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Foreword by lain Stewart

Professor of Geoscience Communication and Director of the Sustainable Earth Institute, School of
Geography, Earth and Environmental Sciences at Plymouth University, England.

International surveys are showing that school-level education in geoscience across the world is very variable,
the support offered to teachers of geoscience is generally poor, and the textbooks available in many countries
are often deficient, and in some areas, non-existent.

So, against this rather grey backdrop, it is wonderful to be able to welcome the colour and vibrancy of the
OExploring geoscienced textbook. |t e me rthee dndernational
Geoscience Syllabus, and is championed by international organisations, including the International
Geoscience Education Organisation, the International Union of Geological Sciences, and the European
Geosciences Union.

This O6international ver si on dreedordovinibael resoercetfobuseakywhese ing
the world by teachers, students and textbook-writers. It has been written to be as accessible and engaging
as possible and also to be readily translatable into other languages. Oncet he &éi nt ernati on
regionalised for other parts of the world, and translated, as necessary, then a new resource, checked by
experts, will become available to support teaching and learning in geosciences.

It is a delight to be able to endorse this welcome and timely initiative and to encourage those interested in
geoscience education across the world to take on the task of 6r egi onal i singbé and t
use in their own regions, thereby spreading its exciting content and important message as widely as possible.

lain Stewart.




Purpose of the book
The book has been produced to support teachers across the world in teaching the International Geoscience
Syllabus (reproduced in the Appendix). The syllabus covers the geoscience that all 16-year-old students should
know and understand, as recommended by the international geoscience education community.

The structure of chapter headings in the book directly reflects the syllabus. The text has been written in language
as simple and as jargon-free as possible, to make it widely accessible to teachers who want to use it in their
teaching. Much of the exemplification is presented in tables and illustrated by photographs, so that the examples
do not interfere too much with the blocks of text.

Mat erial additional to the syllabus i s pr stereshanckidpact n 6i n
and to provide short case studies, but it is not expected that students would be introduced to all this additional
material.

The original text is writt erkxpboang&eosaencei acroasaheiGmimed ldamer s
is illustrated by photographs selected from across the
on the International Geoscience  Education website at:  http://www.igeoscied.org/teaching-
resources/geoscience-text-books/. Geoscience educators across the globe have been invited to take this core

text and to add photographs and;tldey mrealsocbeen asked to kadatef or t |
the text, as appr oEgplorirgtGeqscignoedtgxtbomidfar their owanrregions.

The textbook is keyed into a separately published O6Act i
activities related to each section and providing questions to test the knowledge and understanding of the
students.

The International Geoscience Syllabus is published at: http://www.igeoscied.org/?page_id=269

Contributors and acknowledgements
We are grateful to Gillian Drennen (gillian.drennen@wits.ac.za) for first suggesting the writing of a textbook to
address the international syllabus, and for proposing a workshop at the International Geological Congress, Cape
Town in 2016 to develop this idea. We are grateful to all the contributors to that workshop for the ways in which
they steered early ideas about the textbook.

The original text and many diagrams were produced by Chris King (chris@earthlearningidea.com); some of the
diagrams were redrawn from other sources. Other diagrams and photographs were sourced directly from
copyright-waived areas of the internet. Most of the diagrams were redrawn by Tanja Reinhardt
(reinhardtt2@ukzn.ac.za) of the University of KwaZulu, Natal, South Africa, who kindly designed the book and
its covers.

We are very grateful to Wikimedia Commons (https://commons.wikimedia.org/wiki/Main_Page) as the source of
many of the photographs and some of the diagrams under copyright-waived conditions. They have contributed
greatly to the exemplification in the book. We are also grateful to the Earth Science Education Unit (ESEU:
http://www.earthscienceeducation.com/index.html) for providing images.

We are most grateful to Peter Craig, Elizabeth and Martin Devon, Sid Howells, Peter Kennett, Pete Loader,
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all their work in checking the accuracy of the script, in helping to make the text more accessible and in proof-
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the European Geosciences Union, for the teaching of the international geoscience syllabus, and we are most

grateful for their support and encouragement. @%O International Geoscience C
—"Educa’[ion Organisation EGU
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0 Why explore geoscience?

Geoscience is the scientific study of our whole planet. Nowadays, it is even more than that, because it

includes planetary geology too. It involves the many elements of geology, such as geochemistry,

geophysics, palaeontology, hydrogeology and engineering geology, but is wider, because it also

includes meteorology, oceanography, environmental science, soil science and study of the solar

system. Geosci ence uses evidence from the planetds past anit
uses evidence from the present to dredictdwhat happened in the past. It focuses elements of biology,

chemistry, physics, Maths, geography and engineering into a study of the Earth and the planets.

One of the joys of studying geoscience is that everyone can do it. When children pick up interesting
pebbles on a beach and begin to think why they are interesting, they are starting to ask the questions
that geoscientists ask. When they collect several interesting pebbles, or different colours of sand, or
different fossils, they are beginning to sort things out, or to classify Earth materials, as geoscientists do.
When they ask why the sand forms interesting shapes, they are beginning to investigate Earth
processes, just like geoscientists.

Figure 0.1: Interesting pebbles and sand shapes

If you want to study geoscience further, you might be able to do this at school or college or by taking a
university degree. Many people study geology just because they enjoy asking and answering questions
about how the Earth works, or because they enjoy collecting interesting things. But others become
professional geologists, spending their whole lives asking and answering geoscience questions. They
investigate the Earth, from the tropics to the poles, from the highest mountains to the deepest seas, or
by searching for new Earth resources, better ways of disposing of waste or the best places to build new
buildings and to live safely.

This is what this book is about. It begins by looking at the whole Earth system, the Earth within the solar

system and how all this has changed over ti me. It br
hydrosphere, atmosphere and biosphere and looks at where the resources and power supplies we need

are found. It focuses on Earth hazards and environmental issues and how these change human history

and it explains what geoscientists do and how.

So, if all this interests you, read on i you will already be starting to think like a geoscientist.



1 Earth as a changing system

A system is made up of a range of different parts, linked together into a network that keeps the whole
system working. Systems may be simple, like a washbasin; water enters the washbasin (is input) by
the taps and flows out (is output) through the drain. The water can be hot or cold, so the heat energy of
the water (its temperature) is also one of the inputs. The heat from hot water can be lost when the water
goes down the drain, but can also be output as the water in the basin cools down. The washbasin
system has a boundary which is the sides and base of the basin. Inputs come in from the outside
environment and go out to the surrounding environment, beyond the boundary.

The washbasin is an example of an open system, with interactions with the outside environment at the
boundary. In the washbasin example, water and heat are inputs and outputs to the environment. An
example of a closed system is a vacuum flask; when the top of the flask is on, liquid cannot enter or
leave the flask and heat cannot enter or leave the flask either. No system can be completely closed, so
even the best vacuum flask will lose heat from a hot liquid inside over time.

Figure 1.1. A washbasin and a vacuum flask, examples of open and (nearly) closed systems

The Earth system is not only extremely complex, much more complex than these simple examples, but
it has many subsystems and has changed and is changing over time.

1.1 Attributes

The Earth is an open system to energy. Most of the energy that
drivesthe Eart hés subsystems i s r e Figurel.2 TheEarthi avery complex
Sun. This energy is an input to the Earth during the day, but some  system

is radiated back out to space as an output during the day and at
night. Since the radiation input and output are generally in
bal ance, the Earthdés overall 1
in the short term.

However, the Earth is nearly a closed system to matter today.
This was not always so, since the early Earth was bombarded by
asteroids. Nowadays, what is on the Earth stays on the Earth;
little material, compared with the size of the Earth, is added by
meteorites and cosmic dust, and the only dense material lost to
space is in space probes.

Eart hdéds s yghangednovehtane, not only because the
amount of bombardment has reduced but also because of a
range of other changes, such as the cooling of the Earth, the
formation of oceans, the evolution of the atmosphere and life, and
plate tectonic effects.




The Earth system is part of the solar system. This is also nearly a closed system, to both energy and
matter i since very little energy is received from starlight and very little matter is received either.

Box 1.1. The matter of the solar system, shown to approximate size (but not distance) scale

w0
Y f’l

i
This o6portraitd of t h eandthelplanets. $he sizesare stolWwnanite carréce
proportions i but the distances apart are not. This diagram shows most of the matter of the solar

system. Not included (because they are too small) are the Moons, dwarf planets, asteroids, comets
and dust.

The Earth system can be divided up into four main subsystems: the solid Earth (the geosphere), the
air around the Earth (the atmosphere), the water on the planet (the hydrosphere) and life on Earth
(the biosphere).

The lithosphere, whi ch forms the Eartho6s tectonic plates,

1.2 Interactions

The geosphere, hydrosphere, atmosphere and biosphere are very open systems because they all
interact, exchanging both energy and matter. Interactions between these four subsystems go on
everywhere, all the time, acting over very short to extremely long timespans. It is these interactions that
make our planet so dynamic. Wherever you go, whatever you do, these systems will be interacting all
around you at different rates, from very fast to extremely slow.

Riverbanks are good places to see Earth system interactions. River flow is part of the hydrosphere,
eroding banks and transporting the sediment of the geosphere. Biosphere animals and plants live on
the banks, photosynthesising and respiring atmospheric gases. Water rises into the atmosphere
through evaporation of river water, transpiration of plants and breathing of animals. This water vapour
can later fall as rain, contributing atmospheric water back onto the geosphere again.




Box 1.2. The local water cycle, an example of geosphere, hydrosphere, atmosphere, and biosphere
interactions

Raindrops, when they first form, contain neither acid nor alkali and so are neutral. However, as they
fall through the atmosphere they dissolve carbon dioxide and so become slightly acidic. When
rainwater lands on soil, it sinks in. Many animals live in the soil and they respire, taking in oxygen
and releasing carbon dioxide. This extra carbon dioxide dissolves in the soil water, making it even
more acidic. Decaying plant material adds humic acid to the water too. The acid water reacts with
rock fragments in the soil, dissolving limestone particles and breaking down particles of other rocks.
Through these reactions, the water becomes neutral again so that, when the water comes out of the
ground in springs, it is usually neutral.

Rainfall Soil moisture Groundwater spring

This example highlights how the different Earth systems interact. Hydrosphere raindrops dissolve
carbon dioxide from the atmosphere. They sink into the soil of the geosphere where they dissolve
more carbon dioxide produced by the animals of the biosphere. The acidic soil water reacts with rock
fragments of the geosphere becoming neutral and trickling out of springs, where it is visible
hydrosphere again.

In this example, matter is exchanged (including water, atmospheric carbon dioxide, the inputs and
outputs of respiration and reaction with rock fragments) and so is energy (including from the falling
rain, the energy of respiration and the chemical energy involved in water/rock reactions).

1.3 Feedback

Feedback is a vital part of systems. A simple example of feedback is a water boiler with a thermostat
(a thermometer with a switch). When the water becomes cool, the thermometer feeds back this
information to the switch and the boiler is switched on. When the water becomes hot, this information
is fed back to the switch by the thermometer, and the boiler is turned off again. Our bodies have similar
feedback mechanisms i when we get too hot we sweat to cool down, but when we get too cold, we
shiver to warm up.

Feedback systems can be positive or negative, but these can be confusing terms. Negative feedback
keeps systems in a stable state and so is a good thing, whilst positive feedback can make a system
unstable, with devastating results.

For example, the amount of salt in the oceans is affected by a negative feedback system. Rivers around
the world dissolve salt (sodium chloride, NaCl, the mineral halite) from the surrounding rocks and carry
it to the sea, but the saltiness (salinity) of the oceans stays the same (around 3.4% salt) when we would
expect it to become more and more salty over time. The negative feedback system that removes the
salt happens when areas of seawater become trapped in coastal basins. As the seawater evaporates,
salt is deposited and can become buried as a sedimentary rock, so removing it from the oceans.




Figure 1.3. Salt being extracted from a coastal salt lagoon in Tunisia

The negative feedback systems in our own bodies keep everything stable. These processes working
together in living things are called homeostasis.

When there is positive feedback, the system can become unstable. When sunlight hits ice sheets, most

of it is reflected and so there is little warming effect on the Earth. The reflection of sunlight by pale-

coloured surfaces like ice is called albedo. This reflection of sunlight is one of the factors that keep

Earthdés temperature stable. However, positive feedbac
Earth becomes cooler, the ice caps grow, increasing the albedo effect, so causing the Earth to become

even cooler; this could trigger an ice age. But, if the Earth becomes warmer, the ice caps will melt,

reducing the albedo reflection, so causing the Earth to become even warmer. Eventually the ice could

melt completely, moving the Earth into a much warmer state.

Figure 1.4. The Arctic ice in 1984 and 2012. In the past, the large area of floating ice had a large albedo effect. As
Earth has become warmer, the area of ice has become smaller; this has reduced albedo and contributed to the
warming of the Earth, through positive feedback.

SEPTEMBER 14, 1984 SEPTEMBER 13, 2012
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Canada
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When there is positive feedback tippinggpoistdissdached,andt hi s ma"
the system tips over into a new steady state. In the past, the Earth has had a cold steady state, when

parts of the Earthwerec o v er e d weéhouse dordéionsdand a warm steady state when there

wer e no i grenbkouseednditiofsd.




1.4  Processes and products
141 Cycles

Fill a mug with boiling water and leave it for a minute
or so for the mug to warm up. Then pour out the
water and add about 1 cm depth of boiling water to
the mug, invert a glass tumbler on top (as shown in
Figure 1.5) and watch what happens

Figure 1.5. A simple water cycle demonstration

You will see the glass tumbler becoming cloudy as
water condenses on the inner surface, then trickles
of water running down into the mug.

What happens is that water evaporates from the
surface of the hot water to become invisible water
vapour in the air inside the mug/tumbler. Then the
water vapour condenses as droplets on the insides
of the cooler tumbler, making it cloudy, until the
drops become large enough to flow down, back into
the mug.

What you see is a combination of processes and
products. The process of evaporation produces a
product of water vapour gas. The process of
condensation produces a product of small droplets
of liquid water on the inside of the tumbler. The
process of flow then carries the water back into the
mug i this new product then becomes added to the
liquid water in the mug.

Processes cause something to happen; products are the results.

This is a simple version of a cycle. In this case, the water begins in the mug as liquid water, evaporates
to water vapour, and then condenses to water droplets which join together to flow downwards into the
mug again. This is also a simple system, which is closed for water (water does not leave or join the
system).

All Earth materials are cycled in some way. Important examples include the water, carbon and rock
cycles.

1.4.2 The water cycle

The natural water cycle is more complex than the mug and tumbler demonstration in Figure 1.5, and
water cycle processes and products are around us all the time.

When it rains, water forms puddles on the ground. The puddles later evaporate into invisible water
vapour in the air. When the air cools, the water vapour condenses into water droplets as clouds. As
clouds continue cooling, the water droplets join together to form raindrops which, when they are large
enough, fall as rain. Even this simple outdoor system is complicated by many more factors. Condensing
water vapour produces not only clouds, but mist and fog as well. Water falls from clouds as rain, but
also as snow and hail. Water that reaches the ground does not just form puddles, but often flows into
gutters, streams, rivers and eventually lakes and the sea. Water evaporates from all these water cycle
products all the time, whilst plants transpire, releasing the water taken in by their roots into the air, as
water vapour through their leaves. The water vapour from evaporation and transpiration is carried to
different areas by air currents.




Some rain and river water percolates downwards into the soil and rock beneath and becomes part of
the groundwater in the pore spaces of porous rocks. This water flows downhill through permeable rocks
underground and eventually flows out in springs.

In cold regions, water falling as snow can build up into the ice of glaciers and ice sheets, while
groundwater can be frozen in permafrost (permanently frozen ground). Ice can also flow, or melt to
become liquid water again.

The main water cycle processes are evaporation, condensation, lateral movement by air (wind), falling

(of rain, etc.) and flow over or beneath the ground. In cold areas freezing, melting and flow of ice are
important too. Many of these processes and products are shown in Fig. 1.6.

Figure 1.6. Water cycle products (in boxes) and processes (in italics).
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Box 1.3. Part of the water cycle in your backyard

You can see part of the water cycle in action in your own backyard. Raindrops from rainclouds fall
into puddles; the water runs down gutters and eventually reaches lakes. Evaporation from lakes and
other areas of water, produces invisible water vapour in the air. When this cools, it condenses to form
the clouds which produce rain.




1.4.3 Fluxes, stores and residence times

The processes and products of cycles are also called fluxes and stores. Fluxes are the flows of
materials through the processes, measured as flow rates. Water cycle fluxes range from the very quick
(such as water flows in flooded rivers) to the very slow (the flow of ice sheets) and from the very large
(global evaporation rates) to the very small (snowfall onto ice sheets). Stores are the products; water
cycle products also range from the very large (the oceans) to the small (the water stored in your own
body). Residence times are the amounts of time it takes for a store to be replaced. Some residence
times are short, such as the time that water vapour is stored in the atmosphere, of only a few days.
Other residence times are very long, such as the tens of thousands of years of storage of ice in polar
ice sheets.

1.4.4 The rock cycle

The surface part of the rock cycle is closely linked with the water cycle. Flowing water removes and

carries sediment. In still water, sediments are deposited and can build up into thick sedimentary

sequences. Sediments become lithified into sedimentary rocks, usually deep underground. If these

rocks are uplifted and the materials above are remove
ready for the cycle to begin again.

Box 1.4. Part of the rock cycle somewhere nearby

You can see parts of the rock cycle in action whenever the wind blows or water runs over the land.
Blowing wind picks up, carries and deposits dust, leaves and litter; so does running water. Running
water on this sand bank has removed sand from the small channels at the top of the photograph,
carried it down the bigger channels and deposited it in small deltas at the bottom, all in a small area
of beach, only around a metre across.

This sedimentary part of the rock cycle becomes more complex when rocks become involved in
mountain-building episodes. The enormous temperatures and pressures cause folding and fracturing
(faulting) and may also change the rocks into metamorphic rocks.

The changes can go further if the temperature increase causes rocks to partially melt, forming liquid
rock, or magma. Magma is less dense than the surrounding rock, and so rises. Either it cools down and
solidifies slowly underground, or it is erupted at the surface through volcanic activity. All rocks formed
from magma are igneous rocks. All the buried rocks can be uplifted and exposed to become part of the
rock cycle again.




Figure 1.7. shows how the rock cycle products (in boxes) and processes (in italics) are linked together.

Rocks at the Earthoés surface are changed by weatheri.
is eroded and transported it becomes mobile sediments. Deposition of mobile sediments builds up

sedimentary sequences. These can be changed by compaction/cementation into sedimentary rocks

which can then be wuplifted to become roclkanalsot t he E
undergo metamorphism to become metamorphic rocks, which can then be uplifted to become rocks at

the Earthds surface as well

Metamorphic rocks can become melted to liquid magma which may rise through intrusion to form
intrusive igneous rocks (which can then be uplifted to become surface rocks) or the magma can be
extruded volcanically as extrusive igneous rocks. Magma can also be added to this system from below,
whilst igneous rocks may also undergo metamorphism.

In the rock cycle system, the products or stores are the sedimentary, metamorphic and igneous rocks.
The processes causing the flows or fluxes between these stores are metamorphism, melting,
solidification and all the processes involved in the removal, movement, deposition and lithification
(change of sediment into sedimentary rock) of sediment. The residence times of the rocks are usually
millions of years.

This simple view of the rock cycle is more complex in detail, as explained beginning at section 4.1.2.

Figure 1.7. Rock cycle products (in boxes) and processes (in italics).
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1.4.5 The carbon cycle

When you breathe, you breathe out more carbon dioxide than you breathe in. This is because one of
the body processes is respiration, where oxygen reacts with carbon compounds in the cells of your
body, releasing energy and producing carbon dioxide. The respiration process releases a flux of carbon
dioxide into the atmosphere, which stores a small amount of carbon dioxide all the time (about 0.04%).




All animals release carbon dioxide through respiration, and they also release carbon compounds into
the atmosphere through excretion and when they die and decay.

The residence time of carbon dioxide in the atmosphere is short because it is removed quickly, mostly
by the photosynthesis of plants. In the photosynthesis process, energy from sunlight causes carbon

dioxide to react with water to form the carbon compounds that make up plants. So t he Eart hoés

particularly the algae in the oceans, form a large store of carbon. This carbon is released when they die
(or through being eaten by animals), or when land plants are burnt, either deliberately or through
wildfires.

Box 1.5. The carbon cycle in action.

As this hiker is resting in the Alaskan tundra, he is respiring and breathing carbon dioxide into the
atmosphere. Meanwhile the green plants are photosynthesising in the sunlight, taking in carbon
dioxide and building it into new plant cells. If the hiker ate the berries, this would be part of the carbon
cycle too. These carbon cycle fluxes (flows) happen wherever on Earth there are animals and plants,
including those outside your window.

This is the short carbon cycle, as studied by many biologists. It involves photosynthesis and
respiration, egestion and decay. This seems to be a balanced cycle, with as much carbon being added
to the atmosphere as is removed. However, there are much longer parts of the carbon cycle as well;
for example, some of the carbon dioxide from the atmosphere can become dissolved in the ocean, with
residence times of thousands of years.

Some animals and plants contain &édhard parts?©d
calcium carbonate is CaCOs and the second 6 drbthe formula is carbon, which makes up some 12%
by mass of calcium carbonate. Your bones and the bones of most animals contain calcium carbonate.
Shells are made of calcium carbonate and some microscopic plants also contain calcium carbonate.
When these animals and plants die, parts of them are deposited as sediment and can become part of
sedimentary rocks, with residence times of millions of years. The calcium carbonate-rich rock made
mostly of marine animal remains is called limestone; the rock made mostly of microscopic calcium
carbonate plant remains is chalk.

When plants die, they usually decay, but if they are buried by sediments and preserved, the carbon in
them is also preserved. When land plants are preserved, thick layers can form coal, releasing natural
gas as it matures. As microscopic animals and plants in the oceans die, they can also be preserved in
sediment, and later be changed to oil and natural gas. Natural processes release these stores of carbon
back to the atmosphere over millions of years; oil and gas can leak to the surface and coal can be
brought to the surface by uplift and removed by surface processes.
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Sedimentary rocks containing limestone, chalk, coal, oil and natural gas can become involved in
mountain-building episodes and metamorphosed or even partially melted. Then the magma produced
by partial melting will contain dissolved carbon, which may be brought to the surface and released in
volcanic eruptions. Many eruptions release enormous quantities of carbon dioxide gas into the
atmosphere.

These longer-term parts of the carbon cycle also seem to be in balance. However, human activities
may be changing this balance, by removing and burning coal, oil and natural gas. This is explained in
Section 4.3.3.

The processes and products of the short and longer carbon cycles are shown in Figure 1.8.

Figure 1.8. Carbon cycle products (in boxes) and processes (in italics)i pr ocesses o6fi xingb6 carbon
pale green arrows, processes releasing carbon by dark green arrows.
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1.5 Energy sources

Sunlight provides the energy for photosynthesis, and is the original source of most of the energy that
drives the water cycle and the surface processes of the rock cycle.

In the carbon cycle, some of the energy stored in plant cells built through photosynthesis can be
released when animals eat the plants. This provides energy for all plant-eating animals on Earth;
predators then get their energy from eating other animals. Some of this energy can be stored in buried
plant and animal remains, to be released by natural processes or human activity later. Only the uplift,
metamorphic and igneous processes of the carbon cycle are driven by energy that did not originate in
the Sun; they are driven by Earthés internal energy.

Energy from the Sun causes evaporation as part of the water cycle. Water vapour is also released into
the atmosphere by plant transpiration, and plants could not exist without photosynthesis. Energy from
the Sun also causes air movement; air rises over warmer areas and sinks in cooler areas, producing
the horizontal air movement that we call wind. Water vapour from areas of strong evaporation or
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transpiration is carried elsewhere by wind action. The main parts of the water cycle that do not depend
on energy from the Sun are the downf | ahecircudlarncotionl i ng ai
of currents in the atmosphere and ocean resulting from the spin of the Earth.

In the rock cycle, the Sunb6és energy is important in b
Sun-driven parts of the water cycle that move and deposit sediment involve water and ice flow, whilst

Sun-driven air movement also carries sediment. The parts of sediment movement that are not driven

by the Sun are the downward movement of rocks, water,
the compaction of sediments by overlying materials, again due to gravitational effects.

The interior of the Earth contributes very much less than the energy Earth receives from the Sun.
Nevert hel ednsernal &argytshudces have vital effects, particularly when they act over
geological time.

Some energy has remained in the core from when the Earth was entirely molten, soon after it first

formed; this primeval energy is still being released slowly. Another important source of energy is

radioactive decay in the solid parts of the Earth, deepb el ow t he surf ace. Eart hds in
the internal parts of the rock cycle, resulting in the lithification of sediments, faulting (causing

earthquakes), folding, metamorphism, uplift and the partial melting that causes igneous activity.

So, most of the energy affecting the Earth comes from the Sun. Other energy sources are the primeval
energy and energy from radioactive decay, described above. In addition, there are gravitational potential
energy and rotational kinetic energy. The gravitational pull of the Sun, Earth and Moon and the rotation
of the Earth, the orbiting of the Moon around the Earth, and the Earth and Moon together orbiting around
the Sun, are converted into thermal energy, called 6t

11



2 Earth is a system, within the solar system, within
the universe

2.1 Origins

Although the speed of light is enormous at nearly 300,000 kmsec-! (travelling 300,000 kilometres every

second), it still takes 8 minutes for the light from the Sun to reach us and several years for the light from

nearby stars to reach our eyes. So looking into the night sky means we look back in time. With powerful
telescopes we can see gal axies, or cosmic O6islandsd of
looked in the distant past. Our studies have shown that the universe began about 14 billion years ago.

At the start there were no stars or galaxies but the whole universe was filled with highly energetic

radi at i doni.g Ibshentghiese lBegan expanding and the radiation was changed into matter.

The most common type of matter is hydrogen i the simplest atom. However nearly everything on Earth

and beyond, including our own bodies, is made of other types of atoms which were first formed in the

cores of stars. As the matter of the universe cooled down, stars began to form and group together into

galaxies. The energy that drives stars, including our Sun, comes from hydrogen atoms joining (fusing)

together to make larger atoms. So, in the cores of stars, atoms which are abundant on Earth, like silicon,

oxygen, carbon, nitrogen and iron began to form. Over time, stars blasted a lot of matter into space,

including these newly-formed atoms. So, around 4.6 billion years ago, the solar system of our Sun

began forming from the original hy dE @rgtemd sa napart them dias |
of our solar system.

Figure 2.1. Galaxies photographed by the Hubble telescope. Colours have been added, based on the data
collected, to highlight key features of the images.

Box 2.1. The universe from your own backyard.

You can see the stars of the universe, and some of the planets of the solar system, from your own
backyard, but you will be able to see much more if you go to a country area nearby on a Moonless
night, where there are no street or other lights. As your eyes become accustomed to the darkness,
more and more stars will appear. Stars twinkle, but if there is a planet in view, it will shine with a
steadier light. If you see a light moving steadily across the sky, that is a satellite reflecting the Sun. If
it is really dark, you might be able to see a band of stars arching overhead; this is the Milky Way, the
stars of our own galaxy, which you are seeing edge-on. If you have a camera with a shutter that can
be left open and you stand it on a stable place, you will be able to capture these sights of the universe.
Leaving the shutter open for an hour or more, will also capture how the stars seem to arc through
the sky as the Earth spins.
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Box 2.1. The universe from your own backyard, continued.

A chapel in France under the Milky Way Star movement caught by an open shutter, Chile

Our solar system contains the eight planets, shown in Table 2.1.

Table 2.1. Planets of the solar system, in order from the Sun
Image Distance | Diameter, Mass,
(not to scale) from the km 10%
Sun, kg
million
km

Mercury 57.9 4879 0.33
Venus 108.2 12,104 4.87
Earth 149.6 12,756 5.97
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°C
167

464

15

= =

=a =4

=a =4 =9

Other
features

No Moons
Cratered
surface
Solid
terrestrial
planet

No Moons
Covered
by cloud
Cratered
surface
Solid
terrestrial
planet

One Moon
Oceans
Some
craters
known
Solid
terrestrial
planet
Plate
tectonics
identified




Table 2.1. Planets of the solar system, in order from the Sun, continued

Image Distance Diameter, Mass, Mean Other features
(not to scale) from the km 10**  surface

Sun, kg temper-
million ature,
__ km __°C

227.9 6792 0.64 -65

2 Moons
Cratered
surface
Large
volcano
Past
sedimentary
processes
Terrestrial
planet
67 Moons
Ring system
Belts of
cloud
1 Largered
storm spot
1 Gas giant
planet

Mars

= =4 a9

=

Jupiter 778.6 142,984 1898 -110

= =& A

62 Moons
Ring system
Belts of
cloud

Gas giant
planet

Saturn 1433.5 120,536 568 -140

= E e ]

27 Moons
Ring system
Gas giant
planet

Uranus 2782.5 51,118 86.8 -195

=a —a —9

14 Moons
Ring system
Gas giant
planet

Neptune 4495.1 49,528 102 -200

E R ]

Pluto is no longer considered to be a planet; it is one of the dwarf planets
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Our solar system not only contains planets and dwarf planets, but also belts of asteroids and comets.
Many of the meteorites that hit the Earth and other planets originally came from the asteroid belt or from
comets. Impacts from meteorites and larger bodies are one of the catastrophic events affecting the
Earth and other planets over time; see section 3.4.

Box 2.2. The asteroid belt.

The main asteroid belt lies between the orbits of Mars and Jupiter, containing billions and billions of
lumps of rock and stone. Some are rich in carbon, some in silicon and some in nickel-iron. The largest
asteroid is nearly 1000 km across, but most are pebble-sized or smaller. Although there are many
asteroids, they are so far apart that many spacecraft have travelled safely through them without any
damage. While in other parts of the solar system space debiris like this collided together to build up
a planet, it seems that the nearby large planet of Jupiter affected this belt, stopping planet-build-up
from happening.

Orbit of
: -Jgpiter

The asteroid belt between Mars and Jupiter Asteroid Gaspra photographed from the Galileo
spacecraft

Box. 2.3. Comets.

Comets are icy bodies in the solar system that, when they get close to the Sun, release gases which
often form a white tail. The tail flows in the direction of the solar wind, always facing away from the
Sun. Many comets have enormous oval orbits that take them from deep space into the heart of the
solar system and out again.

Comet Churyumov-Gerasimenko in September 2014 as
photographed by the Rosetta spacecraft before the lander
Philae landed on its surface

Hale-Bop comet seen from Croatia in 1997
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The only bodies in the solar system on which we have so far been able to land instruments safely are
t he E aMpoadn,hte sChuryumov-Gerasimenko ¢ o me t , the planets Mars

Moon Titan.

Box 2.4. Planetary geology i Mars

Before landing instruments on Mars, we already had a very good idea of the geology of the planet,
since the geological principles that apply on Earth also apply on other planets. Observations from
telescopes and orbiting satellites had shown a huge volcanic region covering 25% of the surface,
including three enormous volcanoes, the largest volcanoes in the solar system (red and purple on
the map). There were also very large craters produced by impacts, with raised rims and central
depressions, the largest being 1800km across (yellow on the map). Near the equator there was a
deep canyon system more than 4000 km long, formed by faulting in the distant past. Some parts of
the surface had systems of valleys cut by flood water; more than 4000 water-formed valleys with lake
beds and deltas have now been mapped.

The landers have provided even more evidence of water flow, including sedimentary layers and
rounded pebbles. The landers have also shown that most of Mars is cratered desert, covered by
boulders and dust. Wherever the water is that used to flow over the surface, it is not there now.

Geological map of Mars. Green areas are lowland geology; reds and purples are volcanic rocks; blues are
polar geology; brown and orange colours are highland rock areas; yellow are impact craters

The faulted canyon system near the equator
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Box 2.4. Planetary geology i Mars, continued

2.2 The Sun

The Sunis our star. It provides energy throughout Figure 2.2. The Sun'i our main source of energy
the solar system and beyond.

Energy from the Sun passes through space,
mostly as visible light, infrared and ultraviolet
radiation. When this energy warms land and
ocean surfaces, some of it is radiated back and
warms the atmosphere. Energy is received from
the Sun during the day and is radiated back out
into space at night. These energy flows balance
so that the temperature of the whole Earth stays
the same on a daily basis. The space-based
observations o f the Sunods en
began in the 1970s show that this energy output
changes according to several cycles, but only by
around 0.1%.

2.3 Sun, Earth and Moon
2.3.1 Day/night

Earth receives energy from the Sun as ultraviolet, visible and infrared radiation, which heats the Earth.
The heating is greatest when the Sun appears highest in the sky, as shown in Figure 2.3. When the
Sun appears directly overhead, a 1km-wide beam of radiation heats a 1km-wide zone of the Earth, but
when the angle of the Sun is 30°, a similar 1km-wide beam heats a 2km-wide zone of the Earth, so that
half the amount of heating is received at each point.

17



Box 2.5. Changing shadows with the time of day.

When the Sun appears highest in the sky during the middle of the day, shadows are short. As the
Sun sinks, shadows become longer. The changing position of the Sun in the sky is the result of the
spin of the Earth. Here, the left-hand picture was taken at 13.00 and the right-hand one at 16.00 at
Ibadan in Nigeria.

Figure 2.3. The heating effect of the angle of the Sun in the sky
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Heating of the Earth takes time, so that the warmest part of the day is usually later than the time when
the Sun is highest in the sky.

The amount of heat received depends on what the surface is like. Dark surfaces absorb and re-radiate
more heat than pale-coloured surfaces, since the pale-coloured surfaces reflect more of the radiation;
this is the albedo effect. Land heats up faster than water, because the water circulates the heat received
into the depths of the water body. But land also cools down faster than water too i because the
circulating water takes time to lose its heat. This means that if you live near a large area of water,
temperatures will not rise as high as if you live a long way away from water, but they will not fall as low
either. So coastal areas normally have more moderate temperature highs and lows than inland areas.
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The Earth radiates the energy it has received during the day back to space as infrared radiation during
the night. The coldest part of the night is usually soon after dawn, when the outgoing radiation begins
to be balanced by the incoming radiation again.

2.3.2 The seasons

The heating effect of the apparent height of the Sun in the sky in Figure 2.3. affectstheEar t hds , seasons
as shown in Table 2.2. The lengths of days and nights also have an important effect too.

Table 2.2. The tilt of the Earth causing seasons

Hemisphere Season Diagram Angle of Length of
rays day/night
March March
Northern Spring The same angle of rays and
length of day/night
siln everywhere on Earth
Southern Autumn
June June

Northern Summer North warm because:
Sun high in | Long days to
Sun the sky receive Sun

Southern Winter South cool because:
Sun low in Long nights
the sky to lose heat

September September
Northern Autumn The same angle of rays and
length of day/night
Sun everywhere on Earth
Southern Spring
December December

Northern Winter North cool because:
sun Sun low in Long nights
the sky to lose heat

Southern Summer South warm because:

Sun high in | Long days to
the sky receive Sun

There is not much seasonal change near the Equator, since the Sun always appears high in the sky; it
therefore stays warm all year. Seasonal variations are moderated by nearby bodies of water in the
same way as daily temperatures. So, coastal areas normally remain cooler in summer than inland
areas, but are warmer in winter.

2.3.3  The phases of the Moon

Like the Earth, half the Moon is lit by the Sun and half is always in darkness. The Moon takes about 27
days to go around, or orbit, the Earth. When the half of the Moon that is lit by the Sun faces the Earth,
we can see the whole Moon i this is called the full Moon. As the Moon continues its orbit, we see less
and less of the lit side and more and more of the dark side. After around 13 days, the dark side of the
Moon is facing us, so we cannot see it at all i this is the new Moon phase. After that, we see more and
more of the lit side of the Moon as it orbits back towards Full Moon phase again, as in Figures 2.4. and
2.5.
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Figure 2.4. The phases of the Moon
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Figure 2.5. The Moon becoming full i a collage of three photographs

2.3.4  Eclipses

The orbit of the Moon is at an angle to Figure 2.6. A collage of photographs of a partial solar eclipse,
the orbit of the Earth, so usually the seen from Germany

Moon does not move between the
Earth and the Sun and the Earth does
not move between the Moon and the
Sun.

Sometimes however, the Moon does
move between the Earth and the Sun;
this is seen as a solar eclipse on the
Earth. Although the Moon is much
smaller than the Sun, it is much
nearer the Earth, so when it is in
between, it can completely cover the
Sun. During such a solar eclipse, the
Moon is seen to cover the Sun only
from some parts of the Earth; in other
areas, a partial eclipse is seen, as in
Figure 2.6.

If you want to watch a solar eclipse, you must protect your eyes, by wearing special eclipse glasses.
As you watch, you will see the shape of the Moon as it gradually covers the Sun, while the Earth
becomes darker and darker. Then the Moon moves on and normal daylight slowly reappears.

When the Moon moves behind the Earth,
and the Sun, Earth and Moon are in a
line, the shadow of the Earth covers the
Mooninalunar eclipse. Eart ho
moves across until it covers the whole
Moon and the Moon can no longer be
seen. Then the shadow moves on and
the Moon appears again. As this
happens, refraction
atmosphere may colour the Moon
reddish-orange for a time, Figure 2.7.

Figure 2.7. A photo collage of a lunar eclipse
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3 Earth is a system which has changed over time

3.1 Geological time span

The Earth, as measured by radiometric dating, is the same age as the solar system, 4.6 billion years old (4600
million years old).

Before radiometric dating became available, several geologists had tried to estimate its age. They had
concluded that it was very old indeed and hadabyssoftten
ti nfeJoohn Pl ayf ai novastige of 8b@dinhingw ind phospéctofanendd ( James Hutton i
Although, at that time, it was not possible to discover the age in years (or millions of years) of any Earth event,

it was possible to put geological events in order. Ordering events is called relative dating, since it allows us to

say which event was older and which younger, relative to one another.

3.2 Relative dating

Several different methods are used in relative dating. These were discovered long ago and have been used
by geologists ever since. They are shown in Table 3.1. Some of the methods are principles because they work
most of the time, but there could be particular geological circumstances where they do not apply; others are
laws, which always work, so long as observations are made carefully.

Table 3.1. Relative dating methods
Relative First Details of method Example

dating described
method by:
Principle of Nicholas = When rocks are laid
superposition | Stenoin | down, those on top are
of strata 1669 the youngest
(exceptions are, for
example, when a
sequence is
overturned by
deformation or when
faulting has pushed an
older sequence over a
younger one)

Folded rock in Greenland i the rock at the top of the
island is overturned, with older rock on top
S =

Law of cross- Nicholas | Anything (e.g. fracture,

cutting Steno in | rock, vein, erosion

relationships 1669 surface) that cuts
across anything else
must be younger

Dykeé in Cblorado, SA; grey rock oIdt, cross-cut by
near horizontal dyke, then by sloping dyke i youngest
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Table 3.1. Relative dating methods, continued
Relative dating First Details of method Example

method described

by
Law of included | Charle Any fragment S 3 -

fragments Lyell in included in another
1830 rock must be older
A o RN
Herm, Channel Islands, UK; the xenoliths (included
fragments) of dark rock in paler granite are older
Law of faunal William Groups of fossils e e
succession Smith in follow one another in ¢ ,
1816 a known order in the 4

rock sequence,
allowing us to put the
rocks in order of time

. dpeniters

ot bl o, 7. Forvlgvidular.

7

5 Oiervas i

3.5t o M duscile o ee Tvebent . ettty - | e i

One of William Smithos di
used to date a rock

Deformed/ No known | Since deformation

metamorphosed | person and regional

rocks must be metamorphic events

older than those affect all rocks in a

with nonei a region, any un-

law deformed or non-
metamorphosed
rocks must be
younger

An unnformity in Bbchu, Germany. The un-
deformed upper rock is younger than the deformed
and tilted grey rock beneath

Some of these relative dating methods are based on two other important principles, first described by Nicholas
Steno, as shown in Table 3.2.
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Table 3.2. Principles of the laying down of sediments, lavas and volcanic ash
Rock First Details Example i following the Example i not following

formation described principle the principle
rinciple b

Principle of | Nicholas Sediment

original Steno in layers are

horizontality = 1669 originally laid
down
horizontally
(as are lavas
and volcanic
ash) i but :
sometimes N Sediments not originally laid
they are laid Miocene sediments laid down down horizontally i cross
down at an horizontally i Drahomyrchany, bedded (layered) sands laid
angle Ukraine down in the ice age. Estonia

Principle of | Nicholas Sedimentary | [T —

lateral Steno in layers, lava 2

continuity 1669 and ash
deposits
continue
laterally over
large areas i
but there are
unusual ; O oY <
situations The laterally-continuous Non-continuous sediments, river
where this is | sedimentary rocks of the Grand | deposits in Iceland i which stop
not so Canyon, Arizona, USA at the valley sides

These principles and laws can be used to work out the geological history of an area, without knowing the actual
age of the rocks.

Box 3.1. Using relative dating methods to work out the geological history of the rocks; in this rock sequence
in the Negev Desert in Israel:

9 The horizontal sedimentary rocks were
deposited in sequence so, according to
the 6Principle of (S
oldest rocks are at the bottom

I The rocks were originally laid down
horizontally and continuously over a

broad ar ea, as in
ori ginal horizont a
of |l ater al conti nu

1 The thicker layer near the base of the
sequence is a conglomerate containing
pebb | e s ; according
included fragments
be older than the layer in which they are
found.

9 The rocks have been cut by a vertical
dyke of igneous rock which, according
t o t he 6 L aw -cuttimd
relationshipsa, amu
the horizontal sediments it cuts

1 Everything has been cut by the erosion
surface that is to
is the latest event, according to the
6O6Law oftucntosng rel a
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Box 3.1. Using relative dating methods to work out the geological history of the rocks, continued
So the history of the rocks is:

Latest event - *  the modern cliff top and face was eroded

the rock sequence was cut by a sheet of liquid magma that
solidified into a dyke

the remaining layers were laid down, becoming younger upwards
the lowest bed in the cliff face was deposited, followed by the
conglomerate containing the pebbles

a rock was formed that was later eroded to form pebbles

*

L

Earliest event -

William Smith used fossils to work out the relative dating of rocks,des cr i bi ng his method as
successionb. He r esedongntary soekdayershcantainech eertajin groups of fossils and these

could be traced over large areas. This meant that wherever he found a rock with a certain group of fossils, he

knew it was a rock of the same age. This method is called correlation. He also realised that layers containing

certain groups of fossils were always found in the same order. This meant that when he found a rock with one

group of fossils, he knew that rocks with other groups of fossils would always be found above or below, as

shown in Table 3.3. Although Smith used his method to correlate rocks and place them into sequences, he did

not know why the fossils were always found in the same order. It was only later that Charles Darwin realised

that the reason for this order was evolution.

Table33. Wi Il |l i am Smithds method applying the o6Law of faunal succe
i am Smith Agerelatedto periods of the i iam Smithoés or.i

geological time scale, drawing
recognised after Smith

Youngest Lower Chalk  Late Cretaceous age

Green Sand | Early Cretaceous age

Oak Tree Late Jurassic, Kimmeridgian age
Clay (now

called

Kimmeridge

Clay)

Oldest Kelloways Middle Jurassic age
Stone

We can now apply Smith& method more widely, since we know that certain fossils are only found in certain
ages of rocks. Thus, by recognising the fossils, we know the geological age of the rocks, as in Table 3.4.
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Table 3.4. Typical fossils found in rocks of different ages

Geological Fossil found only in rocks of this age Fossil image
age of rock
Quaternary Argopecten gibbous scallop shell i lives
on the sea bed but can clap its shells to
move and escape from predators; found
in Neogene, Quaternary and modern
sediments; this is a modern specimen

10mm

Neogene Crassostrea titan oyster shell, which lived
on rocky sea shores; this specimen from
Santa Margarita Formation, California,

USA
Paleogene Fossil teeth of the extinct sand tiger L__lomm |
shark Carcharias tingitana: teeth of this M
shark are found only in the Paleogene; ‘
these specimens from Khouribga,
Morocco. |
Cretaceous Micraster leskei echinoderm, a sea 10mm

urchin living on and within the sea floor
sediment; this species is found only in
the Cretaceous although other Micraster
forms are found in the Paleogene; this
specimen is from the Chalk near Puys,
Dieppe, France.
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Table 3.4. Typical fossils found in rocks of different ages, continued
Geological Fossil found only in rocks of this age Fossil image

age of rock

Jurassic Calliphylloceras ammonite which lived
like an octopus with a shell, swimming
in the sea; the walls between the
chambers had very complex shapes,
shown by black paint here; these
shapes are only found in Jurassic and
Cretaceous ammonites

A E: 10mm

Triassic Ceratites ceratite ammonoid; this lived A
swimming in the sea like an octopus
with a shell; had walls between
chambers that were smoothly curved
towards the mouth of the shell, but
complex in the other direction; this
specimen from Oberer Muschelkalk.
Hohenlohe, Germany

Permian Goniatite ammonoid (also found in
Carboniferous and late Devonian
rocks); like a small octopus with a shell;
lived swimming in the ocean i had walls
between chambers with simple zig-zag
shapes

10mm

Carboniferous | Caninia solitary rugose corals which
lived rooted in the sea floor; these
specimens are from the Lecompton
Limestone, in Kansas, USA
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Table 3.4. Typical fossils found in rocks of different ages, continued

Geological

Devonian

Fossil found only in rocks of this age

Phacops trilobite i lived on the sea floor,
probably as an active predator; this
specimen is from the middle Devonian
Silica Shale, Ohio, USA

Silurian

Monograptus graptolite with a single arm
carrying a colony of graptolite animals;
floated in the ocean

Ordovician

Tetragraptus graptolite with four arms¥*;
each of the arms carried a colony of
small graptolite animals; the colony
floated in the ocean; this specimen from
the lower Ordovician Bendigoian Series,
Bendigo, Victoria, Australia

9 only three of the four arms (stipes)
can be seen in the photo

Cambrian

Paradoxides trilobite; these lived on the
sea floor and were probably predators

10mm

{
{

"‘)f

Fossil image

/ / ;{/(f‘ ‘f\{ ';'iéf";
LR
e “‘\\ I ‘N\\\\\\

age of rock

10mm

When geologists were using fossils to correlate and sequence rocks, they discovered that there were sudden
changes in groups of fossils at certain places in the fossil record. We now know that this was because there
were big extinction events at those times, but the early geologists were most interested in how these changes
could be used to divide up rocks. The fossils were used to identify geological periods (with the names shown in
the first column of Table 3.4).
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Box 3.2. An example of a geological period i the Triassic

The Triassic period is thm ddIryskErd apfeend nanded toy fFreidribhevonN
Alberti in 1834 because of its three major layers (tri = three), which are found throughout Germany and across
northwest Europe. These are red beds at the bottom, followed by a limestone, with a mudstone/sandstone
series on top. He was able to distinguish the Triassic rocks from under- and over-lying rocks because of the
major changes in fossils found at the base and the top of the sequence. We now know that these were the
results of large-scale mass-extinction events.

Nowadays, wherever possible, the positions of major boundaries in the geological column are identified by a
0G|l obal Boundary Stratotype Section and Pointd (

is a series of fossiliferous beds of the correct age, where the exact position of the boundary can be found. A
6gol dleemb sips pl aced at that point to mark this i mp

The 6gol @fcethe bstiorh &f the Triassic (and therefore the top of the preceding Permian period) is at
Meishan in the Zhejiang Province of China, where a conodont microfossil called Hindeodus parvus first
appears in the geological sequence.

The top of the Triassic (and sothebaseof t he Jurassic period) has it g
of Austria, where the ammonite Psiloceras spelae tirolicum is first found.

The 6gol den spiked bronze mar ker at dasscPeitdi withe plasero| o
cast of the ceratite, which first appears in the geological record there, marking the boundary

Relative dating methods had been used to work out the relative ages of rocks and geological periods for many
years, but we did not know how old the periods were, or the ages of the boundaries between the periods, until
radiometric dating became available.

3.3  Absolute dating

Radiometric dating became possible when it was discovered that the radioactive elements contained by some
rocks and minerals break down to form other elements. Their decay over time happens in a predictable way
that can be shown on a graph; this is often called the radioactive decay curve (Figure 3.1).
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Figure 3.1. The radioactive decay curve for the breakdown of all radioactive materials
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The radioactive element that decays is called the parent; the new element produced by the decay is the
daughter. The graph shows that after a certain time, half the element has broken down to produce the daughter;
this time is called the half-life. After another half-life, another half of the parent has broken down, so there is
only a quarter left; the substance then contains 25% of the parent and 75% of the daughter. After a third half-
life time has passed by, another eighth (12.5%) of the parent has broken down, so the substance is 12.5%
parent and 87.5% daughter. Breakdown continues, with the percentage of parent becoming less and less as
the amount of daughter becomes greater and greater.

Although all radioactive materials break down according to this pattern, the lengths of their half-lives vary
enormously, from billions of years to microseconds and less. If we choose a radioactive element with a known
rate of breakdown, we can measure the amounts of parent and daughter products, to give us the age when the
element first formed. This then gives the age of the mineral or rock in which it is found. This method is called
absolute dating because it gives an age in years, thousands, millions or billions of years. As the measurements
involve a calculated small amount of error, radiometric dating measurements are always given with the potential
error shown.

Box 3.3. The error range given with radiometric absolute dates.

L P

The city of Edinburgh in Scotland is built around an ancient volcano. Feldspar minerals from the volcanic
rocks were used to date the eruption. The date given by the radioactive decay of the argon in the feldspar
was 349 + 4 million years, showing that the volcano erupted in Carboniferous times between 353 and 345
million years ago.

144

Absolute dating can only be used for rocks or minerals which contain the right type of radioactive elements and
gives the date when that rock first formed. This works well for most igneous and some metamorphic rocks. It is
not so useful for sedimentary rocks, since the grains of sediment were formed earlier, before being eroded and
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deposited. This makes it difficult to link radiometric dates with fossil correlation dates, as the fossils are found
in the sedimentary rocks. This is one of the reasons why it took a long time to allocate absolute dates to the
boundaries between the periods in the geological column. However, these dates have nearly all now been
confirmed, allowing us to produce the geological column with dates, shown in Table 3.5. Major events in
geological history have been added to the final column of this table.

Table 3.5. The main subdivisions of geological time based on the latest International Chronostratigraphic Chart published
by the International Commission on Stratigraphy*

Eon Era Period Abbre- Age Major events
viation
0
Quaternary Q
2.6 3.3 Oldest stone tools
Cenozoic Neogene N
23 . .
50 Himalayan mountains
Paleogene Pg
66 66 K-Pg mass extinction
130 Early flowering plants
145 .
Mesozoic 160 Early birds
-~ 190 Opening of Atlantic Ocean
220 Early mammals
&)
Phanerozoic 252 \E/ 252 6Great d Yy in g 0
o
= . .
© Supercontinent Pangaea first
299 o 299 formed
o 315 Early reptiles
359 >
o 370 Early amphibians
Palaeozoic 419 .S
444 =
400 Early insects
430 Early land plants
485 i
530 Early fish
541 541 Life with shells/hard parts

2,000 Early multicelled organisms
2,100 Early eukaryotes

2,500 2,700 Free oxygen in atmosphere
3,500 Early bacteria and algae

4,000 4,000 Oldest known rocks

4,600 4,600 Origin of the Earth

* As rock-dating methods improved, some of the dates in the table have changed over time. Table 3.5 shows the latest
version.

3.4 Rates of processes

At one time, it was thought that most geological processes happened slowly and steadily. We now know that,
whilst some are indeed very slow and steady, others can be very fast and catastrophic. For example, it takes
millions of years for a sedimentary rock sequence to be laid down, but individual layers can be deposited in
seconds. Similarly, the cooling of liquid magma deep underground until it becomes a solid igneous rock can
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take millions of years, whilst volcanoes can erupt in seconds. Rocks can be uplifted slowly, as when the
overlying ice has melted allowing the land to rise, or can be raised suddenly, in earthquakes.

It now seems that evolution, which had also been thought of as a steady process, often happens in sudden
bursts, whilst mass extinctions also often seem to be sudden catastrophes.

So it has become clear that the billion year-long geological record is a record of a combination of extremely
slow processes interspersed by violent catastrophic ones, with other processes acting at all time spans in
between.

Box 3.4. From very, very fast, to very, very slow processes

In the deep sea, fine muds settle out of suspension in sea water very, very slowly, so that it can take millions
of years to build up a sediment sequence. However, sometimes on land, in coastal areas and in ocean
depths, layers of sediment can be laid down very much more quickly, in days or even hours, by storms,
landslides or other catastrophic events.

1 sl = S
Cores 0 m the deep sea near Grey layer of an 8,00
Greenland; the sediment layers have built up over long Scotland, laid down in minutes, with layers of dark peat
time spans above and below

Box 3.5. Catastrophic impact events

Objects from space often collide with the Earth and other planets, but most of these are very small and are
not detected. However, asteroids of 1 km diameter hit the Earth every half million years on average, whilst
5 km diameter asteroids collide with the Earth every 20 million years or so. Many small asteroids break up
in the atmosphere, but larger ones hit the Earth and produce craters. The size of the impact depends upon
the diameter, density, speed and angle of the colliding body. Although volcanic craters can often look very
similar to impact craters, only impact craters h
produced by deformation of the quartz during the impact. Some impacts produce iridium layers too, as well
as layers of soot and ash.
imm

Common tektite shapes i dumbbell and teardrop Shocked quartz with deformation planes seen under
the microscope in cross-polarised light
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Box 3.5. Catastrophic impact events, continued

Lonar crater in India i produced by an impact thought The 100 km-wide Manicouagan Crater in the Céte-Nord
to have been about 52,000 years ago region, Québec, Canada, seen from the International
Space station i formed by a 215Ma impact

The geology of impacts is unusual because many of the events happen in seconds, rather than the much
longer time spans usually studied by geologists. Impacts usually have the stages shown below. The result
is the familiar crater shape, shown by Meteor Crater.

\

melted rock vaporised rock

/

Stage 11 contact and compression stage

rock debris thrown out rock debris thrown out

rock
movement
directions

Stage 27 excavation stage Stage 3 1 modification stage

Meteor (Barringer) Crater near Flagstaff in Arizona, USA, showing a typical impact depression with a raised centre,
surrounded by the high crater rim i formed around 50,000 years ago
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