the 
distance, but also back in time.

Humans in Space
While satellites have opened up phenomenal new 
opportunities for people on Earth, there are few greater 
examples of humanity’s technological prowess than 
the missions that put humans in space. To overcome 
the effects of gravity on a massive object like a manned 
spacecraft, we have had to build huge rockets capable of 
immense thrust. The spacecraft had to carry breathable 

Orbits of Satellites
Satellites are launched into space on rockets, and at a certain 
height and speed, detach from the rocket and begin to encircle 
the Earth. They travel at different speeds and at different 
altitudes. When considering their altitudes, remember that 
the radius of the Earth itself is about 6,400 kilometres. (You 
can imagine yourself orbiting the centre of the planet at this 
altitude.) Thus, you should add this number to the altitudes 
below to measure to the Earth’s centre rather than to  
the surface.

Low Earth Orbit 
Satellites in low Earth orbit are between 150 and 500 
kilometres high. At this altitude, they need to travel at 24,000 
kilometres per hour to keep from falling back to Earth. Hence, 
they travel a full rotation around the planet in only about 90 
minutes. It is relatively much less expensive and technically 
difficult to put a satellite into low Earth orbit, but these 
satellites have to withstand friction with the gas particles of 
the upper atmosphere. Low Earth orbit satellites are usually 
for communication and imaging. The International Space 
Station is also in a low Earth orbit, at only 400 kilometres. 

Medium Earth Orbit
These satellites are orbiting the planet at about 20,000 
kilometres above the surface. Correspondingly, they travel 
around the planet in less than a day.

Geosynchronous Orbit
Geosynchronous means “in time with the Earth”. The orbit of 
these satellites is carefully determined so that they are  
travelling at exactly the same speed as the rotating planet  

below. Thus, these satellites orbit the planet once every 24 
hours. Used for regionally specific satellite communications by 
large countries, such satellites are generally at 35,000  
kilometres above the Earth’s surface.

Geostationary Orbit
There is a special category of geosynchronous satellites that 
travel over the equator at the same speed as the Earth. Not 
only do they move at the same speed as the planet, they also 
travel in the same direction, spinning around the same axis. 
In other words, these satellites stay at the same point above 
the Earth’s equator, orbiting the planet once every 24 hours. 
Telecommunication satellites take advantage of geostationary 
orbits. They are also generally at 35,000 kilometres above the 
Earth’s surface.

High Earth Orbit
These orbits are at a great distance from the planet, higher 
even than those of the geosynchronous satellites. Satellites  
in these orbits can take more than 24 hours to go around  
the planet.

Solar Observation Orbit
A special orbit travelling over the Earth’s poles is used for 
satellites that are studying the Sun. They point towards  
the Sun and their path is designed to avoid being in the 
Earth’s shadow.

The Orbit of the Moon
At a much greater distance than any of our man-made 
satellites is our natural satellite. The Moon orbits the planet at 
an average distance of about 384,000 kilometres. 

Sputnik-PS
Juno I
Diamant-A
Lambda-4S
Long March 1
Black Arrow
SLV
Shavit
Soyuz-U
Tsyklon-3
Safir-1
Unha-

Sputnik 1
Explorer 1
Astérix
Ōsumi
Dong Fang Hong I
Prospero
Rohini D1
Ofeq 1
Kosmos 2175
Strela
Omid
Kwangmyŏng-
sŏng-3 Unit 2

1  Soviet Union
2  USA
3  France
4  Japan
5  China
6  UK
7  India
8  Israel
    Russia
    Ukraine
9  Iran
10 North Korea

February 1, 1958 
October 4, 1957 
November 26, 1965
February 11, 1970
April 24, 1970
October 28, 1971
July 18, 1980
September 19, 1988
January 21, 1992
July 13, 1992
February 2, 2009
December 12, 2012

COUNTRY FIRST LAUNCH DATE ROCKET NAME SATELLITE NAME

Countries with Satellite Launch Capabilities
Other countries launch their satellites into orbit with the aid 
of the countries listed below. 
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Laika, a Soviet space dog that became the first animal to orbit the Earth

air, maintain a liveable temperature, and shield its 
passengers from deadly solar radiation.

The first living thing to orbit Earth was not a 
human, but a Russian dog named Laika, who blasted 
off in 1957. A few years later, a Russian pilot called Yuri 
Gagarin became the first person to orbit the planet. 
He travelled into space in April 1961 and orbited the 
Earth a single time over eastern Russia, the Pacific, 
the South Atlantic, and finally over northern Africa 
before landing safely. His Vostok spacecraft reached a 
height of more than 300 kilometres. The Soviet Union’s 
historic accomplishment was equally as important as 
the launch of Sputnik in 1957. Two years later, Valentina 
Tereshkova became the first woman to orbit the planet.

Just a month after Gagarin’s flight, the US sent a 
human into space and soon developed a programme to 
send people to the Moon. The giant rockets of the Apollo 

Yuri Gagarin, the first human in space Sputnik-1 was the world’s first artificial satellite

A model of the Vostok spacecraft, which carried Yuri Gagarin into space

programme could take three people into orbit around 
Earth – and far enough to orbit the Moon. That history-
making day came in July 1969, when Americans Neil 
Armstrong and Buzz Aldrin became the first humans 
to walk on the lunar surface. The feat was repeated a 
further five times over the next three years.

All of these missions were launched with vehicles 
that could only be used once. To conduct an effective 
space programme, however, there was a clear need 
for a spacecraft that could be reused multiple times. 
Beginning in the 1980s, the US developed four reusable 
vehicles that could reach Earth orbit with the assistance 
of extra rockets: the Space Shuttles. During their 30 
years of operation, the shuttles would conduct 135 
flights and clock up more than 1,300 days in space. 
Unfortunately, two of the missions also resulted in 
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Challenger, NASA’s second Space Shuttle to enter service, made a total of nine voyages before disastrously breaking apart after launch  
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disaster, with the explosion on takeoff of Challenger in 
1987, and the re-entry failure of Columbia in 2005. 

Habitable space stations began to take shape in 1971. 
The Russian stations Salyut and Mir, and the American 
Skylab station, provided laboratories for scientific 
activity and had limited operational spans. All three 
were eventually abandoned and newer space stations 
were built. China’s first space station, Tiangong-1, has 
been orbiting the Earth since 2011, though it has only 
been occupied for short periods of time.

For the traveller in space, life in zero gravity has 
brought new challenges. While it may be amazing to 
experience the feeling of weightlessness or to watch 
objects float around unimpeded, the lack of gravity 
is also hard on human health. Human bodies are not 
designed for the conditions of Earth orbit, where gravity 
does not operate as it does on the Earth’s surface. 
During their time in space, astronauts must exercise 
regularly so that their muscles do not waste away, and 
they must be very careful to monitor their health, both 
mental and physical, in such a strange environment. 
Despite such challenges, Russian scientists on the Mir 

Tiangong-1, China’s first space station

Russia’s Mir space station, 
as seen from the departing 
Space Shuttle Endeavour 
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A Thaicom satellite launch

station spent more than a year orbiting the planet. Most 
missions to space are now much shorter.

Above us right now, the International Space Station 
(ISS) is orbiting the Earth. It has been continuously 
inhabited since the year 2000. The ISS is a collaborative 
effort between several nations, and the visitors to the 
station have conducted many scientific and technical 
experiments. Many of them have produced videos and 
lessons that you can access online.

Thailand in Space
The Thai Kingdom has an active space satellite 
programme. A public company owns various 
communication satellites, and a survey and mapping 
satellite is owned by a government agency.

The Thaicom communications satellites relay 
Internet, telephone, and television. The first in the 
series was launched in 1993, and the latest in 2014. 
The satellites themselves were built by American and 
French companies and are operated by Thaicom Public 
Company Limited. 

A total of seven Thaicom satellites have been  
launched, and the three oldest ones are no longer in 
use. Thaicom controls the satellites from a campus in 

Nonthaburi province. A sign of the times, the fourth 
Thaicom satellite, launched in August 2005, was the 
world’s first to have a design focused on Internet rather 
than television and telephone. 

Thailand has had a formal space technology agency 
since the year 2000. The Geo-Informatics and Space 
Technology Development Agency, or GISTDA, launched 
the THEOS, Thailand Earth Observation Satellite, in 
2008. Thailand’s first surveying and mapping satellite, 
THEOS is used to monitor the country’s natural and 
built environment, allowing civilian and government 
agencies to help study the changes that are occurring on 
the planet.

Thaicom 6 will provide communication services to Southeast Asia and Africa
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In the 4.5 billion years of its existence, our planet has been in a constant state 
of change that has altered its geology and shaped its geography. In the last few 
millennia humans have been able to study those physical features and develop 
ingenious theories to explain countless phenomena on Earth, as well as those 
associated with the celestial bodies in our near vicinity and beyond.

This book provides a fascinating overview of what we know about our 
planet and the weird and wonderful objects in the Solar System and the Galaxy. 
Along the way, the book introduces readers to the brilliant men and women who 
have contributed significantly to this knowledge, and the amazing technology 
that has allowed humankind to make sense of our planet and the wider universe.
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