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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 eri al additional to the syllabus is presented in 4i
impact and to provide short case studies, but it is not expected that students would be introduced to all this
additional material.

The originaltextwaswr i tt en as an O0i nt eExplaring Genszibncevieacrsss the@lobeba | | ed
illustrated by photographs selected from across the gl c
educators across the globewerei nvi t ed to take this core text and to ad
their own regions; they havealsobeen asked to transl ate the tEgploting as ap|
Geoscience6 t ext book for their own regions.

T h i Exploding Geosciencei acr os s E isgheahtliedegionalised versions of the textbook, with

many photographs from England repl aci ng the international ones and ma
England.
The &xploring Geoscience i across the Globeét e xt book i s keyed i ntBExplmingsepar at

geoscience across the globe i activities and questions6book, giving details of a wide range of teaching

activities related to each section and providing questions to test the knowledge and understanding of the

students. The OActivities and quest Explarm@ Gebszierce acrosslthie Globeed i n  t |
i activities and questions: so me a n s boekragaiable only to teachers.

All the books are published on the International Geoscience Education website at:
http://www.igeoscied.org/teaching-resources/geoscience-text-books/.

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 f oBExpldring Geoscience i across the Globebwere 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://lwww.earthscienceeducation.com/index.html) for providing images.
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ThE&x®d!l ori ng Geosci en ctextbaok has lzesn gieatlydnrmmceddy the wonderful source
of images on the Geograph website at: https://www.geograph.org.uk/. The authors are hugely grateful to
those who had the vision to set up the website and all its dedicated contributors.

We are most grateful to Peter Craig, Elizabeth and Martin Devon, Sid Howells, Peter Kennett, Pete Loader,
Giulia Realdon, Tanja Reinhardt (Chapter 1), Ashvin Wickramasooriya and Sebastian Wolf (Chapters 1, 2) for
all their work in checking the accuracy of the &xploring Geoscience i across the Globedscript, in helping
to make the text more accessible and in proof-reading. We are also most grateful to Anthony Tibbs for his
formal proof-reading. Any remaining errors remain mine and mine alone.

T h iEgploding Geosciencei acr os s E megiorahasoiot ogr aphs and o6interest bo
Elizabeth Devon, Peter Kennett, Pete Loader and Maggie Williams to whom we are most grateful. These parts

of the &xploring Geosciencei acr os s E hayd eendhecked by Elizabeth Devon, Peter Kennett

and Maggie Williams to whom many thanks. We are also most grateful to Anthony Tibbs for his formal proof-

reading. Any remaining errors remain mine alone.

The d&xploring Geoscience i across the Globed textbook has been approved by the International
Geoscience Education Organisation, the International Union of Geological Sciences through its Commission
on Geoscience Education and Technology Transfer, and the European Geosciences Union, for the teaching
of the international geoscience syllabus, and we are most grateful for their support and encouragement.

. , L
<2 International Geoscience =
Chris King. Pﬁ Education Organisation | UE’S ( 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. Geoscience uses evidence

from the planetds past and present to predicthredittte f ut u
what 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.

Beach ripple marks, West Kirby, Wirral, Merseyside

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 al|l this has changed over ti me. It brings toge
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.
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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
drivestheEart hés subsystems is re
Sun. This energy is an input to the Earth during the day, but some
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.

' Figure 1.2. The Earth i a very complex system

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.

Earthdéds system has a bndyrbgcaude they
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.
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The Earth system is part of the solar system. This is also nearly a closed system, to both energy and matter 7
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

This O6portraitd of t h e andothheglanets. yie tsizes ares shawv : the boeect S
proportions T 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 Earthodés 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.

t
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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 sail, 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.

a0y

Rainfall, ay Hill, Soil moisture Groundwater spring near
Gloucestershire Bradford, Yorkshire

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.
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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 thatkeepEar t h6s t emper at ur €
However, positive feedback can have an effect in two different directions. If 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

Russia

Greenland

Alaska

1,000 km

1,000 km (US.A)

When there is positive feedback itipping ponidis teached andthé s may
system tips over into a new steady state. In the past, the Earth has had a cold steady state, when parts of the
Earthwerec ov er ed ieéhbuse dorddionsdand a warm steady state when there were no ice sheets
(gbeenhouse conditionsg.
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1.4 Processes and products
1.4.1 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.
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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 near your home

You can see part of the water cycle in action near your own home. 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
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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 removed, they become exposed atthe Eath 6 s sur f ac e, ready for t
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 Earthés surface are changed by weatheringdinto r
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 uplifted to

become rocks at t he Ear trhtlleyg cas aiso uralergo matanmrphism to Hhecangev e

met amorphic rocks, which can then be uplifted to become
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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 makeup plants. So t he Eart hés plants, part
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.
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Box 1.5. The carbon cycle in action.

As these people are admiring the view over Poole Harbour in Dorset. They are 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 people ate lunch, this process 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 O0hard partsd made of c:
carbonate is CaCOs and the second 6 Cid the 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.

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.
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Figure 1.8. Carbon cycle products (in boxes) and processes (initalics)i pr ocesses o0fi xingd carbon are
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
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 transpiration is carried
elsewhere by wind action. The main parts of the water cycle that do not depend on energy from the Sun are
thedownflow of cool i ng ai r un dthe cirdularenotiireof curteritssin the atmasphéreg anéd n d
ocean resulting from the spin of the Earth.

I n the rock cycle, the Sunds energy is important-in bre
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, ice and ai r currents wunder Earthds grav
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. Nevertheless,
E a r tintetnal energy sources have vital effects, particularly when they act over geological time.
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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 surface. Earthdés internal energ
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 o6tidal heatingb.
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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 galaxneés( off kiolsimien®itsd ahundreds of bi

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 highlyener get i ¢ r adbagi btheuguwree t he

began expanding and the radiation was changed into matter.

The most common type of matter is hydrogen 1 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
hydr ogen an dofforihee statssaCuhEeasrét h 6 s & pars df @nsolar 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 garden or park.

You can see the stars of the universe, and some of the planets of the solar system, from your own garden
or park, 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.

(o]
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Box 2.1. The universe from your own garden or park, 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

Mean
surface
temper-

ature,

Other features

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

°C
167

464

15

E R =A =4 =4

= == = =4 =9

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

Image Distance Diameter, Mass,
(not to scale) from the km 10%
Sun, kg
million

Mean
surface
temper-

ature,

Other features

km

Mars 227.9 6792 0.64
Jupiter 778.6 142,984 1898
Saturn 1433.5 120,536 568
Uranus 2782.5 51,118 86.8
Neptune 4495.1 49,528 102

°C

-110

-140

-195

-200

Pluto is no longer considered to be a planet; it is one of the dwarf planets

E EE = =a =8 -8 A

= =4 -8 A

=a —a -9

E R ]

2 Moons

Cratered surface
Large volcano
Past sedimentary
processes
Terrestrial planet

67 Moons

Ring system
Belts of cloud
Large red storm
spot

Gas giant planet

62 Moons

Ring system
Belts of cloud
Gas giant planet

27 Moons
Ring system
Gas giant planet

14 Moons
Ring system
Gas giant planet
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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 debris 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.

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-Bopp comet, 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 the
E a r tModnsthe Churyumov-Gerasimenkoc omet , t he pl anets Mar Moamiiihn. Venus,

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
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Thé Kasei Iles outflow channel

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

o

View from the Pathfinder site on Mars i foreground boulders and dust with low background hills

2.2 The Sun

The Sun is our star. It provides energy throughout the Figure 2.2. The Sun i our main source of energy
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 of the Sunbo6:
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.
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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 12.00 noon, the middle one at 4.00pm and the right hand one at
6.00 pm in September in Sheffield, Yorkshire.

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.

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.
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2.3.2 The seasons

The heating effect of the apparent height of the Sun in the sky in Figure 2.3. affectsthe Ear t hés ,aseasons
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 everywhere on Earth
Sun
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 to
the sky lose heat
September September
Northern Autumn The same angle of rays and length
of day/night everywhere on Earth
Sun
Southern Spring
December December
Northern Winter North cool because:
sun Sun low in Long nights to
the sky 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 1 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 T 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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Full Moon Waning Moon New Moon Waxing Moon

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 the Figure 2.6. A collage of photographs of a partial solar eclipse, seen
orbit of the Earth, so usually the Moon does from Germany

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 Figure 2.7. A photo collage of a lunar eclipse
the Sun, Earth and Moon are in a line, the
shadow of the Earth covers the Moon in a lunar
eclipse. Earthdéds shadow m
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 of ' ight b
may colour the Moon reddish-orange for a time,
Figure 2.7.
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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 had abyssi tten
of t(iJmehon P11 ay f ainovestige ofla®dyiBning iwno prdspeétofanendd (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 dating First Details of Example
method described method

by:

Principle of Nicholas When rocks are

superposition Steno in laid down, those

of strata 1669 on top are the
youngest
(exceptions are,
for example,

when a sequence
is overturned by
deformation or
when faulting has - i S e
pushed an older Layers laid down in a glacial lake called varves,
sequence over a Barmston, North Yorkshire i youngest on top
younger one) ;

Overturned fold, The Lizard, Cornwall i the lower part of
the fold is overturned, with older rock on top
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Table 3.1. Relative dating methods, continued

Relative dating
method

Law of cross-
cutting
relationships

Law of included
fragments

Law of faunal
succession

Deformed/
metamorphosed
rocks must be
older than those
with nonei a
law

First
described
by:
Nicholas
Steno in
1669

Charles
Lyell in 1830

William
Smith in
1816

No known
person

Details of
method

Anything (e.g.
fracture, rock,
vein, erosion
surface) that cuts
across anything
else must be
younger

Any fragment
included in
another rock must
be older

Groups of fossils
follow one
another in a
known order in
the rock
sequence,
allowing us to put
the rocks in order
of time

Since deformation
and regional
metamorphic
events affect all
rocks in a region,
any un-deformed
or non-
metamorphosed
rocks must be
younger

Example

Cross-cuttng white mineral veins, Portme, Cornwall.
The top right-bottom left vein cuts the top left-bottom right
one and so is younger; both cut the older bedrock

5 o P

557 W H 5y
Shap granite including dark rock fragments, Shap,
Cumbria

LOWER CHALI

|7 Potgvidta,

L4t o W s o et Tivelent. |

Drawings from Wi I'liam bc&kmf a chﬁup;of fossils
used to date a rock, Lower Chalk in England

Unconformity in Vallis Vale, Somerset. The upper rock is
younger than the deformed and tilted 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 3 3 : Carboniferous sediments not
sometimes Carboniferous sandstones laid  griginally laid down horizontally i
they are laid down horizontally i Crowden cross-bedded sands, Walkley
down at an Quarry, Derbyshire Bank, Sheffield, Yorkshire
angle

Principle of | Nicholas Sedimentary

lateral Steno in layers

continuity 1669 continue
laterally over
large areas (as
do lava and
ash deposits)
T but there are % i 5 220 )4 D it SRS
unusual Laterally continuous Buried valley, Bardon Hill

situations Carboniferous sedimentary . .
where this is rocks, Mam Tor, Derbyshire ngrry, Leicestershire- the
ot 5o sediment layers stop 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

9 The thicker layer near the base of the
sequence is a conglomerate containing
pebbl es; 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
to t he 0 L aw -cuttmd
relationshipsa, mu
the horizontal sediments it cuts

1 Everything has been cut by the erosion
surface that is to
is the latest event, according to the
6L aw o futtiogrelasianship s 6
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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

*

E T

Earliest event -

William Smith used fossils to work out the relative dating ofrocks,des cr i bi ng his method as
successiond. He recognised that many sedimentary rock
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. Wil liam Smithdéds met hod app!l yibasgdon tossils belcallectedacross aunal succ
England.

Wi | | i am s®quenicdr Age related to periods of the Drawings of William Smith's original

geological time scale, fossil groups
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
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Box 3.1E. Wiliam Smithit he 6 Fat her of

William Smith Smithoés geological map
William 'Strata' Smith was born in 1769 into a poor family in Oxfordshire. He had a very basic education and
trained as a surveyor when he was 18. Later, when he was surveying a coalmine in Somerset, he noticed that
the rocks were in layers, that they all tilted (dipped) in one direction and that they contained particular fossils.
If a coal seam occurred under a layer with a certain type of fossil, when that layer was found elsewhere, the
chances were high that a coal seam was under it too. Predicting where coal seams could be found was
valuable information, especially in the late 1700s, when the Industrial Revolution was beginning in the UK and
coal mining was becoming vital.

Later when he was surveying land to excavate the Somerset Coal Canal, he noticed once again that fossils
only occurred in particular layers and that those layers could be identified by their included fossils. This led in
1794 to his writing 'The principle of faunal succession'i that strata can be correlated from one place to another
based on the fossils they contained. Eventually, in 1799, this idea led Smith to produce the first geological
map of the city of Bath area. The colours he used for the various geological sequences or strata on this map,
are much the same as those used for geological maps today.

During the next 15 years, Smith took a series of engineering jobs, travelled tens of thousands of miles and
surveyed 50,000 square miles of land, all travelling in a springless horse-drawn carriage and staying in
wayside coaching inns. By 1815 all this effort led him to produce the first geological map of the UK, an
extraordinary success for a relatively uneducated man of low social status.

It is even more astonishing when it is remembered that Smith had no idea about geological time. He did not
know that, in most instances, the lower rocks are older than those on top. He had no idea that the changes
he observed in the fossils through the layers were evolutionary changes. He referred to a ‘wonderful order’,
meaning the order created by God. At the time, most people believed that the Earth had been formed by God
over six days, about 6000 years before.

When his map was first published, William Smith was overlooked by the scientific community; his relatively
humble education and social standing prevented him from mixing easily with learned scientists. He became
bankrupt and was sent to prison. It was only late in his life that he received recognition for his achievements
and became known as the O6Fat her 63phewds awpided sha firsEWodlastong
Me d a | (the 6Oscardé6 of the world of rocks) by t hg
previously.

Elizabeth Devon
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We can now apply Smithoés met hod mo fossilsare ahly foynd in seitamc e we
ages of rocks. Thus, by recognising the fossils, we know the geological age of the rocks, as in Table 3.4.

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 Gastropod from the Red Crag, East
Anglia

Paleogene Shark tooth from Abbey Wood, London

Cretaceous Micraster echinoderm, a sea 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 North Downs in south east England
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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 An ammonite which lived like an : ;
octopus with a shell, swimming in the
sea; the walls between the chambers
had very complex shapes, only found in
Jurassic and Cretaceous ammonites.
This specimen is from Horn Park
Quarry, Beaminster, Dorset

| aa

20mm

Triassic Ceratites ceratite ammonoid; this lived
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. Ceratites are not
found in England

T }. { -& AR T
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 | Solitary rugose corals which lived
rooted in the sea floor. This specimen is
from the Peak District in Derbyshire.
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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
Devonian 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 Three Monograptus graptolites, each
with a single arm or stipe carrying a
colony of graptolite animals; floated in
the ocean. This example is from Wales.

Ordovician Didymograptus graptolite with two arms
or stipes. Each of the arms carried a
colony of small graptolite animals; the
colony floated in the ocean. Specimen
from South Wales

Cambrian Paradoxides trilobite; these lived on the
sea floor and were probably predators
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Box 3.2E. The Chronicles of Charnia

In 1956, when Tina Batty was fifteen, she visited a rock exposure in
Charnwood Forest near her home in Leicestershire. She found a fern-
like fossil. She knew the rocks were Precambrian in age and next day,
she told her geography teacher about the find. Her teacher replied
06There are no fossils in Precam
completely. Later Tina went back and made a pencil rubbing of the
fossil. Then when she returned the following year, the fossil had been
removed!

What had happened is that group of fifteen-year old schoolboys had

gone to the same place and found the same fossil. One of them, Roger

Mason, also took a rubbing of the fossil and showed it to his father,

who taught at the local university. He showed the rubbing to Trevor

Ford, a young geology lecturer, who was really puzzled. He knew that

the rocks were Precambrian and so should not contain fossils.

Nevertheless, he did visit the exposure later, and saw not only that

fossil but strange ring shapes as well. Ford had the fossil removed to

the nearby museum and wrote a scientific paper for the regional Charnia masoniin Leicester Museum
journal, the Proceedings of the Yorkshire Geological Society. This was i 15cm long
the first ever scientific account of a Precambrian fossil.

Although Tina wanted to study geology at school she was not allowed
to. But Roger did go on to study geology and became a geology
pr of essor . I n the 1970s Tina sp
programme with its o6finderd Rog
with a poem she had written about Charnia and her own story.
Eventually, at the 50t anniversary of the Charnia find, in 2007, Tina
was invited to the cel elbrar&teido .
Mason and Trevor Ford, as the anniversary speaker announced that
Charnia is 6probably one of the

Since then many more Precambrian fossils have been found and we
now know that Charnia and the ring markings are part of a large
assemblage of fossils from that time, around 560 million years ago. We
also know that the fossils must have been seen even earlier, because
the rock exposure is part of a (q
guarryao.
What Charnia may have looked like
when alive

This box is named after the f amc
book series, @he Chronicles of Narniad Chris King

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 isthe firstper i od of t mied dMle BsEvazand wadnanded by Freidrich von
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 Point
there is a series of fossiliferous beds of the correct age, where the exact position of the boundary can be
found. A 6golden spiked is placed at that point

The 0gol ofarthe betipin &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 Jur assi cl deerr isopdi)k ehéa sati tK
of Austria, where the ammonite Psiloceras spelae tirolicum is first found.

The 6gol den spiked bronze mar ker at dassicPeriodi withe plasero |
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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