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Introduction
We inhal.it rr u'onrlerfirl planct. \i7c are ftrrtrrnatc if ."vc can take the tirnc to
mirnu-el at its hcarrt1,, gilzc in rruc rrt its rnrrjcsty rrnd be thankfirl for thc gifts
it lrtings. RLrt lirr tn,rst of otrr lrLrsy lives, wc scurry about on the surfircc'anrl
forget t',r't, irnportirnt .limensior-rs: dcpth un.l time. ln thrs b,rok, l hops 1tl

reruintl us of those tirrgotten clinrensions.

(lonsi.ler'firr r urorrrcnt rvhat lies beneath 1'our leet - not just the tjrr-niliar
earth lntl lock of thc surfitcc lavt'r's, b,.rt dcep d,ru'n. As ckrse t() v()u n()\y as

the .listar-rcc man\' ..rf Lls c()lnn)r.rtc ever)r rla), lies a place lr() ()1te l'ras visitccl
i\nll conaliti()ns ,lf tcml-reraturc and pressLlre rve ciln scarcelf im:rgine. Trlvcl
less tliiu-r thc.listirncc of a triursltllntic {light an,-l 1'ou urtrl.l fin,-l lotuself
in an incar-rrlcscent i.r'..rr1.l of nioltcu ntetal. The E:,rrtl'r is ntrt jssg sirting
thcre lik. rr I'1,,.k trl rrrrtrrt'tr'urrititrg t,rl'tr: t,r ulrlk I'il{)\cr it. It i. lr livirrg,
ilynanric pllnet. Soli,.l rocks 21re on the rDove as cnntinents drift, r'olc:rnoes
c'rupt an.1 thc vrst, clcep mmrtle skrwlv chrrrns. Neithcr ilre thc r()cks

l.cl,rrv thc srrrtuce inurruuc from tht- fr()cesses goine on above thcm. Watcr,
air rrntl life itsclf lre ilr c()nst2tnt d1'n2,t-tt. intcraction u'itl'r thc geoltrgy.

Witl-r,rut ()ccirns, u'c rlorrlcl not havc c()ntilrellts. WithoLrr 1ifc, u'e u',rukl
no[ hlrvc ()ur iltln()sphcre r.,r ,r clirnate in $'hich wc ct,ultl lil'c. Thc r-Lrtu[al

c-vcles of otrr l'rlirnet hrn'e supFollg.l lifc fix hilh,rns of ycirrs. !y'c intertere
u'ith them irt our pcril.

Thc othcr .lirnension ,rpene.l up through understilncling the pr()cerses at
u'olk in our planet is thc rlimcrrsion of tirne. Not just tirne as in iunchtime
()r e\rc'n lifctinie , bLrt tlecp tinre. Ir takes a rrrrlical ch:rnge rn thc way ,ulc

think inr.rr.icr t.r get ()Llr ntinils arouncl time u-hcn it is meusLrrerl in tcns
:rn.l htmclrecls of millions of yeirrs, brrt ti'rat is wh:rt \r'e rnust clo if n'c are

[o understttnt] our hornc. Once we have nradc that charrge, \\:c stilrt t()
realize that every,-luy pr()cesses exten.led ovel rlecp tirne crrn buikl iurrl

t1estnry lrrountilin ranges, ()pen up ()ccillls an,.l split continents irpirrt. Deep

tinre clrt'r crcirtc nt:w sfecies or rlrive thcrn to become extilrct. Or-rr htrman
cxistencc scarcely rcgisters as one tick on thc clock face of dcep tirnc ar-rd

1-ct ri'c havc alrerr.lv cl-nnge.l the planct bcl'1lp.1 recognititrr-r. Pcrhirps if ric
c()rne tr) un.lerstirn.l it better, il'e r','ill treat orrr $'orlcl rnt,rc kinillv.



Birth of Earth
We are all made of stardust. The primordial hydrogen and
helium created in the Big Bang 13.7 billion years ago has
been cooked in the nuclear furnaces of generations of stars to
produce the carbon, oxygen and nitrogen of our bodies; and
the silicon, aluminium, magnesium, iron and all the rest of the
elements that make up our planet.

Stardust memories Stars she.l their outer layers towards rhe end
of their lives. Mirssive stars cirn no L,ngs1 support their orvn weight anil
thel' collapse, triggering a supcrnovil cxplosion th:rt scatters their asl-res in
great clotr.ls of clust and molecules. It was out of such a ckrud that our solar
s)'steln r.r'as born. Every moiecule in your l.,rdy coutains elernents that were

cooked in stars. Every atom of golcl in the ring on your finger wirs crcatecl

in a supemov:t.

The prcser-rce of tlecay trtroducts of sh,-rrt-lived raclitractive isotopes in
irncient lneteorites suggests that these elements had their ongins in a

nearby supern()va explt-,sion not long before the srtlar system fcrrmed.

Incleed, it may have been such an explosion that triggered the initial
collapse of the s,rlar nebula.

Accretion As the gas and dust wcre drawn towards the centre where
the Sun woulcl eventuillly fcrnn, angular molnenturl-r in the gently rotating
nebula would have flattened the material out into a disc. For a long time
that rvas just theory, but now powerfirl telescc,pes crrn see it happening
in other stellar r-rurseries. For example, the star Beta Pictoris h:rs a clearly

Possible supernova
explosion; solar nebula
begins to contract

Age of chondrules in
meteorites, the first solids
in the solar system

Proto-Earth reaches
the size where melting
begins and the core
separates out

Formation of the Moon



ca-lch a, fa((,ng s-lar
The first solid grains to form in the young solar nebula were

chondrules. These are roughly spherical grains of silicate

rock, ranging from a fraction of a millimetre to a centimetre
in diameter. They appear to have formed as molten droplets
when silicate dust was heated to around 1,500 degrees Celsius,

presumably close to the new Sun or perhaps by radioactivity.
They are found today in about B0 per cent of all the meteorites

that land on Earth and can be dated with amazing accuracy. At
4,567 million years old (give or take 0.5 million years), they are

the oldest things in the solar system.

visible disc of ilust and rocky grains around it, whicl'r could be fcrnning

into planets right now. The detection of so-called exoplanets around
()\'er a thousand other stars suggcsts that plane'tary fbrmation frequently
irccompanies starl',irth.

It is generally agreecl that the planets in our solar system huilt up by ir

process callecl irccretiorr, with sma[1 grains irr.rmping into trne another
anll collecting tngether. The lirst part of thilt lrrocess is the h:rrclest ttt
un.lerstand, as therL'w.rulcl he little gravity to hold the clumps together
and collisions rvould tencl to break them up :rgain. It is possible that
concentrations of grains mar,, bgh.It..' like a kinetic liquid, holding
together an.l .rnly occasionally gaining ennugl-r energy to 'splirsh' out
of tl're cluster. If the relative velocities of the grains were slow enough,

thcy would begin to stick together. C)nce they had reached the size

of a few rnetres in diameter, gravity rvould take over, drau'ing more and

more rnaterial t..rgether.

Oldest mineral grain from
Apollo lunar samples

Oldest mineral grain on
Earth. Possible evidence
of water

Oldest surviving rock
on Earth, possibly from
a deep sea vent, from
Hudson Bay in Canada

Oldest surviving
sediments from
Greenland

ffi, I



S-la((ar a(cher\^\g
Stars are nuclear furnaces. Like hydrogen bombs, they convert the

most abundant elements in the universe, hydrogen and helium, into

heavier elements, in the process releasing the energy that makes

stars shine. Ordinary stars produce the elements of life - including
carbon, nitrogen, oxygen - and those that make up the bulk of
the Earth - such as sodium, potassium, calcium, aluminium and

silicon. As a star ages, it sheds these elements off into space. Some
stars produce so much carbon that they are surrounded by clouds

of soot. The endpoint in that sequence is iron. To make anything
heavier requires more energy than it releases. So, when the heart

of a massive star has turned to iron, nuclear fusion stops. The star

can no longer support its great mass and it collapses, triggering an

incredible explosion that blows the star apart and creates the full
range of heavy elements right the way down to uranium.

Separation Gravitationr,rl energy, t[-re heat of r:rditrrrctir,e .lcc,rv anrl
the ent'rgy relc:rse,'l by the impacts of collisions rvould l'r:rve led to rneltinu,
cvcntually enablir-rg thc heavicst elements such as iron ancl nickcl to sirrk
.lown ancl firrn :r core in :r botlv thirt is nou' rotrghly spherical ancl 1.g1hxp5
tcns ()r hr-rntlrctls of kiltrrnetrcs in c{iirrneter. That bocl1, wou[.1 continue
to rno| up rcrnirining tfust :rnd lirrgcr fragmcnts trr firrrn a srnallcr nLnnbcr

of plotopl:urcts. (lrllisions betu'ecn thesc u'oul.l be less treqr.rent llrt
rnorc violct'rt.

The wind from the Sun Thc fonnation of the Sun prohablv only
took,rbout 10,000 years, by u'hich foint enougir nlatter hatl heen srluirshcd
together so thirt it rcachecl the tempcr:rt,.rrcs neetlctl for nuclear fusion to
hegin and thr Sr-rn t() stilrt to shinc. Tl-rat resulrctl in zr strorrg solirr rvin.'l



of |articlcs ltlowing ()ut throLlgh the young s()lilr systerD. It u'or,rlcl hirve
strippr'.{ awuy any carly iltur()spherc oihyclrogen irntl heliurl fiorn thc
E:rrth, lcur,ing the. ruorc rcsisrirnt rocks of tl'rc plirr-rct. Thc l.ulk of thc gas

c,rllcctc.l fulther out to form thc gi:lnt girs pl;111s15, Jupitel antl Saturn.
Vrlirti[c lni]tcrial sttch as ll)ethrule irntl rr,'nter c,rncleusctl cven tirrther out.
firrnting the icy bodies ,rf thc or-rter solar systclr: rlwnrf plancts such ls
Pluto, rcc m(x)r1s, Kuiper l.clt ohlccts antl corncts.

A new planet C)rrr 1'1.r11nt Earth c,,t'ttinled t() gr()w. Thc intelior
u'as pr,rh,rl.l1' n()w tn()stl). rnolten, u,ith an iron core sulrorrndcrl hy the

|rin)itile silic:rtc m:ntle. Once it h:rd gn,."ln to about 40 pcr ctnt of
its preseut rnass, glavitl'u',rrrl,l have'helped it to rctirin irn iltmosflterc,
rvhile ir llllgrletic fie1.1 gcncr:rte.l in the corc migl-rt hilvc pr()tccterl it b\,'

.lcflecting .solrrr purticlcs. Thlt fitst lrtmosphere Folral.ly consiste-cl rDr)stly
,rf uitrrrgen, crtrb(,r'r tlioxirlc lur.l \\'ate r' \,ul()ur.

As lr,e t'ill see ()\'cr thc next {e\\'l.age.s, thc accrctior-r pr()cess c()ntinue(1,

cr,rlmiuating in tlt lnirjor impact thirt ftrrmed the l\4oon. As tl-re 1'r.rung
Earth co,,lc.l, liquiJ ."vater ctrul.l cxist olt the surirrcc. S,rrne .rf thc wrrrcr
virp()ur muy hirve bccn pr',rtlLrct'.l l,y thc plrrnct ils volcanic gases, lrut nrtrch
of ir pr.rbabll'fcll to EirrtI i;r icy c()qrcts, altmg r,i'ith tl're rocky tnaterirtl
frotn tnetcors antl lstcror.ls. lt is an accreti()11 froccss thnt continues in
a srn:rll way to this tlay. lt y,rtr go ()Lrt ()11 a clcar,.lark night, ynu lnay see

shtroting stars. Thesc nlete()rs are stnull gr:rins of sohcl nirteriirl burning u1.

it-i thc atmosphere bLrt r-rltirnatel-v hnding their rviry onto our plirnet. E:rch
is no bigger th:rn:r gririn,,f san.l or irt ln()st a grain of rice, br-rt bctwcen
theui they n.1.1 r-rp to ht'tu,cen 40,000 and 70,000 t()nnes cvery yearl

c()lrtnruilrg the process b1. ',r'hich our planet was born.



Our companion
Moon

When our planet was less than 20 million years old, it suffered
the most citastrophic event in its existence. Anotherplanet the
size of Mars craslied into it at around 301000 mph! The impact
melted the Earth, but it also gave us a companion that has
stabilized the seasons and opened the way to life: the Moon.

Over the years, there h:rs been tnttcl-r speculatitln about the origins tlf
the Moon. Reforc the theory of contincntal drilt was acceptecl, st)me

specul:rted th:rt the Moor-r hird somehtlw spun off from a bulge wherc

the P:rcilic Ocean now lies. C)thers proposed that it had becn formed

alongsicle the Earth by a sirnilar pfocess of accretion, or th:rt it was formt:,1

elsewhere and c2ptured in passing by the Earth's gravity. But ngnc of thcse

explanations quite litted with what we know about the Moon's orbit.

A chip offthe old block It w:rs only when the Apoll. astrc)nauts

visitedlhe Moon ancl brought back rock s:rmples th:rt the truth began tcr

d:rwn. The Mogn rocks had a very similar composition to volc:rnic basalts

and rnantle nrcks of the Earth. We werc mirde of the s:rme stufT.

Now, with the hclp of computer simulatitlns, scientists have a pretty gotld

irle:r what tnust have happened. Another protoplanet could have formcd in

a ss-called Lagrangian p6int ahe:rtl or behind our planet, so that it was irn

equal distirnce from both the Earth and the Sun. If it formed frtlm the s:lme

ring of material in the solar nebula, that would explain why it had the

Probable time of the
impact from which the
Moon originated

Oldest dated lunar
mineral grain

Oldest dated lunar
rock sample



sane c()nlposition as the Earth. As it grew, rhc orbit becirme unstable irnd it
cncled up on :r collision course with Earth. Th:it objcct ha.s becn cirllccl Thcia,
after a Titan of Greck n)ythol()gy, thc mother of Seline, the Moon godcless.

Cosmic crash Travelling at around 10 miles (1(r km) per second, Theia
woulcl have lotrmed in thc Earth's young sky tor sevcr:ri days, getting nearer

anll neirrcr. In the cntl, the irlpac.t u,as irll ovcr in a flrrsh. Within secrtu.ls,

supersonic r.r'intls strippecl arval' the Earth's atmosphere. Ahlost inst:rntly,
much of Thcia's m:rntle as r'"'c11 irs somc of the Earth's was vaporizecl irnd flung
into spircc. Most of Thcia's cl'nsc iron core krope,:l around the Earth ancl

irnpactetl a second time ttr rncrge with our own core. Tl-re rcst swept out int\)
spirce, dragging incirndesccnt strearrers of molten rock hehincl it. All of that
lnust have happenctl in lborrt 24 hours. Vieu,ecl fronr a safe clistance, it woulcl

have becn an increclihle sight.

Gradually, most ()f the m'ltcrial feI L.ack to Earth, but enough remained

in orbit in an incilndesccnt riug around the Earth's equator. As it cooled,

it conclensecl into i.articlc's, u'hicl'r congetrled together over the next few

clccacles to fonn the lVloon. S.rrne of the surpriscs in the cornposition of Moon
mcks returned hy thc Apollo missions can be explirined if those rocks hacl

corrJertreJ fr,rm silrclt.'\'il[a()ur in I vactrunt.

EUGTNE SH(IEMIIGR 1928-S7
Gene Shoemaker (1928-97I was a pioneering lunar geologist. He studied

Meteor Crater in Arizona and used it to show that most of the craters on

the Moon were caused by impacts, not volcanoes. He hoped to become an

astronaut himself, but was disqualified for medical reasons. He nonetheless

played an important part in selecting the Apollo landing sites and training

the astronauts. Following his death in a car crash, some of his ashes were

placed aboard Lunar Prospector and delivered to the Moon in 1999.

Heavy bombardment
created the maria basins

Lunar core freezes.
Lunar magnetic field
turns off

Last big basalt
eruption in the
maria basins
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6It suddenly strrrek me
that that tiny pG&, pretty
a,rrd blue, was the Earth.

I put up my thumb and
shut one eye, a^rrd my

thumb blotted out the
planet Earth. I didn't feel

like a gia,nt. I felt very,
very small.F

Second moon lt is l.rossiblc t1.rat not :rll thc cjectetl tnaterial was

collectccl tpicklv into a single tlottn. There irrc sr-tggestions thirt ll sect)ntl

1199r], utr()ut 1,000 kilomctres (621 uriles) ircrclss, rvtls ftrrmctl at thc saurc

tirne antl continue.tl to orbit the Earth firr severirl million ycnrs l',cfirre

cventuirlly rncrgit-tg into our Moon in a re lativcly gentlc irnpact. lf that
irnplct \\'1s on'"v['rat is nprv thc far sidc 9f tfie M99n, t[irt pigl-rt cxplain

why the cnrst therc is aboLrt 50 kilornetres (11 niiles) thicker thln ou

thc ncar si.lc an.l u'hy there arc cliffercnces in cotlposition bctu'een thc

two sitles of the Moon.

As tl-rc crust of the Mtron l.egun t., soli.lify, certain elemcuts u'ou1t] havc

been leit in the rnoltcn uratcrial sancl',vicl-re.l bctween the crust irt-r,,1 thc

mantle. Tl-rese inclutled high qtr;urtities of potrtssittm (K), R:rre Ealth

Elencr-rts:rncl ph..rsphorLrs (P), lcttling tl'ris to becotne knor'r'n as KREEP-

rich rlirgntt. Accretittn of anothcr stnilll tnoon onttl the far sitle tlf or.rr

rtrvn Moorr u,,rr-rkl havc sclueezetl thirt molten laycr trrountl ttl tl-re other

sirle, cirusit.tg thc neirr siclc of the Moon to be pirrticulally rich ir-r thc

KRE.EP cletnents.

Short days, brilliant nights Theia's glancing blor'v to thc Eirrtl'r

u,or-rlcl havc uurde our plar-ret spin f:rstcr. l)a-v lcrrgtl-r ftrllou'ir-rg the c,r1lisi,,rr

wus on11, ahout {rvc hours irncl htrs bccn getting steatlily longer cver sincc.

Thc neu,horn Moon woulcl irlso have bcen rnuch closer to tl-re Eirrtll,

af|caring:rbotrt 15 tirnes biggcr in tl-rc sky - a spectacullr sight if yotr had

l',ecn able to stirncl on the Earth's glo"ving, volcitnic surf:rce. Thc Moon's
tirli,rl cffects rvoultl havc beer.r far

grcirter thar-r totlay, though thcre
\\'efL'n(r o(r'.lll5 trr tla"t att.a
theur. Brrt there wotrld hnvc been

rnirssir.'e E:rrth titles in the molten
lr1ilgmir bcnc:rth thc surfacc,

pr'rhlr1.s illt re ;t:tng vr rli;1111.'

activity crlch tirne the Moon

1-rasse.l overhea.l.

Ever since, thc Moon has [.een

getting gradr-ral1y firrthcr il\\'|ay i:ts

tl-re tides sap its orbital cnerg\'.$tlgif; SrmmEr*mnffi
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Prospac'l,n3 for ^o,ier
Following the Apollo space programme, there was a long gap in

lunar exploration. But more recently, several unmanned craft have

returned to the Moon, and one of their priorities is to look for water.

Lunar Prospector detected abundant hydrogen around both the lunar

poles, leading to suggestions that it could be in the form of water ice

in shady craters. ln 2009, the US LCROSS probe crashed into a crater

near the South Pole, producing a plume of ejecta that, while not as

spectacular as anticipated, contained an estimated 155 kg (3a2 lb)

of water ice in fine crystals. The lndian Chandrayaan 1 probe used

radar to detect ice beneath the surface near the North Pole. These

discoveries could be important, as they could supply rocket fuel for

future missions and perhaps water for settlers'

Withirl it ieu' millior-r years, titlirl forccs lttckc.l tfie Moon so thilt ()nc sicle

lhvays points trt,nvrrcls t['re Earth. Lascr measurelnents using reflectors lefr

()n rhe M(x)n by thc Apoll() rrstronauts show thlt totlay thc Moon is still

noving ilr'r':ry fr-on-r us at 3.8 centimctl es (1 1/z in) a year.

Destroyer and protector It is pe1;5i|.,1" that prrmitivc life hatl

alrea.ly giit-t".1 a t,rchold,rn Eirrth bcfirre thc cataclystnic c..rllision. If so, it
r,,'as cornplctely annihilatcil ar-r.l tl-icre tnust hllve bcer-r cluite a rv:lit betirtc

volcanic entpti()tts and itrrpacting icy cotlrets rcplenisl-rctl the iltlnosphcre

lrn.l occlrr-rs. But it lr,ns \v()rth thc biltl'r pains nntl thc ..lelay. Without the

Mogn, n11t only u,oul.l u,e lirck the titlcs, blrt also thc Eartl-r's roti'ttion axis

g,r,llcl bc lnstirble it migl-rt h:1'e flippcd at irregr.tlar inten'aLs, perhirps

peinting one p,rle tLru,:rrds thc Sur-r ilnrl leaving half the wor1tl in clittkness.

Wc w',rul.l rrlso hin'c lost the rnost belLtrtiftrI object in the night sky.

!!i
,'t

l di,.i r':i ;. i:. . 'i
i i.l:i j I -,4 ,,r '.. . n"*,r-;\:- :1.j!
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Hell on Earth
For the first 700 million years of its life, planet Earth was
not a pleasant place to be. This has been called the Hadean
eon, named after Hades or hell. It was a time of terrible
bombardment by asteroids and constant volcanic eruptions. At
times, all or part of the Earthts surface was molten rnagmai a;rry

atmosphere *as stripped away and oceans vaporized. And yet
it is also the beginning of the world as we know it.

A brief history of the Moon The young solar system was still a

d:rngcrous placc :rround 4 billion years :rgo. As srnaller objects mergcd,

impacts became lcss frequent but morc violent. This is the cpisode known
as the l:rte heavy bombardment, which continucd until about J.B5 hillion
ye ars irgo. Traces of that bombardrncnt have long since be en wiped clean

from the face of the Earth, but ,rn the Moon they are stiil clearly visible.

It wirs the l:rte heavy bombardment that createcl the clirrk piltches we see

on the facc of the Mtxrn today. Thcse are the lunar se:rs, or maria. No ship

has ever sailcd thern, but they were once liquid - liquid lava. They were

c:rused by huge eruptions of basalt mi:lgma ir-rto the vast hasins created by

the bornbardment. They offerecl a relativcly flat surface on which the hrst

Apollo landers could to,.rch down. The samples thcy returnecl were ancicnt

by Earth's standards. Even the youngest Moon rocks dated, from lava flows

in thc maria, arc still 1.1 billion years old. The dry, airless lunirr surface has

prescrved featurcs far older than any that surt'ive ttn Earth.

Possible age of the
Nuvvuagittuq greenstone
rocks

Earth's crust began to solidify Oldest mineral grain dated
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Ancient surface The pnler areirs around the rnaria :rnd across most
of the far side of the Moon are the lunar highlands, the oldest rocks
on the Moon :rnrl oldcr than any on Earth. Many have been shirtterecl
and altered by l:rter irnpacts, but nmong tl'rern remain areas of p:rle rock
that are thc rcmnants of the Moon's prirnorclial crust. The Apo1lo 15

astronauts founrl a piece and called it thc Genesis rock. it is ir rock type
cirllecl anorthosite, which probably fcrrrned as cryst:rls grew in molten
mirgma. It turnecl out to bc just 4.1 billion ye:rrs old - younger rhan
expcctcd. Sarnples returnecl by Apollo 16 give ages of 4.36 billion
years, but that too is younger than expected for the oldcst lunirr crust.
The oldest rniner:rl gr:rin from the Moon to have been datecl is a zircon
crystal 4.42 billion yc:rrs old.

Tha firs-t- roc:K?
Once the snow melts in the remote tundra on the eastern shore of
Hudson Bay in northern Ou6bec, rocky outcrops are easily visible.
Some of them are very ancient. Don Francis and Jonathan O'Neill
from McGill University were hoping to find rocks as old as 3.8 billion
years in what is known as the Nuvvuagittuq greenstone belt. But
when scientists at the Carnegie lnstitute applied the latest dating
techniques, they came back with the figure of up to 4.28 billion
years! These are the oldest rocks yet identified, dating back to the
Hadean period. Most of the exposure is of altered volcanic rocks, bul
there are also layers known as banded ironstone - rocks produced

near to underwater hydrothermal vents, arguably requiring the
presence of living bacteria.

End of the late heavy
bombardment and the
Hadean period

Age of the Acasta gneiss
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SDriven by the forees of love, the
fragments of ttre world seek eactr
other so that the world maY eome

to being.S

$}ilse-r*s* Tmfr $lt**"s$ stm {}ft mp#*tn

Riches from heaven Althotrgh thc it.trt:rct crirters that lnLrst hir'e
bccn producc.l on E:,Lrth l.), tl-rc l:rte hsnl'y botrtbarcluretlt l-r:tve lor-rg

sincc vanishcd, the chcrriical signattrre of that episotle reurrlitts. Whcn
thc rrietallic iron corc of tl're Earth separirted ottt, it took r."'ith it most

,rf thc hctrr'-v mctals thirt :rre liighly soluble in irou alrollg tl'rem golcl,

platir-rurn an.l tLtr-rgsten. Convenicntly, t,-n-rgsteu c()lltts ill ftto tirrllt: or

i s'l'; t'l';pe s : t'l .gs t e rr - i 84 

:ll: l,',Li':i.il1 
j I lil"l,m l:il il,l:,:lll: "

tnrnr the urilntlc; after th:rt, the only terrcstrial
source woul.l h:rve l.ccn tl're .le c:ry of :r

raclioitctive eletncnt c-.aIlccl haf ltitrm,
l-rut that pnrduces onlv tungstcn-182.

The olclcst rocks ott Eirrtl-r irrc

indee.l cnricl-retl ir-r tungstcr-r- 182.

BLrt .rll I'rtcr ti,t k. r,rllt;lill lll()rc
tungstcn- I E4. Thc inrplicittiorr is

that it mtrst havc coure frotu tl're

sky in tneteorites tltrling the late

l-rcavy b,.t'. l.urcltnent. With thc
tLll-rgsten lr'(rulcl hitve cotne llntost

all the g..,l.l :rntl platinr-rm th:rt rre

lnine t()Jiry.

Mars sized Theia crashes into the younq Earth,
vaporizing a cloud of rock which forms the Moon
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The firs-f cont,n ent?
A three-hour flight by floatplane north of Yellowknife in the
Canadian Arctic takes you to a region known as Acasta. The only
sign of human life there is a smallshed where geologists store
their tools. Above the door is a sign: 'Acasta City Hall. Founded
4.03 Ga.' Until the Nuvvuagittuq rocks were dated, this was
thought to be the oldest place on Earth. The rocks here are highly
altered through long and deep burial in the roots of a continent
that has now eroded away.

The oldest thing on Earth Lrttle strrvives on rhc surf:rce of rhe
Earth frorn tl-re Harlc:u-r periorl, anrl tl're feu,rocks that do:rrc, t() gse a r1()t

very tcchnical term, tLrharitic; tl'rat is, ftrulcrl u1, l.ey,,n.l :rll lccognitionl
One cxccptiot"t to tl-iis is it nrincral callerl zircon. ThoLigh nonnally fotrncl
rtnly in tit-r1r c1y51t lt tl-re si:e rrf graius,rf siln.1, zirL()n.\ crilt srlrViVc rcpcltte(l
rnelting of t1-rc rocks irroun.l them, ri,ith the recortl of wl'rere thcy lirst
frrrrne.l rernirining intact. Thc oldest zircon ever foun.l cornes fi'om :r
j billion-year-..rlcl c,l-rgl,rrne ratc of olcler grains antl 1.,chblcs in the f ack
Hill-s region of \Tcsren] Austr':rlia. TI.re corc of th:rt crysurl is 4.4 hillion
y.curs,rlcl. Therc lrrc also clucs inun the r:rtio of ()xygcn isotopes in thc
cr)rst'.1 tl'rat it nlry have fornrcrl in the prcscnce of lirluitl \\'ater, suggcsting
that :rt lc:rst s,rurc pllrts ()f the planct u'ere cool enorrgh for water trr
condensc- lf fh:lt filne.
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The dating
game

One of the first things people ask about a rock or fossil is
6IIow old is it?t Until about the middle of the last century, no
one knew the answer for sure. But today there are remarkably
accurate techniques for dating rocks and even figuring out the
ultimate date - the age of the Earth itself.

6ff one is
suffieiently

favish
witJr timc,

ever5rthing
pmihle

ha.plrens.!
Henodotus

Biblical date People h:rve heen trying to determine the age of thc Earth
frrr centuries, l.trt the early attempts rvere r,ia theologv rather than science.
In 1654 Bishop Jamcs Ussher, primate of all Irelanrl, publishecl iln estirnate
bnsed on very detaiietl anulysis of the scriptures, working back through the
generations of prophets to Adarn. The datc he arrive.l irt fbr creation rvas

4004 nc on 22 October at six in the eveningl

Scientific guesswork By the mid-l9th cenrur),, geologists ancl

biologists re:rlized that they necded to allow a krt rnore than 6,000 years for
all the g,r.rccsses ,rf tl're past. Sonie krokecl trt the rate at which sediments are

carried clown rivers and depositecl, :rnd extrapolated fiom that to calculate
the total depth of sedilnent:lrv roclis. Others lo.,ked 2rt the salinity.rf the
oceans and the rate at which sirlt is cirrried down to the sea in rivers. The
eminent physicist Lord Kclvir.r irssurned that the Eirrth was rnolten at its
formation and calculated the ratc at which it woukl havc cooled. He arrived
irt the ligure of 98 rnillion years and, even though his estinliltes vrlrierl
between 20 million and 400 rnillion, th:rt ligure was r.r'idely accepted.

half-lluss ul tl$sd l0r da{iar

5,730 years 704 million years 4,469 million years 14,010 million years
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ARTHUR H(ILMES 18SO-1985

lf any one individual can be said to have won the dating game, it is
Arthur Holmes. He persisted with radiometric dating after others had

given up.This was before the half-life of radioactive elements was

well known, before the invention of mass spectrometers and before

anyone realized the importance of different isotopes. Holmes was

using painstaking wet chemistry to determine the abundance of trace

elements in a rock. And yet his dates for the main geological periods

were remarkably accurate. ln 1913 he published a booklet titled lhe
Age of the Earth, an age he estimated to be 1.6 billion years. He later

revised that figure using meteorites, first to 3.5 billion and then to 4.5

billion - the value that is accepted to this day.

Radioactive clock In 1902, Ernest Ruthcrfcrrc'l re:rlized that:rs
r:rdio:rctivc clcments clcc:ry :rt :r constant rate, this might bc usccl :rs :r

clock to d:rte rocks. Ratlio:rctivity produces alpha particles, which ilre the
nuclei of helium atolns, so Rutherford guessecl that a metrsurement of the
heliurn accumulated in a rock might reveal its trge. He didn't unclerstirnd
the liner cletails: for instance, he dicln't realize that helium might escape

from the rock. He later revisec'l his first estimate of 40 million years tc)

500 rnillion years.

It was Arthur Holmes \.'ho turned radiornetric clating into a precise

science, mcasuring the h:rlf-1ives of radioactive atoms - the tirne it takes

for half of a sample to decay - and working out thc complex sequence of
decays that turn uraniurn into le:-rd. We now know th:rt thcrc arc two
types of uraniurn atorn: uranium-238 and uranium-235, which dcc:ry into
lead-206 and le:rd-207 respectively, giving two indcpendent checks on
the date.

106,000 million years11,930 million years 48,800 million years



18

SBecause the pathway
flom ura,nium to lead uras
partieularly eomplicated,

others had aba.ndoned their
researelres, lea.ving the 21

year old researctr student to
beeome ttre world authority on

a technique that was finally
to provide the pla,net with

its authentic, scientifieally
determined birthday.S

Weighing atoms lt took ArthLrr
Hohnes scr,crirl tn,rnths to nrakc his first
clate estilrratc-r. Tirtla), rocks can l,c clated

in lninutes, rhar-rks to a machine crllccl
:l lnass spectr()1neter. Tiny sarnp,lels are

vr,rporizeti :rntl electrons :ire strippetl ,rfT tl-rc

at()rns so th:rt they c:rn [',e accclcrirtet'l antl

.lefl ec ted to cl iff elcnt .letect,,rs, ilepen.ling
on their mirss. lt tnc:us thirt cach istttopc

is weighecl - ()r everl c()LlnteLl - itt()ln

by irtorn.

Tree rings and carbon
ffi*hsrt fUlttit' illlm*S 0n Arthun Holmes Archaeol,,glcal tlirres up r. :rb.ur

60,000 yeirrs irgo cirn bc calcLrlatc.l hy

neusurir-rg curbon-14. This isotopc is tn:rde by the action of cosmic rit)'\ ()1I

cirrbon in thc irtrnospl-rerc. C)nce it is incorpomte(l into living flants antl

anirnrlls, proclttction st,rps:lntl the c:rrbon-14 clccitys with a halt-lifc of
i,/ 30 yc;trr. M,'Jerrr inrlrrrrrrcnf. clllt tlc:lsurc ,l{c> uf t() l(tt tiln!s rlrc lr,rll-

lifc, trfter rvhich to,r little remains to rneasllre.

But tl'rc costttic r:'ry flr:x has not l-,een cttnstant. Fortunatcly, n:rttrrc hns

providccl rr calibration chirrt in the fil'ni of tree rings. Each growtl-r riug in
a tree trunk corrcspontls to ll speci{ic ycirr. Using overlapping seLlltcllccs

of rir-rgs, t1-re recortl c:rn extencl back thor-rsands of yeirrs t() trces prescrve.l

in b6ss. Eacl-r ring ctrn be c:rrl',on rlirted. Tl're resr-r1tir.rg u'iggling cttrvc hirs

recal ibrtrtecl c :rrbon clnt ing ri'i tl-r grcat ilcctlr:lcy.

Eternity in a grain of sand Thcrc are now miury clating techniques

aviiil:rble to :trchaeologists and ge okrgtsts. C)ne of thetn can re veal n'herl a

htrricr'l grain..rf slncl l:rst saw thc light of cl:ry. lt is called optic:rlly stitntrlatecl

lupilescencc, or OSL. Natuml rirdioactivity cattscs clatnagc ir-r tl-re crystal

lattice of rnincral gr:rins. Tl'rat clatnage is heirlet'l by 1ight, r.r'hich rclcases

cnergy frorn the crystrrl latticc :rs a glou'. So, if a sarnplc is kept in rl:rrkncss

Lrltil it is ir-rside the instrlulent irncl then exf()sed to t brief fl:rsh of lascr

light, thc resultins glrrv is it lneirsurc of hor.v long it h:rs beer-r bLrried.
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C(ues rn a crgs-la(
Zircon (zirconium silicate) is a popular

semiprecious stone. But it is even more popular

among geologists studying the ancient Earth.

Its crystal lattice is such that uranium atoms are

easily trapped within it, but lead is not. So the

formation of the crystal from molten magma

sets the radioactive clock ticking and the

build-up of lead from the decay of the uranium
gives a surprisingly accurate age. Better still,
once formed, zircon crystals are incredibly

resistant. The rocks around them can be

folded, fractured, buried and even remelted,

but the zircon will endure. Different
zones of a zircon can give different dates

from the history of the crystal. The mass

spectrometers used to measure them are so

sensitive that up to 100 different samples

can be taken from a single zircon the size of
a grain of sand.

Dating mountains Datirrg tecl'rnrcpes reve:rl rn:rny things heyond
the sirnplc agc of rocks. They l'rave been uscd to tr:rck thc prehistoric
rnigratior-r of our human anccstors. Tl-rey htrve been trsed to rlatc climiltc
change and risir-rg sea levels. For cx:lrnple, uraniurn dissolves in sca rvatcr
and c:ur becorne trappecl in cor:rl :rs it grows. Coral irlr,v:rys gnrws in
shirll.ru,water, s() clate the cor:rl antl you knou.when sea level n'as at
about that height.

Different rliner:rls crystiillizc at .liffcrer-rt telnperatrlres, s() y()Ll c:ur '"vork
()Lrt thcr tclnpeftrture historv of a rock fr(.rm tl're rnineral grains rvithin it.
For cxarriplc, zilcon in Himalayan gr:rnitc crystallizes at more thilll
E00 .legrees Cclsir-rs, corresponding to tlepths in t1-rc carth of perl'raps
l8 kilonretres (9,843 fatl-rorns). But rnuscovite micir forms :rt c()oler
telnlremtrlres antl tl-rcrcfore shalkrrver cIe1-rths. An lrgc clifTerence of or-rly

2 nrillior-r years u,itl'rin thr same granite slrggcsts :r vcry r:rpicl uplift of the
HinurLry:rs arountl 20 rnillion )rears irg().

i"
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A tale of three
pla,nets

Our planeto the third rock from the Sun, is a tGoldilockst world;
one that is 6just right'for life as we know it. But why should
that be and why should the second and fourth rocks - Venus
and Mars - have turned out to be so different? Can we learn
from their mistakes?

Ugly sister Named irfter thc goddess of love, Venus is a be:rutiftrl
pl:rnet when scen from Earth, chasing the Sun as the morning or evening

star. But what we i'rrc seeing are thc blueish-whiic clouLl tL)ls at cr)lnparable

prcssures and temperatures to those on Earth. The reality is very different.
Those clor-rds:rrc made of sulphuric acid droplets and the planet's torturecl

surface, 50 krn (11 rniles) bcneath them, cxperiences prcssures 90 timcs
greater than on Earth and temperatures high enough ttt rnelt lead.

In rnany wirys, Venus is Earth's sister, being about the s:rme size and density
and born at thc same tirne with the same cotnposition. But a different
upbringing has turned Venus into the evil twin. If you wcre t() take all
the accumulated limestone, chalk and coal on the Earth and vapttrize it,
you would end up with a carbon clioxide-rich atmosphere very similar tcr

that 0n Venus. He:rt causes evaporation and water vapour is :l powerful
greenhouse gas, trapping heat and causing more evaporation. If you were

to tow our planet just th:rt little bit nearer the Sun and let the clirnate

stabilize, you would lind thtrt it cor,rld not do so until all the occ:rns had

boiled away. That is very probably what happened on Venus. Ti.rday, there

First (USSR) attempl
to launch a Mars
probe (failed)

Mariner 9 (USA)
is the first craft to
orbit Mars

Venera 9 and 10
{USSR) take first
pictures of the
surface of Venus

Viking2andl{USA)
land on Mars
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is very little rvatcr lcft even in its :lrmosfhere, as sunlight has split it inttr
hydrogen and oxygcn; t1're hydrogen has escaped inro sl.race and the oxygclr
has reacted with rocks.

The big qucstion is: coulcl it happen herel Tl-re answer is probably not
at the momcnt, cven with the l:rrge i:Lnounts of carbon dioxide we :rre
releasing into the atrnosphere. Rut in :,lnother billion ye:rrs or so, as the
sun gro\\rs wirnner, it corrlcl he a real thrcat to our descendants.

Geology without water Ceokrgically, Venus looks r:rthcr sirnilar tr-r

Earth. Granted thcre iire nL) ()cczlns r)r vL.gctatir)n, but thcrc are volcanoes,
irnpact craters, nuruntain ranges ancl cr:rcks or firult lincs. However, the
faults and volcanocs :rre spread rtrndomly over the surface. Thcy do not
follorv the lir-res of plirte boundaries. And the in-ipact craters are evenly
spreird too, suggesting thirt thc rvhole of Venus's surfirce is about the same

age. That age is :rbout 600 niillion yeurs, relatively young cornpared to thc
surface of Mars, the Moon or Mcrcurv.

bri((,ng for l\artrans
lf life still exists on Mars, it is most likely
to be found beneath the surface. Perhaps

there are bacteria, warmed by hydrothermal
systems and living off the chemical energy
of sulphide minerals. That is why in 2005

NASA scientists drilled a hole near the Rio

llnto (red river) in south-west Spain. This
is no ordinary river. As its name implies,

the water runs red with dissolved iron and

other minerals. They are released by the

activity of bacteria beneath the surface,

which make the water highly acidic. Not

only is this an analogue for possible life
on Mars, the project also tested a remote-

controlled drill that might one day be

used on Mars to search underground for
traces of life.

Magellan (USA)
Orbiter maps
Venus with radar

Mars Express
(Europe) in orbit.
Beagle 2 (UK) fails
to call home

Spirit and
Opportunity rovers
(USA) arrive and
end u re

Venus Express
(Europe) in orbit
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Thc explirnation rnay lic in the wiry in which Venr-rs loses intcrni'Ll

heat. On t1-rc Earth that process is accornplished by plate tect(xlics. H()t

y()lc:rn,rcs creittc new crtrst, whilc old, c61.1 crr-tst tliyes hack int() thc

planct. BLrt that proccss is lul.ricatecl hy water' C)r-r Venr.rs,'nyithgr.rt water, it

c,.r-r't l-r,,,1-,pcn. So thc intcn-ril1 tenperattlrc riscs ttl ir ptlint u'here Volcanoes

brcak.i.),,f ull ()\'er the pl:rnet, resurircir-rg ur(rst of it evcry 600 millior.r years

itt 
"1..'.t,t, 

rtl,tr ertlll ioItt.

Critical mass Mars is half tl're si:e .f Earth .n..l .nl1' n'"'icc tl're sizc

of our Moon. Ar-rcl that coulcl bc its trucloil-rg. Thc strriircc gravity is little

,n,er ir thirrl 9f th:rt on Earth, and thcre is no signiftcant nlilgnctic lielcl to

fr()tect thc top of the atln()sphcre frtltn the solsr r'i'in.l of chargecl pirrticles'

b,r r,,,-,'," g,,. rti.,l"cul"s, ngtirbiy water \/ilpotll, gct split ttlt itntl slo"r'ly

esc:rpe into spacc. There haYc becn estirnates thitt Uf trr 100 tt,nlrct,'f
Martian iittu,rspherc is lost to spilce cvery .1ay, evcn tt"1ay'

Atr-r]osphcric fressure on Mars is s9 lou, thirt, erren if it was rrhrlr.'e freezing,

lic.1r-ricl water c,lrul.1 only cxist today ir-r tl.re lgwcst vrlllevs. Elseu'he re, ice

,,r,oul.l turn tlircctly t() v:lp()Llf u'ithor-rt rnclting. Antl u'itl-ror-rt a thick

carl-,6r.r ciigxidc c6mfrrrt hl:rnket, it :rlr.r'ays is rvell belorv frceziug: typically

60 dcgrecs Cclsius belorv.

Foss'r( nar'frans?
ln 1996, a meteorite hit the headlines all over the world'

Found in 1984 in Antarctica, its composition showed

that it was from Mars. Tiny cracks contained carbonate,

implying deposition by water about 3.6 billion years

ago. But there were also chemical traces that, had they

been found on Earth, would be attributed to life There

were even structures scientists claimed were fossil

bacteria, though they are '100 times smaller than most

terrestrial bacteria. The jury is stillout on fossil life on

Mars, but the hunt goes on'
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The rivers of Mars Mars
clearly h:rsn't alrr'ays hccn so coltl
an.1 .lr1'. Space prgl.cs hlvc rnapperl
llt(rsl (rl lltc.rtrt:r.t ilt r'rtlrririfc
tlctail, rer,ealing cle ar cviclence
of running water in thc pnst. Brrt
most of it is priyfinf 11' n]orc than
I billion 1'eurs in tl-ie past. Morc
recent ex:lnrflcs may be tlue t()
Iocalrzetl hcntins of bLrrierl icc by
l'r ytl rothcrmal irc t i v i ty, res r-r ltir-rg ilr
l.rief flasl-r floo.'ls.

Sflle are all ... ehildren
of this universe. Not
just Earth, or Mars,
or this system, but
the whole grand
fireworks. And if
we are interested in
Mars at all, it is only
beea.use we uronder
over orrr pa,st and
worrlr teffibly about
our possible firture.S

In its f i.l11111, hou'cvcr, Mitrs seetns

rtr lravc h:rrl river-s, Lrkcs an.l ffiXp ffix'*l$hfiif,g, Mars and the Mind of Man,1g73

1'r'rli;tp: \'\'ctt ()Cc;tll). Lltrgt :trt':tr tn
thc northcrn l'rerlispl-rcrc :rre :lt kru' eler':rtion irncl have rnirny fc:rtures ir-r

c()rrrln()n u'ith the occan floor or-r E:rrth. So rvhere did all thc w:lter goJ It is

likcly that rnucl'r of it cscapecl into spacc, but there coultl irlso 1.e very l:rrge
tplr-rtitics still present ns icc beneirth the strrface.

Is there life on Mars? Titliry, Mirrs aptrre:rrs lifc1css. It is certainly
not inh:rbitccl by ir-r1"11t*"t-rr, hostilc aliens. But therc is :r chance there
coulcl still hc little green sorncthings on the pl:rnct. Thc clry valleys
of Ant:rrcticir rre s()lne of thc rnost Mars-like environments on Earth:
pertlrrncntly fr,r:en ancl l'ithor-rt rain or even sn()w for thotrs:rntls of years.
Antl yet in thc pole spaces just bcncath the surface of somc of the stones is
:r tl'rin green layer of rnicnrscopic algae. NASA decicled ir-r the 1970s that
ambiguorrs results frorn thcir Vikir-rg lirnders tlicl not shor.r' evidence of lifc
ot-r Mlrrs, irncl there hrvc bccn no successful sc:rrchcs there since. Btrt it
is jrrst possihle tl.rrrt prirnitivc hacteriir or algac:rrc still hanging on whcrc
thcy can.

'iii
r.: '1+,, ;r' .i+ :"" J. Er

, l ".'': :

ilnn
..9"':



Living planet
Alien visitors approaching our solar system would know at
once where to go to meet the locals. Quite apart from our radio
transmissions, the signature of life is quite clear in Earthts
atmosphere. fnstead of a composition dominated by carbon
dioxide, like an engine exhaust, there is an unstable mix
including oxygen, ozotre, traces of methane and ammonia -
gases that could only be maintained by life.

Planetary thermostat Fol the past j.5 billion ve:rrs, thc Earth
scems t() hirve m:rintained ir surface tcrrperature in a rilnge betrveen
l0 ancl jO tlcgrecs Celsius. Yet, tLrring tl-rat time, the Sun's outprrt has

incrcascrl by s..rmewhere bctu'een 1.5 nnd I tirnes. We or-rlyneet{ to look
at boiling Venus ,rr frrrzen Mars to sec how tlift-erent things might l'url'e

becn. Tl'rat st:rbility has been achievecl thar-rks to the irctitxrs of bactcriu
anrl algire.

Since the origin of lif'c, orgirnisms h:rve been eating the carbon .lioxide
blanket that kept thern wirrm. The geologic:'rl record contirins repczrtetl

thick l,ryers of limest,rne an,-l cl.ralk, essentially fossils of thc early
atnrosphcls precipitated by living organisrns. Earth'.s atmosphere may
..rnce har''e been thc same c()lnpr)sition as those c,f Mars ar-rcl Ventrs,
u'ith up to 95 fs1 cent carbon dioxitle. Tirclay, COr makes up just
0.0 j per cent ()f our atmc,sphere.

Global pollution The tirst bircterial inhabitirnts of Earrh were

probably the sort,.rf things'"ve 6nd tocliry in sewers: smelly creatures
deriving their energy from chernical decaf irnd thriving ir-r the :rbsence

Early atmosphere
rich in carbon
dioxide

First oxygen released Free oxygen starts
by cyanobacteria to accumulate in

atmosphere.
CO2 drops

Oxygen levels
start to rise

lce age
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of ()xvgcn. Ilut tl-rcr-r cilme olte of lifc's greirt inr.entions: pho1e5y11[.rir.
Cy:rnol.acteria, ol l.lLre-grccn alg:rc, took energy frorn sunligl-rt ancl used
it to combine c:ubon tiioxicle anrl water into the complcx cheniicirl
strttctures of their [,orlics. Tl'rey zrls,r pror'lucccl a \\i]btu g.ls, il ]-r1r151y11 1.;a19

to their irn:rcrobic courl-r:u'rions: ()xygen. It f-ias been clcscribetl as the \\'()rst
polltrtior-r incic'lent thc u'orltl has known.

At first, from irh.ut 2.8 billi.r yetrrs:lg(), thc.xygen u'us rapitlly r-rsccl up in
chcrnical reacti()ns i11 scil\\'ater. Onc of the products m:ry be the cxtensive
b:rn.letl iron frxrnations of the Prcciurhrian, shorving hou' tl-re llirnct
cssentiirlly wcnt nrsty. Tl-ie layers n-ray l.c tlue to sensonal bloorns of algac
hoostir-rg ()xygen levcls, or perh:Us to trpu'clling cllrrcnts bringing more
itor-r in solutior-r from thc ru'roxic clepths.

Breath of life The first s'illence of free oxygcn in the Earth's
atrnttsphere colncs:tt alrotrt 2.45 billion yetrrs ilg(). ]t u'as closely fttllowccl
by ar-r icc age; perhaps the algal bloc,ms drerv rkrwn a bit t,ro rnuch c:rrbor.r
dioxitlc from thc prlanet's insulating hlar-iket. After that, oxygen remainecl
at:rhout I pcr."t-tt or'{ per cent of rhe atl}x)sfhere unril about 850 n-rillion
years :lg(), when it started to rise agirin. Th:rt may be wh:rt rnacle it possible
for complex animal lif'e to evolve.

Are v)e f\artrans?
Being smaller and further from the Sun, Mars may have cooled faster
and thus been habitable before the Earth. Life may have begun there.
We know that meteorites can reach the Earth from Mars, and in the
early solar system that must have happened quite frequently. lt is
possible that tiny bacteria hitched a ride and seeded the young Earth
with life. ln which case, we might all be exiled Martians!

Oxygen levels peak
at up to 35 per cent

Atmospheric CO,
at its highest
level in more than
800,000 years

lce ages
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$Viewed from the distanee of the
moon, the astonishing thing about

the earth, catching the breath, is that
it is a,live. The photographs show the
dr5l, pounded surfaee of the moon in
the foreground, dry as an old bone.

Aloft, floating free beneath the moist,
gleaming, membrane of bright blue

sky, is the rising earth, the only
exuberant thing in this part of

the cosmos.p

l-ewi* ?hnma#o The Lives ot a Eelt: llotes ot a Biology Watcher

Fr)r rn()st of the last 540 rnillion yerrsJ ()x)'gcn has tnacle uf aht,ut 21 fer
cent of our rrtlnosphcrc; convenirntly, just etrough firr largc irniurirls to
l.reecl l.Lrt rrot so rnuch thirt firrcst fires u',rul.l brrrn,,ut olcotrtrol. One
cxceptitu-r ()ccurrcd ar.runcl 300 nrillion )'cars:lg() in tl-re late Carboniteror.ts
pcriocl, when oxygcn seems t() have reachec'l 35 fer c"trt.rf the

rrtnosphere. This was thc tirne when thick dcp115'i1. oicoal '"r'cre llicl .lttn,tr
It mtry ills,r htrve enablcd insects an.l ampl'rihiillrs t() gr()\\I largc, ploclucing
dr:rgor-rflies witl-r a i0-ccntinrctrc ( 1Z in) rvirrgsl.ran.

Gaia theory Oxygen an,.l curl',t,r-r tljoxitlc :rre just tr'r'o r,{ the tirctors
that lif'c seelns t() cr)ntr()l on ()ur plirr-rct. Giria thc,rry, profosecl [rV

indeper-rtlent scientist Jarnes Lovc[r,ck t,.rgethcr rvit[r rnicrobiologist Lytrr-r

N'[argulis, sr.rggests that iectll.ack rnechirr-risnrs ()fcrrrtc t() tnilintlllll ()ur

pLrnet as a l.rospit:rblc place tirr liie . A1th,,ugh narnccl after the Eirrth
gorltless, Gailr thcory does not sLlggest crtcttrai ot'cottscious c()ntr()1, jU:t it
series of fecclhack mecl'ranisrns. ]n acldition t() ()xygcn irntl cirrl.or-r tlioxrtle,
frrct.rrs such lrs nrcthane ancl irmmrlria in the ltniosphctc,,rccutr lrcidity
ar-r.l sirlinity ull scett-r to har,e rcntainecl rcrnark:rbly c()nstant. Lilc evcn
seeuls tr) contrrrl cl,ru.l c..,r'cl antl pcrhaps rainfall l-v releasir-rg.lrmcthyl
sulphitlc into thc uir, u,hcre it is oxicli:etl to firrtn tnicroscoPic pirrticles

',r'hich act as nuc[ci to seetl tl-rc clroplcts in ciouds.
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JAMES t0uttoct( b. 1019

James Lovelock was born in 1919. He has never been a conventional
scientist, starting out in medical research and then advising NASA on
instruments to detect the composition of planetary atmospheres. Since
1964 he has worked as an independent scientist and inventor. His most
famous invention, the electron capture device, was key in detecting the
effects of widespread pollutants on Earth. He is the originator of Gaia
theory, named after the goddess of the Earth by his friend the writer
William Golding. The theory suggests that life unconsciously regulates
the atmosphere and climate on Earth, a balance that humans disrupt at
their peril.

Gaia the destroyer Gaia rheory - rhar our planer behirvcs as a
single living strper organisnr is still controve rsial, tl-iough scveral of
rts predictior-rs hirvc bccn confirmc.l. The gotlilcss gives hcr n:rme if not
her nirture to the theory, l-rr-rt in mytholrgy irt leirst, Giira eats her orvn
chilclren. So u'hat rnight bc the effect of humaniry on rhis self-rcgularing
mcch:rnism ancl vice versal !7c :rre clearly making l:rrgc-scale changes to
our plirnet, clc:rring ftrrests ancl changing lancJ use, cl:unaging hahitats irncl
biotliversity, rclc:rsir-rg polhrrants and unprecetlentccl quantities of cirrbon
c'lioxir'le. Clirnate rnodels suggest that we are irppro:rching ir tipping point
ancl ti'rat thc homeost:rsis will re-establish anrund a very differcnt, wirnner
worlcl. Loi'elock is even tn()ru \iutHttinc, suggrsting that Gaia will rcacljust
conrlitions in such a way as to limit the hurnan poptrl:rtion. Sea levcls
nright risc, vast irgricultrrral lirnrls rnay he turncd to arid clcsert. Lovelock's
rather gloorny 1-rretliction is of :r worlcl next ccntLlry with:r rnuch smallcr
hr-rrnan population ancl the planct carrying on regardless.

,ll jr al:'
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Journey to the
centre of the
Earth

WhenJules Verne published his fictional journey in 1864, the
interior of the Earth was almost unknown. Geolog"y was a new
science. Charles Darwints theory of evolution had only just
been published and the first dinosaur fossils were beginning
to appear in the worldts museums. Today, we dontt need
subferranean passages for a fictional journey; with modern
instruments, we can make a factual one.

Just a few niles :rway from where you are now is a place that no one

has visited and probably never will. If the distance were horizont:rl, it
rvould be just a short drive, but ttt travel that clepth vertically presents

irrsurmountable problems. The deepest a person h:rs gone was on

23 January 1960, when Jircques Piccard :rnd Lt f)on Walsh reached the

floor of the Chirllcnger Dcep in the Marian:r trench off Guam in the

Pacilic, travelling in the submersible bathyscaphe Tiieste. They reached

the ocean fltxrr an estimated 10,911 metres down (35,797 ft), where they

saw :r flathsh.

Diggittg to the centre of the earth The deepcst mine is the Tiru

Ti,na goldmine in South Africa at 3,900 metres (12,795 ft). It is so deep

inside the Earth that, without air conditioning, the temperature wtluld be

Average base of
lithosp he re

Base of upper mantle
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Life insida tha Ear-lh
Life has colonized every environment on the Earth and in the sea.

But it doesn't stop there. Sediment cores drilled by research vessels
from the deep ocean floor are teeming with life. The inhabitants are

bacteria, mostly the primitive type known as Archaea. Their ancestors
may have been buried under the seafloor millions of years ago, but
they have continued to live and reproduce, albeit slowly, thriving
on organic matter and methane that was buried with them or that
percolates through the sediment in groundwater. They have been

found more than 5 kilometres (3 miles) beneath the surface and may
have been buried there for 16 million years. Altogether they make up
at least 20 per cent of the biomass on Earth; some estimates put it at
more than half of life on Earth.

about 60 degrces Celsius. The clecpest borehole drilled is on Russia's Kola
Peninsula: it reached 12,262 rnerres (40,230 fr) in 1989. Thc ren-rperarure
and pressure make it irnpossible to go any deeper, as the semisolid rock
would ckrse up the hole as quickly as it was drilled.

There is still a possibility of drilling right through rhe crusr inro the
mantle, but not on land. The ocean crust is on average a mere 7 kilometres
(4% miles) thick. In thc early 1960s, therc was an arnbirious plan to drill
right through it and re:rch thc so-called Mohoroviiii disconrinuity or
Moho, which marks the boundary berween crusr irnd manrle. But funding
failecl to materialize and the technology of the timc w:ls probably nor up
to the job, so the 'Mohole' wirs abandoned. Now there is anorher similar
proposal, thanks to the latest st:rte-otrhe-art Japanese scienti{ic drilling
vessel, Chikyu (meaning planet Earth in Jap:rnese). It employs what is

Base of molten
outer core

Centre of the EarthBase of lower mantle
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Tha l\oho
ln 1909, the Croatian geophysicist Andrija

Mohorovibic was studying how natural

earthquake waves refract through the layers

of the Earth. He discovered that there was

an abrupt change in the velocities of the

seismic waves around 22 miles (35 km)

beneath continents. Above it, compressional

seismic waves (P-waves) travel at about

4 miles per second {6 or 7 km/s), below it

at about 5 miles per second (B km/s). That

has become known as the Mohorovibic

discontinuity, marking the boundary

between the crust and mantle.

lI

kn.rwn:rs riser tcchnology, in',vhich pressurizecl .Lilling tnr-r.l is ptrmpetl

do.nvn a concentric ()uter tul)e. Devcloped for the ()i1 in(lllstrlr t() lrcvcnt
blou'outs, it could :lls,r bc used to kccp the hole open :rt greilt tlepths.

Planetary phrenology A scalecl-.Lxvn E:rrtl'r apfcars tt, be a very

srnooth ball to the hrst:rpproximation. If it rvere the sizc of :r desk g1ohc,

cvcn the Hirnillay:rs woulcl only risc a fr:rction of a millirnetre frotl the
:rverage surfilcc. The sarne is truc insicle tl're Earth. Tl-re layers of cntst,

lithosl-,here, rrppcr antl krwer mitntlc, outer and inncr cttre itre sln(x)th ilntl
cvcn, like the l:rycrs of an onion. But it is only 99.9 pe r cent likc an onion
Thc 0. 1 per cent ..rf .lifl'erence frotl those even liryers is where mttch t,f the

nost interestinr: eer4rhysics is to be foLurcl: the clues to the processes :tt

rvork inside.

SWas I to believe him in ea.rnest in his
intention to penetrate to the eentre of this
ma,ssrve g

m&d
:lobe? Had I been listening to the

tions of a lunatic. or to theof a lunatic,
mtifie eonelusions of a lofty genius?
\ilIhere did tmth stop? Where d:id

error begin?s
Jul*c treu'ne, Joarnev To The Centre ol the Eartl
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Astronittts havc cotntnentcrl horv perf'ectly rouncl the Earth irppcurs fron-r

space. BLrt it is r-rot exactly sphcrical. Whirt rLr y()Lr think is the 1-righcst pLrir-rt

on thc srlrf:rcc, rneasure.l froni t1-rc centre of thc Earth - EverestJ Wrong. Ir
is a volcano in Ecuirtkrr callccl Chirnbor:rzo. Althor-rgh it is only 6,275 metres
(20,587 ft) ahove seit lcvcl, it is very close t() the equirtor and thc r()t:rri()n ()f

tl-re Eirrth tnirkes our plnnct bulge at the equntor. Fortur-rately thc :rtmosfhele
r()tates u'ith thc Eirrth, so we clon't notice the rot:'rtion speecl, but if you irrc
stancling at thc cclLlilt()r) y()u are hcatling east irt just ovcr 1,000 mph
(1,670 knVli) sirnply due to the rotirtion of the E:rrth.

Feeling the bumps from space L:runchc.l bv rl're Euro1.,carl sp:rcc

irgency ir-r March 2009, the gr:rvity lield ancl stc:r.ly-srare C)cean Explrrcr
(known by its initials GOCE) is rnc:,Lsuring Earth's gravity lieltl
u'ith Lrnprececlerrtccl clctail. Ir.r rts 1ou'olbit, it is highly
scnsitive to the tug of gr:rvity. Slightly rnorc elavity anrl it
:rccclcr:rtes slightlv; slightly less anil it slrws down. The
atotnic clrck rnrrkes it possible to lneilslrre r.cry sn-rall

diffcrer-rces and proclucc the rnost accurittc gravity rnap
of the E:rrtl-r so f:rr. It reveals the shirpc of the 'geoicl' -
the irnaginnry sh:rpc of a gkrbal ocean in the absence of
ticlcs ancl currents. lt is :r crucial ref'erence for :rccurirtely
ure:rsr-rring ocean circulation, sea-leveI chirngc :rn.l ice
dyn:rmics - all potentiitlly affccted by clirn:rrc change.
An cxnggerated rnoclel b:rscd on the tlirta rnakcs our planet
ltxrkecl like an irregulirr p()tat(), with hrmps :rrouncl Indonesia
and north-west Europc ancl a clirnpleirnple in thc Indian C)cean. Most
noticeable is the signilicant clip in grar,'ity jusr sotrrh of L-rtli:i, in

Crust Mantle

the region tl-rrougl'r which that suhcontinent rlriftcd ir-r the recent
past. it mL'ans that sea level thcrc is about 100 lnerrcs (l2B ft)
Iower than :rvcr:rgc.

As we will scc in the follou'ing scctions, lumps, br-ulps and irregularitics
colltinllc clown through tl-re Earth all the w:ry to the c()re, uir.'ing us rtcw
icieas irbout thc tlynarnic proccsscs going on therc.

With a thin skin of crusty continents
and thick layers of mantle and inner
and outer core, the Earth is almost
like an onion. But not quite.

l
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Seeinq inside
the Edrth

we may not be able to sample the deep interior of the Earth
directlyo but we can certainly take a look. Our plane,t is opague
to lighi but not to the seismic waves from earthquakes_. Just.as
light"reflects and refracts as it bounces offmirrors and bends
tlirough lenses, so seismic waves bounce off the internal layers
of tfre"ptanet and bend through rocks of different composition.

The study of se ismic w:rves is fhr mtlre complex th:rn simply throwing a

stone into a pond and watching thc ripplcs. For a start, there are three

clifferent sorts of wavc :rnd they tr:ivel at differcnt specds ancl thercfore

:rrrive at different times. The lirst to arrive are the P-rvaves, standing

convcniently for both prin-rary :r1d pressure. Then there 2re sectlndary tlr

she:rr S-war.cs, which travel at irbout 60 per cent of the speed of P-w:rves'

Finally, therc are surface waves, which tr:rvel at an intermcdiate yelocity

but take the long w:ry round, around thc surface of the plirnet. As they

Itropirgate in two dimensions rather than three, they clissipate more slowly

:rnci can circle the Earth scverirl times. Reflected P- :rnd S-waves interfere

with sr-rrfacc wavcs, meanrng that thc latter can :llso c2rry infermation

about thc interior of the Earth.

Shooting at the seafloor Probing the dcep interior of the Earth

calls for se[rnic waves produced by a big bang such as an earthquake, or,

in the past, an undergrttund nuclear test. In order to study thc shallower

Su rface
Temperature 20"C
Pressure 1 atmosphere

Average base of crust
500'to 900'C
1,200 atm

Base of upper mantle
2.300'c
227,00O atm
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Undar -f-ha crrs-f
The Mohorovibi6 discontinuity marks a change in composition. As hot
mantle rocks melt, only a small fraction of the material goes to produce
the magma that erupts in volcanoes or is squeezed into the base of
continents to provide new crust. What is left behind at the top of the
mantle is a rock called peridotite, composed of dark-green olivine and
other dense minerals. Above it at the base of the crust are rocks that
are lighter in colour and density. ln the case of ocean crust these are
typically a rock called gabbro, which has a similar composition to basalt
but in a coarse, more crystalline form as it has cooled more slowly.

layers in the scdirnents of thc Earth's crust, you can rnake your own b:ing.
At scii th:rt is achievcd by towir-rg otrt a i"rig compressecl air gun and liri.g it
at intervals. The rcflcctions are pickecl .p by towecl arrays of hydrophorres,
trnrl they can reveirl:rncient l:rva flows, layers.f sediment ancl the s.rts
of domecl structures th..rt cirn trilp largc reservcs of oil and naturirl gas. For
shallowcr sllrveys througl-r a few hundrec] metres of soft secliment, you don't
need a bang:rt all. The :rcoustic ping of a sonar scan is sufficient.

Stamping on the ground C)n land, scismic proliling can be done
using huge trucks. They :rre lirted with he:rvy mer:rl plates, which are
placcd on the ground and thcn vibrarccl r-rp and clown by hydr:rulic rams.
Apart from not blowing a cratcr in the ground, this has the aclvantage
thirt the length :rntl frequcncy of the r.'ibrations can be c.ntrolled easily,
tuning then to pick up different sorrs of fearllres at different depths.
Again, the reflections are recorded on arrays of geophones. This technique
has been usecl to builcl up a threc-clirnensional pro{ile of the North
American continent.

Base of lower mantle
2,700'to 3,700'C
1.4 million atm

Base of molten outer core
About 5,000"C
3.4 million atm

Centre of the Earth
About 5.500"C
3.6 million atm
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6Before, people thought this was
a ridiculous idea. I hope that

I've shifted the viewpoint from
ridiculous to merely unlikefy.!

llaui$ Steuen$u$ 0n his plan t0 launch a

probB to tn8 Eanth's Gore

Planetary body scan Every diry thcre are .lozens ,.rf srnall
eartl-rqtrakcs, an.1 non'irrlays there arc hundre.ls of st-nsitivr: seistnogrrrpl'rs

:rround tlrc world recording their vibr:itions. The result is r:rtlicr like ir

l-rospital bod\'.scrnncr in which multiple scns()rs recorcl thc signals fhrtn au

X-ray source :rs it circles the body. With some complex mathcmatics ancl

clever c.rnrputing, the resrrlt is a 1D irnage of the inten-rirl orgarrs, or in this
case thc intcrior of the Earth.

As we'r'e seen, the Moho at the base of the crust is ir strong reflector, as is

thc laycr at the l-rasc of the rigicl litl.rosphcre, u,herc it transitions into the
irotter, softer asthcnosphere, on which the slabs of the Earth's crust float.

rea\ Journa$
-Lrlne core
The premise of the Hollywood film The Core (2003) is impossible.

Pressures deep in the Earth would crush any probe that we could

imagine carrying humans. But Prof. David Stevenson of Caltech has

an idea, albeit unlikely, for getting instruments to the core of the Earth.

It involves starting with a deep crack in the crust and pouring into it
100,000 tonnes of molten iron. He believes that the dense liquid would
force its way down through the mantle over a week or two, and if it
were to carry small, heat resistant instruments the size of grapefruit,

they could continue to send readings back to the surface using seismic

waves, all the way to the outer core where they would eventually melt.

Il
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There :rrc r.veirker reflectors 410 kilometres (255 rniles) and 520 kilornetres
(323 milcs) doi.vn and a str()nger one at the bounclary hctween the upper
ancl krwer m:rntle. At the b:rsc of the mantle is :rnothcr thin ancl probably
discontinuous layer c:rlle.l thc D" (or D clouhle primc) layer, which m:ry be

tl-re resting place of ancicnt ()ccirn crust.

Soft rocko hot rock Seisrnic tomography does not only revcal u,ell-
definecl laycrs. The rvirves trnvel m,rrc slt,u'ly through soft rock than hard,
and th:rt c:rn be ir reflectior-r of tempcr:rture. ]n this u':ry it is possihle to see

plurnes of hot, r'iscous lnilntle rock rising frorn deep in the m:rntle beneilth
volcilnic hotspots such :rs H:rw:rii ilnd ]celand. lt :rlso shows o1cl, cold slabs

of oce:rn lithosphere cliving .lor.vn ir-rto the lnantle.

Liquid cor€ P-u,aves travel through
both solitl :rnrl 1iquicl, though they trirvel
rnore slowly in soft n-iaterial. S-u'aves

cann()t tr:rve I thror-rgh liquid.
Following i'r big cirrthqrrake, there
is ir shatlou'(tn the opposite side of
the Eartl-r u'hcrc S-waves are not
received. This shows gcopl-rysicists

that there rnust be :r rnoltcn liqr-ricl

c(,re in the E;rrth lh:rt, fr,rrrr its
density, rnust bc rnostly rnolten inrn.
P-rval'cs c:ln pcnetri:rte that, reve:rling
that there is a small inner core whcrc
the u':rves ttavel at irigher vekrcity,
suggestil'Ig that it is solicl iron.

Focus ol
earthquake

The main types of seismic wave and the
different paths they take through the Earth
reveal the layers of the interior.

Upper mantle

Primary or pressure waves
Secondary or shear waves
When S waves convert into
P waves as they cross
molten material

P

s
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Magnetic core
The Earth's core is as big as Mars but three times the
mass. The outer core is a white-hot sea of molten metal
with turbulent currentso eddies and storms. Beneath it is
the crystal forest of the inner core. And yet processes within
the core have nurtured life and also protect us from the
hazardous radiation of space.

Clues from space lron netcorites, though not the most corrlmon,

:rre the rnost easily recognizable rocks from outer spilcc. They are rnostly

m:lde of inrn metal but usually contirin between 7 per ccnt :rncl 1 5 f cr cent

of nickel. The presence of nickel is ttften as intcr-grown crystals of twcr

:rlkrys, onc containing 5 per cent nickel, the other about 40 per cent, in
proportions that make up the bulk composition. For :r long time meteorites

were thought of irs examples of what the E:rrth's core might be hke, having

had their presumecl origin in a primordial planet that broke up to form

the asteroid beit. However, it sce ms clear th:rt iron meteorites come from

a large number of srnaller boclies and that they formed irt much lou'er
pressures th:'rn those in the core of the Earth.

A better idea of the composition of the cttre might come from meteorites

knou'n as carbonaceous chondrites. These trre the itldest objects in the

solar system and the most likely to represent the bulk cornposition of its

rocks. They contirin silicatc minerals in a carbon-rich rnatrix :rnd alscr

about 30 per cent to 40 per cent iron, sorne of it metal ancl some of it as

oxide :rnd sulphide. Here too, the iron is associated with nickel.

lsaac Newton uses gravity
to show that the Earth
must have a dense core

Einstein describes the
origin of the magnetic
field as one of the great
problems facing physics

Sir Harold Jeffreys uses
seismic waves to
show that the outer
core is liquid
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Measurerncnts sLrggest that the
density of thc core is not suff cie nt
f,rr it t,' he prrr. rnctlrllic ir,rn-
nickel alloy. Tl'rere rnust be

8 per cent to 12 per cent by wcight
of lighter elements, most probably
oxygen and sulphur :rs tlley
combine easily with iron.

Heat source er)nvrL[i()n
cLlrrents in the liquid oLlter core,
togetl-rer with thc much skrwer
convection ir-r the s,:rlitl mantle of
the E:rrth, are tlriven by a hr-rgc

quantity of hcat cnergy. The over:rll
heat loss from the Earth is irbout
44.2 terawatts (T\7), twice the
tr rfal [-t,"tt tn n( )w(r cr )n5umnli()n.

l\rynat,c uru,bre((a
Space is a hazardous place for a planet: the Earth is

constantly bombarded by cosmic rays and a wind of
charged particles from the Sun. The reason this does
not fry our electronics or mutate our genes more

than it does is thanks to the magnetic field. lt forms a

giant umbrella around the planet as it orbits the Sun.
A few of the charged particles get trapped in the Van

Allen radiation belts, while others stream in along
the magnetic field lines to create the auroral displays
of the northern and southern lights. But most get

deflected past us and do no harm.

There arc probably severirl sources. The biggest, accounting for about
80 per cent of thc total, is the r:rdioactive decay of elemcnts such as

potassiuln-4O, thorium and urirnium. More could come from latent heat
released as the inner core freezes. Also, as pure crystals grow in thc inner
core, dissolved lightcr elements such as silicon, sulphur and oxygen may be

expelled, releasing gravitational energy as they rise to the base of the rnantle.

Magnetic dynamo In 1905, Albert Einstein clescribed the origin of
the Earth's magne tic lield as one of the great unsolved problerns facing
physicists. It was not until arouncl 1946 that the Gennan physicist W:rlter
Elsasscr, working in the USA, and the Cambridge geophysicist Sir Edward
Bullarcl proposed that the lield w:rs generated by electric currenrs inducecl in
the liquid outer core. In orc'ler to sustain that lield, the molten iron must itsclf
be circulating in convection currents. The Coriolis effect arising from the
E:rrth's rotation woultl cause those currents to spiral :rnd generate magne tism.

Danish geophysicist lnge
Lehmann uses seismic
waves to show there must
be a solid inner core

Both Elsasser and Bullard
claim the magnetic field is
created by electric currents
in the outer core

Computer models and
physical models using
molten sodium simulate
magnetic reversals
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6f ean't ima,gine a
less hospita,ble Place

for people. High
pressrrre, white-hot-temperatures - it's

i nasty prace.]

Chaotic currents Tir those navig:rtir-rg by

compass, thc Earth's magnetic field seems re:rssuringly

constzrnt, as if the world has :r bar magnet at the

centre. But down in the core it is f:rr frtlm sirnple.

At about 3 million timcs atmospheric pressr'rre and

nearly 4,000 degrees Celsir.rs, tnolten iron is almost

as runny as water. Its convection ir-r the ollter core

is complicated by local eddies sornewhat sirnilar to

storln patterns in the atmosphere. Many of the wilcler

exce sses are diltnl-,enecl out by the efTects tlf thc iuncr

Prol llan Lathrop,
University ol Maryland

corc and possibly by shiclcling due ttl iron caugl-rt up in the l)" layer at

thc birsc of thc mantle. But some anomalies stil1 get through'

Magnetic anomaly The south-west Atlanric has been likenecl to

the iler,-,-r,-,,1,. Tiiangle by rp,.." scientists. There have been mirny c:rses of

insrrurnents m:rlfunctigning in satellites irs tl-rey fly over the areir. There

seems to he a htrge magnetic anornaly drifting siowly westwards, u'ith h:rlf

rhe licld srrengrh of that at rhe poles. As :l result, ch:rrged particles frtlm

space can rcach the low orbits of s:rtellites and ciruse dirmage'

POlar reversals Thc S.uth Atlirnric:rnomaly m:ry be tl're lirst sign of

something bigger. The E:rrth's magnetic lield strength has been tlecrcasing

ovcr thc last 180 ye:rrs. It may be irbotrt tO revcrse entirely. Magnetized

vglcanic r6cks shgw that this hirs h:rppened m:rny times in the past - 9n

ilvcr:tge ()nce cyery 3OO,OOO yc:rrs. Br-rt it has becn 800,000 years sir-icc the

last full revers:rl and no one is sure how quickly it h:ippens or wh:rt u'ill
hirppen to ollr mugnetic protcction irnd nirvigation systems wfiile it dcles.

CfyStal fOreSt There is so'rcthing srrange g.ing 
'n 

irt the centre

of ti-re Earth. Scisrnic waves passing through the inner core take slightly

longcr if they'r'c travclltng 13 tlst t() west, colrlpared ttl thclse trirvelling ngrth

to south. The effect is even cle:rrcr in the sort of harmonic vibrations

cmittccl whcn thc Earth rings like a bell irfter :r big earthquakc. Thc best

expltnztion for t[is so-called anisotropy is if the innet c6re is crystalline
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f\rynatrc fu-lure
Our present understanding of the Earth's magnetic field suggests

that it could not have existed without a solid inner core. So the

magnetic field will be no older than that core. Howevet there is
evidence in rocks found in Australia that they were magnetized by a

field 3.5 billion years ago, so the inner core must have been forming
by then. Eventually, the entire core will freeze, the magnetic field
will die away and our descendants will have no magnetic protection

from space radiation. But that is not likely to happen for another 3 to
4 billion years.

with the crystals alignecl north-south. Experiments in a ditrmond anvil
have shown that imn-nickel alkry crystals grow much bigger at the sort
of pressures found arouncl the inner core,:rnd it is possible that the core
is rnacle up of interlocking crystals many kilometres long.

The orient:rtion of thtlt anis()tropy is :rlso slowly changing, suggcsting
that the inner core has rot:rted :rbout a tcnth of ii tr.rrn f:rstcr than
the planet as a rvholc ovcr the last 30 yc:'rrs. It rnay be expcricncing
a magnctic pul1 frorn currcnts in thc outer core anirlogous to the jet
strcilms in thc iltm()sphcre.

t3am #ffiHk##$3";H#{$ Ls"t"n-'; *
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The moving
mantle

The Earthts mantle is solid rock, but it is hot and under
pressure. Over geological timescales, it can flow rather
like solid ice in a glacier. Heat from deep within the Earth
causes convection currents similar to the churning in a pot of
viscous porridge. The currents produce the forces that create
earthquakes and volcanoes and drive continental drift.

The E:rrth has ir problern with its thcrmostat - or at least it would if the

rnantle was hirrd and rigid. A11 that excess heat from radio:rctive dcc:ry

h:rs to get out solnehow, :rnd rock is a gttod insulator. Fortunately ftlr the

Eartl-r's tempcrature control, mantle rocks can slowly move, transpt)rting

hc:rt up to the crust irnc'l beyond as they clo so. it's il constant b:rttle

bctween tcmperature and pressure. As rocks in the deep mantle heat up

thcy expand, lowering their density stt that, over milli,ons of years, they

begin to rise.

Double boiler Onc of the big problems in geophysics has bcen

reconciling circulatittn in the citnvecting mantle with observed differences

in con-rposition and apparent layering as revealed by seisn-iic waves. The

result has been an nrgument between those who think thilt the entire

mantle unclergocs convection in a single circulation, ancl thtlse who prefer

the idea that it is a sort of double boiler with little or no exchange across

the boundary betwcen the upper ancl lttwer mantlc 660 kilometres (410

rniles) beneath ourfeet. Thc true situation is probably a mixture of both.

ths hillisr?- ffiffntlG str*rssfrtir!il s

Plume of hot rock starts to rise
from the base of the mantle

120 km down, melting
begins and the melt rises
faster

Magma erupts along a mid-
ocean ridge forming new
ocean crust
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biarnond anvi(
The pressures and temperatures of the deep mantle are hard to imagine

and difficult to simulate. The answer is to use the toughest material

known to man: diamond. A diamond anvil cell is reasonably small

and simple, if expensive. At its heart are two cut diamonds, which

concentrate pressure into a minute sample of a mineral between tiny
opposing diamond facets. Diamond has the additional advantage of
transparency, so a laser can heat the sample and a microscope can view
what's going on. Occasionally, a diamond will fracture, but more often

the worrying 'crack' comes from the mineral sample changing phase to
the higher-density form that it might adopt in the mantle.

While it's impossiblc to visit the upper mantle itself, srnall lumps of it get

caught up in volcanic eruptions and higgcr slahs are sometimes thrust intcr
vierv by fracturing. They:rre r-nirde of a rock called peridotite, consisting
of dcnse green olivine and other minerals, looking like hardcnccl grcen

Demer:rra sugar. To understand the layering of the rnantlc, scientists put tin;
samples of peridotite into a diamond anvil cell (sce abovc box).

Phase change lncrease the pressure and temperirture in a clinrnond

anvil ccll to the conditions found at the boundary between the upper irnd
lower rnantle and after a while there is a sudden'cr:rck'l !7ith any luck, it is

r-rot the diamond bre:rking but a sudden phase change as the minerals in the
peridotite irdopt a new and higher-density crystal structure. The composititrn
has not changerl, but the new mineral, called perovskite, has clifferent
physical propertics and, at the base of the upper mantle, shows up as a clear
layer reflectrng seismic waves. The minerals unclergo other phase changes

at about 410 kilornetres (255 rniles) and 520 kilometres (323 miles), depths
that both correspond to retlective layers.

The slab of ocean
lithosphere, now cold,
begins to sink back down
into the mantle

The slab reaches 660 km
and waits while mineral
crystals change to a high
density phase

The dense slab breaks
through into the lower
mantle and falls rapidly to
the core mantle boundarV
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Do mantle rocks carculate
in a double system (dotted
lines) or does convection
circulate the entire mantle?

6ftre big eontroversy today is the nature
of the flow of the mantle: is it just one cell
that extends all the way dornm to the Gone,
or is ttrere a trrro layer system in rphieh the
material ure see at inid-oeea,rr ridges doesn't

sink ftrrtlrer tha,n ?OO km?,
Pt'ol. Dan Mgl{nnlie, BBG nadio, 1991

Hot spots The rnagma that erupts from ocean volcanttcs such as

those :rlong the Micl-Atl:rntic Ridge is very diffcrent in composition ttr

the m:rntle rocks thirt it comes frotn. As il plutne of w:rrm mtrntle rock

riscs, the pressLrre tlrcps :,rnd it starts to melt. Rut only a srnall fi:rction -
typically 10 or 12 per ccnt rnelts. It is:rble to pcrcoltrte bctr'veen gr:rins

of the rn:rntle rock ancl squeezes like water frctm :r sponge towards lrltgma

charnbcrs ne:rr the surface. The me lt has the compttsitiot-t of basalt an.l

forms nen' occan crllst. The depletetl remaincler is harder antl tntlves irsidc

as part of thc mantle lithosphere benc:rth.

Wet spots In general, the hotter the rnantlc
plumc, the more magmil it procluces. But there

are cxceptions. For exarnple, the part of thc
Mid-Atlantic Riclge that fcrrrned the Azores has

protluccd rnore rlaglntl than other parts of the
riclge, :rncl yet it is cooler. The cxplanation is

that it is als() wetter. Mantle minerals can

cont:rin at least 1 per cent of r.v:rter in
their crystal strllcturc, adcling up :lcross

the rnantle lo il potential rescrr.'ttir

ecluivalent to scverirl oceans.

The u lrtcr rctlrtce . r'iscosil l'
:rnd so serves to lubricate the
rise of thc mantle plurne. It
illso protiuces rnclting at
grcalcr Jcpr h., gctreratirtg

more lnagma overall even

Uplsr
mantle
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though it is cooler. Some of the water is probably prirnordial, lcft over
from the fonnation of the mantle, and some may be dragged down into the
mantle when thc ancient ocean lithosphere subclucts.

Sludge at the base of the mantle Seisrnic reflections have
revealed :r thin l:ryer at the base of the rnantle thirt seems highly variable.
In pl:rces it is up to 400 kilornetres (249 milcs) thick; in others it is absent
altogether. They call it the D" laycr (pronounced L) double prime). The
boundary between the n-iantle irnc'l thc outer core is neither clear nor cvcn.
Molten metal frorn the core is drawn by capillary fcrrces into the pores

between miner:rl grains of the mantle. Herc it re:rcts with the silicate rocks

to produce various alioys. As the rnantle st:'rrts to rise, these alloys fall back

under gravity to fonn birnks of high-density sediment at the rnantle b:rse .

Rich in iron, they rniry be conc]uctive ancl generate their own magnetic
{relds. Tiny wohbles or nutations detected in thc rotation of the Earth nray

hc duc to magnetic forces in the D" layer.

fru'possib(a yuaKe
ln 1994, a powerful earthquake shook

Bolivia. There was little damage because

it was very deep within the Earth. So deep

in fact, at 640 kilometres (398 miles), that
it shouldn't have happened. The rocks at

that depth are just too soft to fracture. The

explanation is that they didn't fracture, they
shrank! The focus was in a slab of ancient

Pacific lithosphere that is sinking back into the

mantle beneath the Andes. When it reached

that depth, the low density of peridotite meant

that it could go no further. Then, in a sudden

collapse, the crystal structure realigned to that
of the denser perovskite, triggering the quake

and allowing the slab to continue into the

lower mantle.

'#R am ilrfl'bs3"flff"#sg-%ffi{K ' c$meaa
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Superplumes
The jury is still out over the extent of whole-mantle circulation.
Some everyday volcanoes may have their roots in the upper
mantle only. But very occasionally something happens on an
altogether larger scale, rising from the core-mantle boundary,
lifting entire continents and sometimes splitting them and
pouring out unimaginable quantities of molten rock. This is
a supe{plume.

Around 120 rnillion yeilrs ago, sornething spectaculirr h:rppcnecl in what is
ntrw thc urcstcrn P:rci1ic. Vrlcanoes are always clram:rtic in their scirle and
power, but none of those still trctive today could come closc to m:rtchino
what took pl:rcc in the ei,rrly Cretaceous. Even the greirt eruptions of
continent:r1 flood b:rsalt such as the one that split thc Indian subcontinent
:rnd produced the l)eccan Tiaps 65 rnillion yc:]rs ago, perhaps contribr"rting
to the dernise of the dinosaurs, werc trivial comp:rred with this.

OntongJava Plateau The Cretilccous eruptions began on the ocean
floor:rbout 125 rnillion years ago. At their pe:rk, they prodr-rced around
35 million cubic kilometres (8.5 rnillion cubic miles) of bas:rlt per rnillion
years double the normirl rate at u'hich ocean crust is created. What
they left behind is known as the C)ntong Java Plateau. It covers around
2 n-rillion square kikrmetres (200 rnillion square miles) of ocean floor and is
up to 30 kilornetres ( l9 miles) thick. Th,rugh now scpirr:rted, the Manihiki
irnd Hikurirngi Plateaus were also once part of the outpouring. Tbgether,

they reprcsent around 100 million cubic kilometres (24 million cubic
miles) of bas:rlt m:rgm:r.

Approximale volume o[ basalt erupted {in kmr)

The Siberian Traps
{Russia): Between
'l and 4 million km3

Central Atlantic:
Large eruptions as
ocean begins to open

Karoo and Ferrar Paran6 Traps (Brazil):
(SouthAfrica/Antarctica): 2.3mkm3
2.5m km3
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R00rR tARs0N 1s4s-2008
American geophysicist Roger Larson was one of the pioneers of the Ocean

Drilling Program. He was looking for the oldest Jurassic ocean crust in the

Western Pacific. He found it eventually, but only beneath huge flows of
Cretaceous basalt, an extension of the Ontong Java Plateau. He calculated

the amount of rock erupted in that period, about 120 million years ago,

and realized that it was unlike anything seen since. He coined the term
'superplume'for the mantle processes that gave rise to it and went on to
show how it would have raised sea levels and produced enough carbon

dioxide to warm the climate by several degrees.

The best explanation is that a superplume of hot rock rose from the
base of the mantle and spread out like a giant mushroom ckrud bene:rth
the lithosphere, feeding a number of different .u'olcanic hotspots at the
sane tilne.

Global consequenc€s Some of the consequences of the Cretirceous
superplurne are still visible arouncl the globe. The first is thtrt there must
have been a huge rise in global sea level - around 250 metres (820 ft)l
That was due in part to sirnple displacernent by the huge quantities of
basalt thirt had erupted; the uplift of the whoie region above the rising
superplume may also have been a f:rctor. This process created vast shtrllow
seas across the more low-lying areas of continents. Unlike the deep ocean,
these seas were not deep enough for water pressure to dissolve the calcite
skeletons of plankttxr that sank frorn the surface. So thick deposits of chalk
and limestonc accurnulatcd, giving us distinctive rock features including
the white clifls of Dover. Orgirnic carhon also accr-rmr,rlatecl in dceper
anoxic wilter, where it was buried ancl eventually miltured to proviclc more
than 50 per cent of our present-day oil reserves.

Ontong Java Plateau
100m km3

Caribbean Deccan Traps
lgneousProvince: (lndia):
4m km3 512,000 km3

North Atlantic
2m km3

Columbia/Snake
River basalt (USA):
'175,000 km3
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diverqent plate boundary
transform plate boundarY

M.lnv\ convergent plate boundarY
a hotspot

The major plate boundaries and volcanic
hotspots on Earth.

Much of the carbon now ftruncl in Cretirceous ch:rlk

and oil probably also c:rtne frtln the sr.rperpltlrne

eruptions. Carbon clioxicle in thc irttnosphere n-iay

havc increased ils rnuch as tenftrld, leirding to ir

telnfer:rture rise of abor-rt 10 degrecs Celsitrs. Tl-rere is

a cert:rin irony in that by burning Cretuccous oil we

rnay be restoring Cretaceor:s climatic conditions.

The next superplume There h:rs been

nothing on the scalc of thirt superpltrlne erllf ti()n
since the (lretirce()Lrs, but could it happen again?

Ahnost certainly. Thc seisn-ric l-ody sc:rns of otrr

pl:rnet revcirl trvo plutnes of hot mantlc uraterial
that, at arr',uncl 1,000 kilomctres ((t21 n.riles) across,

are p()tentiirll), big er.r,rugh. C)r.re is under thc Sotrth

Pacilic, the othcr beneath Africa. The South P:rcilic

plumc rn:ry be thc old relnnant of the Cretacct,r-rs

sr.lperplulne; its most activc .ltlys tnay be ovet.

qold,evt sgrup
A popular teaching aid when

describing mantle convection is

a large beaker full of cold golden

syrup. Localized heating at the

base will cause a visible plume of

hot syrup to start to rise. A cracked

biscuit floated on the surface

will eventually split apart as the

convection reaches the surface,

demonstrating continental drift.

Bigger tanks of syrup in geophysics

labs have been used to study the

details of mantle convection.
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The Africar-r supcrplurne seenls to bc carrying somc cokl
rnaterial with it rrn.l tl-rat rnay har.c stalled its pr()gress,

its mily the ancicnt bulk of the African continent. BLrr it
may yet frncl a u,ay tl-rrough. An offsl-root frorn it comes
up her-reath tl'rc East Afric:rn Rift Vrlley and seems to
be trying to split the cor-rtinent. Pcrl-raps one diry it rvi1l

procluce ir new occ:I11.

Sf:re field of tlre
Geofog'ist's inquiry is
the Globe itself ... it is
his study to deeipher
tlre monuments of the
mighty revolutions
a,rrd eonvulsions it has

Initiating a superplume Con-r1.rurer simularions suffered. 3
at Caltech havc shou'n ()ne wa)r in ivhich ir supery',lume

rnight :rrise :rt the base of the mantlc. Ir involves o tlfilli$tf! SUClilAnd,

large sl:rb of ancient lithospherc that hirs sunk right Vindiciae Geologicae, 1820
dorvn to thc corc-mantle bountlary. Still cornpirrirtir,'ely
colcl, dense and rigitl, it bltrcks tl're ftrrrnation of srnall plumes for 150 rnillion
yc:rrs or more. But all thc while heat is buil,:1ing up bcneath it, and linally,
pcrhaps after 200 rnillion ve:rrs, the superplune hreaks thnrugh ancl rises very
rapitlly tl-rrough the rntrntlc over the sptrce of jr-rst:r fcu'rnillion years. In thc
simulation, it cirrries lirr more hot rnateriirl th:rn il conventional ph-rrne ancl

forms a sort of utushto,rn ckrrrtl of hot, soft rock in the rnantle, le:rding to hr-rge

eruptions on the surf:rcc over il u'ide irrea.

Another sccnario frrr ir-ritiiiting ir superplume also involves ir clcsccncling slirb of
lithosphcre. On its lvrry dorvn, it gcts helcl Lrp at the b:rse of thc upper m:rntle
until tl're mineral grains aclrpt ncrv, clense, l'righ-pressure forms. When it finally
brcaks thnrugh, it collapscs lapidly to the core rnantlc boundary. Something
has to give way to rn,rkc room for it, and it displ:iccs rn:rteri:rl thirt has been
sitting tlorvr-r there heating up for a krng tirne, which rises in :r superplurne.

Magnetic twist There is another twisr to this tale and it exrends right
into the Earth's corc. By rernoving so rnuch frorn thc churring outer core,
the Cret:tccous superplutne may hirve cirlmcd some of the more chnotic
mirgnetic bchaviour, leacling to ir 40-r-nillit)11-yc:tr period free frorn r.nagneric
polirr rcvcrsals.

il,i: ; : i.;i ;.$ :te ,$ *:rg"$ $"$i$€if{$ '$q;*. ,f,'ft,
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Crust and.
continent

The surface of our planet is covered by a relatively thin
veneer of cold, hard rock: the crust. It supports us and
provides us with all the raw materials for our civilization.
Forming the sometimes fiery interface between Earth,
air and watery the crust is also the surface exPression of
processes going on deep beneath our feet.

Look at thc Earth from sp:rce and twtt very clfferent types of surfacc

are immediately apparent: the vast blue expanse of the oceans ancl the

srnirller but still impressivc rafts of rock that tnake r-rp the continents.

They reflect two very different forms the Earth's crust cirn take. Ocean

crust is typically only :rbout 7 kilometres (4% miles) thick antl is m:rde

ahnost entirely of volc:rnic basirlt, with a thin overlying carpet of
sedirnent. Geokrgically, a1l the ocean crust is young: less than

200 million years old.

Rafts of debris Continents, by contrast, are a rness. Like the

tangled blocks of uscd metal createcl by a scrapyard cotnpactor'

their mck layers arc squeezed, folded, bent and twisted. This is the

irccumulated scum on the surface of the Earth. The heart of the

continent can be vcry ancient indeed - up to 4 blllion years old.

Around it lies the :rccumulated debris of erosion and deposition,

volcanoes and contincntal pile-ups.

Partial melting deep within
the crust produces a granitic
magma

Granite rising through
surrounding rocks forms
a batholith

Shrinkage and hydrothermal
fluids create fissures in the
granite and deposit mineral
veins
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.r ,-l-basall
Basalt is the most abundant rock in the Earth's crust, and the same is

probably true of the other rocky planets. lt makes up most of the crust
beneath the oceans and also underplates the continents. lt is produced

by the partial melting of rocks in the upper mantle, forming a mixture of
around 50 per cent quartz with plagioclase feldspar and pyroxene. Traces

of dark magnetite give it an almost black colour. lts fine-grained texture
is the result of rapid cooling following eruptions from volcanoes, often

under the sea. Gabbro is a coarse-grained rock of similar composition,
sometimes found at the base ofthe ocean crust or injected as sheets into
other rocks, resulting in slower cooling and coarser crystals.

Ultim:rte ly, ocean ancl continental crust are both derived from
p:rrti:rl melting of mantle rocks. But oce:rn crust is darker irnd clenser,

cont:lining morc m:rgnesium silicate 2lnd ir()n. When it h:rs cooled
sufficier-rt1y, it is densc cnough tc) sink back down into the mantlc. But,
like cork on wilter, continental crust can never sink. It cont:rins less

dense silic:rtes of elements such irs irluminiurn and, at least in its upper
half, has an average composition similar to that of granite. The lower
parts of continents are less well documentecl, but we know that they
have a bulk composition more sirnilar to that of basalt.

The growth of continents Canada, Greenland, Ar.rstralia and

South Africa have ancient cores of rocks over 3 billion years old, but
most continental rnaterial is younger than that. This may be due tcr

rates of preservation rather than formation. Thcre are several ways in
which continents can grow. Mantle plumes may rise beneath them
but be unable to break through, and insteird end up underplating the

Surrounding rocks erode
away. Tropical climate
encourages chemical
weathering of the granite

lce age causes physical
weathering of granite into
rounded blocks. lce strips
away surrounding soil

Rounded blocks of
granite on tors make
spectacular landscape
featu res



50

contincnt with l:rycrs of b:rsalt. If wet ocean crtrst dives d,xvn beneath :r

contincnt, the wilter:rids parti:rl rnelting, leatling to a rirl of volcanoes like
thosc of thc Anclcs and the north-west USA. The volcanic rock known as

anclesitc is ploduccd in thc prroccss. Rccyclecl continental rnateriirl in the
frrrn-i of seclin-icnts c:rn br-rilcl up :rrouncl the edges of continents. Rut the
colnfroncst rock in the r-rpper continental cnrst, rnilking trp 80 1-rer cent of
it, is granite.

The rise of granite Granite is forrnecl through the partial meltirrg
of rocks deep within the continental crust. Melting coulcl occur due to
heat frorn :l mantle plume, or rnore likely through contact with layers of
hot b:rsirlt underplating the continent. Oranite is rich in silica (quirrtz),

which rn:rkes it very sticky or viscous. lt used to be thought that tl're huge
dolnes of granite founcl on every continent took millions of ye ars to rise

slowly through the surror-rnding rocks. But it ntxv sccms that rnight not
have becn thc c:rsc. The hlst miner:,r1s to melt r.l'hen granitc ftrnns :rre

thosc that contuin thc most u'uter. Thirt luhricates thc rnclt antl m:rkcs it
rnuch runnier, so lirrge aln()unts can he supplied through rcl:rtivcly sm:rll
cracks and lissures. As a result, it is nou'thought that grnnite cmpl:rcemcnt
can hr,rppen in thc geologic:rl1y short timesc:r1e of thousan.ls rathcr than
rnillions of ycars.

.J-
QfOnr IZ
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The most abundant rock type in the continental crust, granite

forms either by the melting of existing crustal rocks or by fractional
crystallization of molten basalt. ln the latter case, crystals of denser,

dark, magnesium-rich minerals settle out, leaving a magma that is rich

in silica. Because the intrusions, or plutons, of molten granite that are

injected into surrounding rock are large, they cool slowly, producing a

coarse crystalline rock with abundant quartz, along with feldspar and

dark minerals such as flaky biotite mica or amphibole.
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6nUo matter how sophistieated
you nrey be, a large granite motrntain

eannot he denied - it speatrs in silenee to
the very e{one of your being.}

Ansel Adams

The granite forces its w:ly into the shallow crust to produce hugc dorned
strLrctures callecl batholiths. Bccause they irre so large, the granite u'ithin
thern cools slowly, giving the minerals time to ftrrm the l:rrge crystals that
rnake it ir popul:rr clecorative building stone. Famous British granites come
fnln Shap Fell in Ctunbria and Dartrnoor in l)el'on, but thcre are much
larger fonnations in other parts of thc world. The coastal batholith of
Peru, for cx:rrnple , is 870 rniles ( 1,400 km) krng.

The role of water The preferentiirl rnclting of u,et minerals to
form granite, cornbined with sirnilar processes in the upper nantle tcr

tirrm basalt, leave the rernaining rocks in continental roots c1ry, hartl
:tntl rcfractor),. As a result, the base ttf :r cttntinent extenjs deep into the
rntrr-rtle. Likc a floating iceberg, there is more un.lcrncath thil-r you can see

on top; the higher thc mountirins, the deeper the kee1.

It also follows th:rt rvhcrever there is water, continental rocks such :rs

granite will frrlr-n. Earth, with her oce:rns, h:rs contincnts; rlry Venus does

not. A tcctonically active planet would never bc a wor1c1 covered entirely
with wirtcr bccause , if there was witter, there rvould bc continents to rise

above it.

*3.em #nsggtr$#s":kffiffi# eqBmm,
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Plate tectonics
If there is one big idea from the 20th century that transformed
our understanding of the Earth, it is plate tectonics. It is not
simply the idea that continents drift about on the surface of the
globe, but also a complete theory of how and why they do so.

Jigsaw continents As soon trs reasonably accuratc world maps were

:'rvail:rble ir-r the 1Btl'r century, people began to note ti'rc similarity in shapre

between the coast of Wcst Africa ancl the east co:rst of South Arnerica;
but, in the context of human timescilles, rock seems so hard ancl thc
contincnts so vast that the idea of thetn once being joinecl together and

thcn c'lrifting apart seemecl ridiculous. There was even a suggestion thirt,
rathcr than the continents drifting, the whole earth had expanc'ledl

Continental drift lt was not until the 20th century thirt a few
geokrgists, lnost notably Alfred Wcgcner, began to take seriously the
possibility of continental clrift. But they were still in the rninority. T1-re

general understanding of the mantle at the time was that it wns far tocr

resistant to allo'"v continents to drift through it like vast shil.rs on the sea.

6r tne fit betwmn
fuuth Ameriea

and Afoiee, is not
E€n,etic, surely
it is a doviee of

Sa.te'n fsr our
fuu*tration.t

ChesteF R. LonSuuell

In his classic 1944 textbookThe Principle.s o/ Phlsical

Geologl, thc great British geologist Arthur Holmcs even
proposed a mechanism for continental drift: that the
mantle, though solid, could flow on geological timescales,
carrying the continents ()n c()nvection currents. Others,
notably Alex du Tbit in South Africa, showed how
geological structures clcarly match up across the Atlirntic,
like print on two halves of a torn piece of paper. Ancl
fossils showecl that the two sides were once close together
But still the idea was not widely accepted.

First accurate maps
of the Atlantic show
the similar shape of
continents on either side

Antonio Snider-Pellegrini
maps the fit of the American
and African continents

Frank Taylor in the USA Alfred Wegener in
suggests that continents Germany proposes
move about the surface a theory of
ofthe globe continental drift
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ATFRED WTGENER 1880-Ig3ll
Born in Berlin, Wegener went on a two-year
postgraduate expedition to Greenland, where,
it is said, he witnessed sea ice breaking up,
giving him the idea that continents could split
apart. He was persuaded by the corresponding
shapes of West Africa and South America
that the two were once joined; he showed

that the fit was even better if you used the
continental shelf margin, rather than the
present coastline. He could not suggest
a mechanism for how continents could
move through solid rock and his ideas were
not widely accepted. He died on another
expedition to Greenland.

Thir-rgs bcg:,rn to chirnge following the Intcrnational Geophysical Year in
1957, when oceanographic surveys revealecl that the micl-ocean riclgcs run
arouncl the world like thc sean on a rennis ball (see ch:rpter 14). At the
s:rme time, maps of the foci of the rnajority of earthquakes shou'ed that they
clustered in lines, solnetimes trlong tl're edges of continents. These lines seemccl
to tnark the bound:rrics of a collection of rigicl plates cor.cring tl-re surface of
thc Earth.

Plate teCtOniCS Ti.rere are seven hr-rge pitrres :rnd some orher subst:rntial
ones, together with srnall fragments alttng the morc complic:rtcd joins.
Not a1l continentirl margins ilre also plate boundaries. For ex:rmple, the
African plate extcnds wesr to the mid-Atlantic riclge and east into tl're
Indi:rn Oceirn. Tl're plates go much decper than the crust alone, extendir-rg r.,
inclurlc the rigid litlr.sphere ar rhe rop .f the mantle. The rnanrie is typic:illy
100 kilornctres (62 rniles) thick uncler ocean plares, though it thins rn almosr
nothing trt thc rnid-ocean ridges. Beneatl.r the interiors of ancient continenrs,
or crirtons, it probably reaches a rhickness of :rbout 300 kilornetres (186 rniles).
The base of the lithosphere and thus of rhe recronic platc is nor alw:rys clearly
dclined. It is not rnarked by a sudden bound:rly that reflects seisrnic wa'es, Iikc
the Moho, hut seems to be a gradual transiti.n from hard, brittle rock that can
fracture to thc softer, viscous rock of the asthenosphere below.

Alexander du Toit
shows how rocks of
South Africa match
those of South America

Arthur Holmes Harry Hess suggests
suggests mantle that new ocean floor
convection drives is created along mid
continental drift ocean ridges

Fred Vine and Drum J. Tuzo Wilson, Jason
Matthews provide Morgan and Dan
magnetic evidence of McKenzie formulate the
seafloor spreading theory of plate tectonics
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Supercontinent Ti:rce back the n-rotions of the piirtes through tirne
ancl a very diffcrcnt world map is reve:rled. The southern continents come

together to frrrm a lirndmass known as Gondwanaland, rvhile North Arncricr
joins up with Europe and Asia as Lirurasia. Separating therr and opening
eastwards frorn thc Mediterranean rcgi()n is an ocean known as the Tethys.

Tbgether thcy rnade up Pangaeir, the supercontiner-rt that Wegener had

prcposcd in 1912.

Polar wandering The orientation of the continents can be traced back

thnrugh time by rnagnetisln locked within the rocks. Magnetic pirrticles line
up u'ith thc Earth's maglretic licld and are then frozen into the rock when,
for example, molten magma cools. As we have seen, the Earth's lnagnctic
lield sornetirnes reverses, but it remair-rs more or less in line u'ith thc Earth's

rotation axis, giving geokrgists an idea of which way was north on any

particular continent at the time the rock forrned. By recorcling the magnctic
orientiltion of successive layers, it is possible to build up what is cirlled:r
polar wandcring curve - except th:rt it is not the pole that has wanclerecl but
the contincnt. Sometimes, rocks on different cc)ntincnts come into m:rgnetic

alignment at a certain age and that can mark the timc when they were
joined togcther. In the case of Africir and South America, that was in the

early Jur:rssic, ahout 190 rnillion years ago.

The continental waltz Polar wandcring cun'es havc tnarle it possible

to tr:lce continental lnovements right h:rck into the Precan-rbrian. C)ver

timcscales of hundreds of rnillions ctf years, the cr)ntit)ents seun-t trl cr)ltte

togcther and break irp:rrt in a repeating cyclc th:rt rvould r-rot bc out of place

J. TUZo Wrrsom rg0S-98
After the Second World War, Wilson did

important work on the crustal evolution

of his native Canada, but he then became

interested in evidence for continental drift
from the oceans. He suggested that the

Hawaiian lslands and the adjacent chain of

seamounts might have formed if the Pacific

floor had been moving over a fixed hotspot

in the mantle. He likened the concept to
lying on your back in a moving stream of
water, blowing bubbles through a straw. He

went on to recognize the three main types of
plate margin and laid the foundations for the

theory of plate tectonics.



55

'F.*i\-d? "

,i,*
","+. ir...fu-.

t.if 
,

-*

The positions of the main continents
over the past 175 million years.

175 million years ago

80 million years ago

on :r dance floor. This has been
called the Wilson cyclc, after

J. Tuzo Wilson.

In each cycle, the continents ' : '. '' :' ,l
rre slighrly .liflercnr .hancr.
Sonretimcs they bre:rk apart
:lncl sometimcs they crnsh into one
;ln()lhcr, thr,ru inq up hugc ln()untililt r;lng('s

' 'i., ^.." Present day

in the collisir)n zone. India tirkes a 100-mi1lion-1'ear jtrrrrncy
:rcross the Tethys Ocetrn beforc colliding with Asia and fonning the
Hirnalayas. Afiica swings round into Europe where thc Alps now lie, :rnd
Spain hinges towards Frirncc, joining at the Pyrenees. We will return to
thesc insights into n-xrur-rt:rin br-rilding later.

*fom ##HaqgffiHgffiffid" *"#mm.
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Seafloor
spreading

Oceans cover more than 70 per cent of the globe's surface.
We build homes and take holidays next to them; we swim,
dive and fish in them; but seldom do we go deeper than the
few tens of metres penetrated by sunlight. Beyond lies a whole
world awaiting exploration, containing clues as to how our
planet works.

The open occan is on a\rerage rnore than 4 kilometres (2ll miles) deep.

In thc micl-19tir century, ships began surveying the north Atlantic prior
to l:rying thc lirst tr:rnsatlrrntic telegraph cab1e. Halfr.vay across they
discovcred a range of mountains standing more than 2,000 rnetres
(6,567 ft):rbove the abyssal plain (though still far beneath thc w:rves).

The rnountains seernecl to fcrrm a double riclge with a rift in between.

The longest mountain chain on Earth k w:rs nor untilthe
1950s, when the US and British navies wantecl to survey thc oce:rn floor
for places where submarines rnight hicle, that the full extent of the mid-
ocean ridge system was realizecl. By this time, survcy ships were fittecl with
sonar - ir much quickcr way to neilsure depth than lowering a weight
over the side of the shipl It was discovered that the ridge system runs right
the w:ry down the mitidle of the Atlantic, across the Inclian Oce:rn ancl

through into the Pacifrc. Altogether it amounts to the longest mountain
rangc on earth, 43,500 miles (70,000 km) long, snaking around the planet
like the se:rm of a tennis hall.

North America begins to
break away from Europe
and West Africa

South Atlantic
begins to open

Volcanoes in north-west
Scotland as Greenland
completes its separation
from Europe
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ocea". r,A3e?
A branch of the lndian Ocean Ridge runs

below the Arabian peninsula and into the
Red Sea, perhaps itself a failed ocean or one
yet to form. At that point the ridge branches
and heads on land into Ethiopia and along
the East African Rift Valley. Here it is fed by
a small branch of the African superplume

and there are numerous volcanoes. ln the
north lies the Danakil Depression, an area

of Eritrea and Ethiopia that is below sea

level and where the continent appears to be

splitting apart. This may be the first signs of
a new ocean forming.

A fu-t-ura

Crustal creation TLre w:ry in which the Atlanric
ritlge runs dowrr thc cxact rnitldlc of the ocean,
reflccting the shapc of the cotrstlinc 1,243 r.niles
(2,000 km) aw:ly on eitl'rer side, scernecl more th:rn
coinciclentirl. In 1960, geokrgist antl firnner US Navy
c:rptain Harry Hess clre.,v the obvious conclusion: th;rt
the mitl-oceirn ridge r.vas the sor.rrce of new ocean crust
as the Atlantic r.videned and the contincnts on either
sicle driftcd apart.

Magnetic stripes It rvas left to Can'rbridge
University scientists Frecl Vine irnd Drurn Matthews
to find the proof. They were able to rou'ir sensitir,e
magnetolnetcr to and fro :rcross the rnicl-Atl:rntic
ridge, rnapping out the magnetic fielcl locked in tire
volcanic rocks beneath. C)nce evcry few hundred
thousand years, the Earth's magnetic lield revcrses, and
they found altcrnating stripes of normal and rcversed
nagnetiz:ltion in the rocks on both sides of the ridge.

6fne world is the
geologist's great
pur,zle-box; he sta,nds
before it like the ehild
to whom tlre separate
piec€6 of his purslc
renrain a mystcry
till he detects their
rela,tion and seo6
where they fit, and
ttren his fragments
grow at one into a
@onnsstod pieture
benea,tltr his hsJild.l
touis figassiz

Magma injected beneath the
ocean crust raises parts of
the north Atlantic briefly to
become dry land

Mantle plume at the mid-
ocean ridge starts the
formation of lceland

The Atlantic is about 4.000
kilometres (2,485 miles)
wide and getting wider by
3 or 4 centimetres per year
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The rnagnetic stripos we re a mirror image of eirch other, rvith the rocks
getting progressivcly older as they moved iru'ay frotn thc ridge itself. This
was the evidencc which finally convinced even sceptics of the reality of
continental drift ilncl 1cd to the theory of plate tcctonics.

Anatomy of a mid-ocean ridge Hot mantle rock is rising beneath
thc ridge. At depths of 100 kilonetres (62 miles) or so, some of it stirrts

to melt, rising to forrn the basalt of ncw ()cean crust. The eruptions along
thc ridge are quite gentle, with pillorv basalt oozing frorn {issures like
thick black toothpaste from a giant tube . Eruptions take place irlong a rift
running down the centre of the riclge. The sub-se a mountains on either
sidc are r:rised up partly clue to uplift from thc rising hot milntle beneath
and partly because they are still hot thcmselves. As they rnove :rside, thc
rock cools, sinks and contr:lcts, bringing the ocean floor b:rck to its
normal dcpth.

It is h:rrd to h:rve straight lines across tl-re surface of a curved globe, which
means thirt :r number of large offsets or transform filults are found along

the line of thc ridge.

Black smokers There is ir consider:'rblc am()unt of water percolating
through lissures and pores in thc new ocean crust. This heirts up, dissoh'ing
minerals as it passes through thc rocks, and c:rn come gushing out of
hydrotherrnal vents on the se:rfloor. The mineral-rich water precipittltcs

Magma rising from the
mantle creates new
ocean crust along a mid-
ocean ridge. The new
crust and underlying
hard mantle Iithosphere
move out from the
ridqe on the softer
asthenosphere.
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cha(bgar e*ped,t,on
ln 1872, HMS Challenger set sail on

what was to be the world's first serious
oceanographic expedition- Over the next
four years, she covered 80,778 miles
(130,000 km), taking deep-sea soundings,
bottom dredges, ocean temperatures and
cataloguing 4,700 new species. Among the

sites where depth measurements were made

sulphirle minerals :rs what look like ckruds of black smoke in the warer,
building up solic'l chirnr-reys around the venrs. These arc known as black
srnokers. The w:rtcr cirn be up to 350 tlegrees Celsius, though at these
pressures it docs not boil. Bacteria and larger creirturcs that live off then'r
maintain a succcssfirl if hirzardous existence on the chcmical energy.

The real Atlantis ice l:rnd exists where a manrle plurne coincidcs
u'ith thc micl-Atlantic riclge . Fifty-six million ycilrs ago, as rhe north
Atl:rntic was opening, thcrc scems to have bccn a burst of irctiviry in tl-rat

plurne. It was r-xrt hot cnough to cause rnassive volcanic eruptions. Insteatl,
it injectecl vast illn()unts of rnaterial beneath the lithosphere , lifting the
se:rfloor. Seisrnic sur\reys of a 10,OOO-squtrre-kilrmetre (Z.-5-rnillion-acre)
area by Carnbridge scientists h:rvc revealed a krst landscape of co:rstlines,
hills and r':rlleys, clearly representing lancl that was abovc ground. Core
sarnples returned pollen ancl lignite from fcrrests. For onc or two million
years, this wholc :rrea of tl.re north Atl:rntic must hnve becn dry land.
Today it lies bcne:rth 1,000 metres (3,281 ft) of ocean irncl a further
2,000 rnctrcs (6,562 ft) of l:rter sedin'renr.

was the Marianna trench near Guam in the
Western Pacific, where a depth of 8,182

metres (5 miles) was recorded - just short of
the 10,900 metres (63l miles) now known to
be the depth of what has since been named
the Challenger Deep, the deepest point in the
world's oceans.

f:$ s *i, igq*ffi"#"dryg:3"ffiffi# a#q**s.'
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Subduction
New ocean floor is forming. Continents are drifting but not
disappearing. The Earth is not getting bigger, so there must
be a way of getting rid of old crust. There is, and it is called
subduction. It completes the cycle of mantle circulation,
along the way adding to the edges of continents and creating
arcs of volcanic eruption.

There is no ocean crust olcler than 200 million ycars and vcry 1itt1c thirt
is olcler than 100 million. This is because the,rce:rn lithosphcrc slab gcts

denser ilncl .lenser ;rs it cools :rnd contracts until it is no krngcr suflicicntly
buoyant to floirt on the hot upper mantle be1olv. So it st:rrts to tirkc a dive.

Ocean trenches As you foikrw the oce:rn floor across thc :rbyss:rl pl:rin
aw:ry from thc rnid-ocean riclgc, thc wirter stirrts to deepen as the setrfloor

dives down frorn the relatively flat plains at 4,000 metres (13,IZ3 ft) into
:r trench that can he 10,000 metres (32,808 ft) deep. There it st:rrts to dive
clown out of view, but it can still be trircked by the zone of eartl-rqu:rkes

it produccs :rs it movcs. This subrluction process takes place at about
the siime speed that ocean crLrst is created akxrg the mid-ocean ridges -
bctwecn 2 anc'l 10 centimetres (between % antl 4 in) per year, about the
sarne rate at which your fingernails grorv.

At first, the ocean slab clips down at an angle of around 30 clegrees. Once
it reaches a depth of more than 100 kilometres (62 miles) or so, heat
anrl pressure convert the basalt into a denser rock called eclogite and the
descent steepens. As the rock warms and softens, earthquakes die away,

but the slab can still be tracked as a high-velocity layer for seismic u'aves

Panthalassic Ocean opens,
with Antarctica and Australia
to the north, Canada and
Siberia to south

lapetus Ocean closes
between North America
and northern Europe

Rheic Ocean closes between
North America and South
America and Florida
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As ocean Iithosphere subducts, volatile components
including water cause partial melting and explosive
volcanism above.

frorn other sourccs. Eventually, it reaches at least a temporilry halt 660
kilometres (410 miles) clown, :lr thc base of the upper manrle.

Volcanic ifcs Ocean crusr does nor go genrly. Afrer 1OO million
years under thc sea, it is wet - both with watcr in the pores and water
chemically bondecl in the minerals. As it descends ancl heats, warer is

driven off :rr-rd rises through the rocks above, lowering their me lting poinr.
This produces a ch:rin of volcanoes forming above the subduction zone.
Where the ocean lithosphere is subducting beneath another ocean pl:rtc,
it produccs ir volcanic islancl arc such as those of the west Pacific. Where it
is subducting beneath a continent, the volcanoes form a rnountain range
on 1and, such as the Andes in South America and the Cascacles of Oregon
and Wirshington. Betwcen them, these chains of volcanoes make up a ring
of hre around the Pacilic.

Tethys Ocean opens
between lndia and Australia
and'l-ibet

Atlantic Ocean starts
to open

South Atlantic
begins to open

Tethys Ocean closes
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Futufe subductiOn L)cc:rn crlrst cannot l:rst frrrever. The floor of the
Atlantic C)ce:rn is stil1 consirlerc.l to be p:rrt of thc European, African ancl

North and South Arncric:rn p1:rtcs, but eventually, the olclest parts of the
ocean floor, fringing those continents, will start to sr-rbduct. T1're process

h:rs alre:rdy bcgr-rn in thc u'estcrn Atlantic where it rneets a couple of
smaller plates, fonning thc Pucrto Ric:rn trench in the Caribbean ancl the
South Sandwich trench between South Arncric:r nnd Ant:rrcticir.

Eventually, in perhaps another 150 rnillion ye:lrs, the Atl:rntic Occan will
l'rgirt t,r tlt'se rrgrritr, crr:rting r new 5ufcrc()lrlin('nt in pcrhrr1.. 250 rnilliorr
yeirrs, continuing the Wilson cyclc.

Not everything gets sucked back into thc m:rntlc u'hcn :rn ocean plate
sub.lucts. Son-ie of the irccumulated ocean sediments can get scrapecl

off the to1.r 211.1 accumul:rtc at the edge of the overlying plate in whirt
is knou'r-r irs:l1l ilccrctionary prisnr. This is one of the ways in which:r
continent c:rn gr()w; it is :rlso il lneans by u'hich narine f,rssils can he

ftruncl on lancl (thc othcr being clirect cleposition in shalkru'se:rs u'hen
c()nti11clrts are floocled ).

Lost oceailS Greirt ()cc:rns of tl-re past have subclucted out of existence
as continents colli.le. The most rcccnt :rntl best knou'n is the Jurassic
ocean knorvn :rs the Tctl-rys. As Africii and Intlia movec'l into Eunrpe ancl

fluco BENr0Fr 18$9-19S8
An American geophysicist working at the California lnstitute
of Technology, Benioff was a brilliant instrument designer; his

seismometers are still in widespread usetoday. ln 1945, he used a

network of ten of them in California to pinpoint the location of the first
atomic-bomb test in the New Mexico desert. He went on, with Japanese

seismologist Kiyoo Wadati, to plot the locations of small earthquakes

beneath one of the island arcs of the West Pacific. They discovered

the earthquake zone dipped down at an angle ofabout 30 degrees

beneath the islands. We now know that this Wadati-Benioff zone tracks

that

ben

the descent of a subducting slab of ocean floor.
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Asia, the fl.or of the Tethys subclucted cl.wn ro thc SWg are tied to the
north. Seismic tom()graphy h:rs reve:rled fragrnenrs Org1ea"Il. And 1yhen $Ig
continuing their clcscent ir-rto rhe mtrnrlc. Seciirnent go hack to the sea,,
scraped from the floor of thc Tethys nor.r' forns p:rrrs fttfOtngf it iS tO Sait
of the foothills of the Alps and Him:rlayas. Part,f the Of lO Wateh _ nue a"'e
micl-ocean ridgc of the Tethys is to be frruncl on CyprLrs, n.;ir" baek ffOm
r.vhere tl're rich copper ores tleposited trlong the ridge E ---€ -!

helpcclr. pr.vitle r:rw marerials frrr the Br,,-,r";;:. whenee wg Ga,Ine.S

Regi.ns where c.nrinenrs h^vc collicleil following rhc J&hn t' ltg**gdy

closure of ancicnt oceill-Is arc known as sLrture zones.

The Soutl'rern Uplands of Scotland rnark one such zone,
the site of the Iapetus C)cean, which closccl 420 rnillion years irgo.
Tirrlny the area can be crossed in a short drivc fiom England into Scotl:rn,:l;
500 rnillion years ago it would h:rvc represented a krng sea voyage and
parts ()f what are tocliry Scotland would have be cn Arnerican. Caught
between the two contincnts r.vas thc ocean isi:rncl of Avakrnia, parts of
which :rre now to bc lound in south-west England, Newfoundland and
Ncw England.

Fossilized Moho Olcl, cold ocean crusr nonnally sinks back down
into the mantle in subclucrion zones. But in a few rare cases, secti()ns get
lifted up and erode.l so that geologists can examine fossilized sections of
the Moho. These are knowr-r as ophiolites, and a line example exists in
C)man, on the easterll edge of Ar:rhia. It relrrescnts ii section of ocean floor
frorn the Cretaceous periocl and reveals pale-colourecl gabbro ()verlying
dark, dense peridotite. But it is nor a clean bound:rry. C)ver sevcr:ll metres,
laye rs of tl-re trvo rock types intermesh in veins a few centirnetres thick.
Modern se isrnic reflection techniques rcveal tl.rat the present-day Moho
lrrr' silnil;rr t'otnpl." tr;...
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Volcanoes
Volcanoes are among the most spectacular surface expressions
of the heat and energy in the Earthts interior. Once thought to
be the chimneys of hell or the lairs of dragons, they can range
from spectacular tourist attractions to deadly explosions with
the potential to destroy cities, disrupt regions and change
climates. They can be studied, understood and even predicted,
but never prevented.

We've heard alretrdy abor-rt what lies beneath: thc processes in the rnantle
that can give rise to volcanoes. These include the gentlc t4.,welling
beneath mid-ocean ridges that creates new basirltic crust; thc hugc
outpourings of lava irbove mantle plumes; and the tnorc cxplosive
eruptior-rs of wet n:lgma above subducting plates. Now 1et's look at the
ilnatolny of thesc volcanocs in rnore det:ril.

Volcanic entertainment on Hawaii The Hawaiian islands sit
on top of a rnantle plurnc. The P:rcific plate is moving across the plurne,

so there is a chain of islands irnd underwirter se afirounts stretching away tc)

the north-west, plotting its activity over the last 80 rnillion years, with a

pronounced change of direction from a more northerly drift about

48 million years ago.

Measured from its true base, 5,000 metres (16,404 ft) belou'the sea, the
big island of Hawaii is the largest mountain on Earth. There are two main
volcanic peaks: Mauna Kea, which is home to an international observatory
and is hopefully extinct, and Mauna Loa, which last erupted in 1984.

Yellowstoneeruption: Toba,lndonesia:
Creates 2,500 times Threatens early
more ash than Mt human population
St Helens in 1980

Santorini,Greece: Vesuvius,
Contributed to ltaly:
the end of the Destroyed
Minoancivilization Pompeii

Mount Fuji,
Japan

Tambora.
lndonesia: Volcanic
dust leads to 'year
without a summer'
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Vo(can'rC rocKs
The nature of volcanic rocks is governed by

their composition, how they are erupted,

how much gas they contain and how quickly

they cool. Rapid quenching creates a volcanic
glass called obsidian. Lava frothing with gas

that is cooled before the gas escapes creates
pumice - so light that it can float. Pulverized

rock can fall as ash or cinders, but if it is
still soft when it lands, the fragments can

weld together to form a welded tuff or an

ignimbrite. Bigger lumps of lava that cool

as they fly through the air form bread-crust

bombs; those that are still soft when they
land look more like cow pats. The surfaces

of lava flows can be covered with angular
blocks that are definitely not pedestrian

friendly. Where there is only thin skin on

flowing lava it develops a rope-like texture.

C)n its flanks is the cri{ter of Kilirr.rea, which has heen in '.rlnrost continrrous
enrptiorl since 1991. C)ffshore to thc sor-rth-cast is L()ihi, tht'voungcst
Hawaii:rn volcan,l, which has n()t yct broken the ocean surfirce br:t mtry

become the r-rext Htrrvaiir.rn islantl.

The rising mantle rocks hcgin to melt tleep bcneirth the sr.rrfirce, ar,run.l
150 kilornetrcs (9J rniles) clown. At that depth, the pressure is such thirt only
:rbout 3 or 4 per cent of the rock melts, producing a very runny basalt ltrvir

typical of what are known as shicld volc:rnocs, rvith lor-rg, wide lava flows.
Because it is srr runny, escapirrg gas causcs the lava to ftruntait'r ratl'rer th:rn
cxplil{", so that crLlpticlns are normnlly s:rfe cnough for tourists to t'atch
frorn viewing platfcrrms at the edge of the crater. The lava flows carr travel
considcrable distances irncl sometimes block roads on their way to the sea.

Champagne volcanoes Altogether lnr)re violent in nature irre the
volcanoes above subduction :ones. The rnagrna thirt feecls them is prc,cluce.l

:rt shallower depths from wetter rocks m.rre rich in silica. That makes it
much more viscous, so it can't flow or for:ntirin in the same way as Hawaiian

Krakatau, Sumatra
Destroys entire
island and triggers
tsunami

Mount Pel6e, Paricutin, Mexico:
Martinique: Town of Completely new
St Pierre destroyed volcano appears
by pyroclastic flow in a farmer's field

Surtsey, Mount St Helens, Mount Pinatubo,
lceland: New Washington Philippines:
volcanic island State: Explosive Aerosol cloud
begins to form eruption cools climate
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Ana-lor$\3 of a, .ro(cano
Mount Etna in Sicily is a complex volcano

and one of the most studied. lt is only

250,000 years old and alreadY 3,330

metres (10,925 ft) tall and still growing. ln

fact, it seems to have been erupting more

and getting more explosive in the last 50

years. lt is fed by a mantle plume but not

through a simple single vent. There are

multiple craters around the summit and

frequent eruptions through fissures around

the sides. Careful monitoring of how the

mountain swells and subsides and how

gravity rises and falls on its flanks makes it

possible to monitor the magma rising within

it. Etna is so massive that there is a risk of

collapse on the flanks, leading to a more

catastrophic eruption.

volcan,res. The watcr and other vol:ltiles rnirkc it rnr-rch gassiet. As rr-ragtna

riscs antl thc pressulc drops, it is like uncorking :r shirkcn-up l',ottle of

champaglle full of gas bublrles. But the m:lgma is too sticky fcrr thc girs ttr

crscrlpL', resr-rlting in cxplosivc cruptions th2t can 1-rurl irsh and cinders high

into tl.rc :rtlnosphcrc. This wits the sort of eruption witnessecl by Pliny

t1-re Yrunge r in ,qn 79 on Vesuvitts, an eruption that killecl his uncle and

dcstroyecl the tou'ns of Ponrpeii au.l Hercul:rneu'. .

Sr-rbtltrctirx-r :one volcattoes are often striltovolcanoes: classic ctlnical

peaks like Morrt-tt Fuji in Japan, built up of irltcrn:rting layers..rf :rsh and

luva. Sorlcrin)es rhc irsh clrLrrl is liftetl 20 kikrrnetres (12% rliles) ()r rrx)re

ir-rttt tl-re stmtosphe re ancl rait-ts down across il c()ntinent. Stlmetirnes the

hot ash btrrclen is greatcr ar-rd it hr-rgs the ground, htrt, bLroycd r-rp by hot

expal.lir.rg girs antl steam, it behaves ntlre like a litluid, r:rcing cl6r'vn the

slopes irt hur-r.lrccls of kilornetres per houl, engulling:rll in its path. Such a

,-1err.1l1'pyrtrclastic flrw, or nuie ardante,.lescended on the torvn 9f St Pierlc

in Martir-riipe orr E May 1902, killing 10,000 peoplc. Atnong the fcu'

surr.'ivors r'r'as ii prisrrner c..rttlitte.l to an airlcss cell.

Taking the lid off On 18 May 1980, Mount St Hcler-rs in

Washilgt()n State sr-rffere.l thc rnost violer-rt eruptl()n iu recent Autericirn
1-ristory. For nvo lnonths the volciruo hatl been spotrting :rsh and steaur
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:rncl the north sirlc of thc mounrain had begurr to bulge
alarrningly. When the bulee collapsed rn irn ar.irlanchc,
it cxposetl magnrrl in tl-rc heart of thc volcirno, inst:rntly
releasing the prcssr:re :urtl resulting in a catastrophic
blast tmvelling irr nrorc rhan (r2 I mph ( 1,000 kmih) ar-rd

toppling trees uf to l9 miles (j0 km) irrvay. 1.4 cubic
kilonetres (0. j ctrbic n'rilcs) of rock u,:rs pulverizecl,
le:r.1ing to:rn ash 1l1l of up to l0 centiurctres (4 in) ovcr
rnost of thc north-u'est USA.

Volcanoes and clirnate Vrlcnr-ric gas:rnd ash
clotrcls can have :r sigrrihciu'rt cI-fcct ()n the Eirrtl-r's
climate . The unpronouncclble Icclanrlic r.,rlcano
Eyj afj allajr)kLrll caLrse.l ren'rp()rary clisnrption to irir trirfhc
over north-r.r,est Europc in 2010 u,ith :r cloutl of irbrasive
ash that wirs p()tentiirllv clarn:rging t() jet engines. The
:lsh cLruci wirs cl'eated l.ecausc the volcano eruptecl
benc:rth a glircicr, c:trsirrg a violent reaction with rnelt
\vatcr. But thc efTects dirl not last long.

6t tooh baek: a d.ense
cloud looms behind
us, following us like
a flood poured a,cnoss
tJre la^nd ... The
fire itself actually
stopped some
distance awaJ[ but
darkness and ashes
carne aga"in, a Ereat
weight of them.S
F&$*g Efu* ?c}Hti$ffiti AD 79

The 1991 e.rpti.r'r .f M.turt li.irtr-rb. i. the Philippi.es thrcw irb.ut
10 cuhic kil,rmctrcs (2.4 cul.ic rniles) of ash into rhe sky, along ri,ith 20
rnillion t.r-rs .f s.lph.r cli.xiclc. The irsh reachccl thc stlatosl.,here :rn.l
sprea.l arountl thc planct, protlucing :r hne h:rze of sulphuric-:rcicl aerosol
that rvas resp.nsihle frrr a dr.p.f h:rlf a clegrcc in global telnfcraturcs o'er
the ncxt t\\'() ycitrs, together Vn'ith c'lepletion ()f the Ozone la),cr.

It is likely that bigger enrpri.ns in tl're p:rst h:rd c'en grc:rter eillcrs. Thcre
scclrrs t() have been:r signifrcar-rt rctluction in the popul:rtion of our newly
evolr.ecl anccstors 70,000 yc:rrs ag() that coincitlecl u'ith a l-ruge enrp111.ln
of the Tirb:r strperv.lcano in ]r'rd.nesia. The virst cruptions that pr.,-lLrccil
thc l)eccar-r Tiaps i. India 65 rnilli.n ye:rrs ag() .nd the Siberiir^ tirps 250
rnillion )rcars tlgo ulty havc contlihutetl t() r'nitss cxtinctiorrs irt these tirtres.

i: r", rii.'
.l l'.",'a ':

,! $,...'"'r.i i?
.:,.r1-.. i .l:,. .ii.

li 1+ :;,ltii:i
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Earthquakes
Continents drift around the globe with unstoppable
momentum, but their edges are not well lubricated.
Sometimes they get stuck. Sometimes they may slip suddenly
and the ground shakes with an earthquake. When and where
a continent will slip next and with what consequences are
questions geologists are working hard to answer.

Thc relative ntotions of the tectonic plates that make up the Earth's crust

can he tr:icked with rnillirnctre accuracy using the lirtest techniques of gktbal

positioning, laser ranging or radio irstronomy. But thirt's only the micldle

of the plates. Tow:rrcls the edges, things get ctlnfused. Pl:rte boundaries are

seldom neat, straight lines: the cracks ttr faults get oflset by othcr f:rults;

rnultiple faults can run parirllcl to each other; others can branch and ciivirle .

They can stick frrr decades or centurics and thcn sudclenly release the

pent-up stresses in a devastating earthquake in which the ground can move

tens of Inetres in seconds.

The San Andreas Fault Perhaps the most firmotts crack in the world

is the San Andreirs Far-rlt in Califcrrni:r. It is in fact a ctlmplex network of
f:ruks running thnrugh the middle of San Francisco and southwarcls through

the hilis behincl Los Angeles. The Pacilic plate is moving relentlessly north

relative to the North American plate. In another Z0 million years, Los

Angeles will be alongside San Francisco.

In 1906, San Francisco was hit by a devastating earthquake that, together

with the hres that followed, ail but destroyed the city. There have been many

Antioch, Turkey Shensi.
(possibly250,000 China
deaths) (830,000

death s)

Calcutta, Lisbon,Portugal
lndia (up to 100,000
(300,000 deaths, many due
deaths) to tsunami)

San Francisco Messina. ltaly
magnitude 7.8 magnitude 7.1
(over 3,000 (123,000 deaths)
deaths)

Hokkaido,
Japan
( 1 37.000
deaths)
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Earthquakes can occur at any depth down to several hundred kilometres.
The centre ofthe actual fracture is called the focus or hypocentre; the
point on the Earth's surface directly above that is the epicentre. The
severity of earthquakes is today measured as something called the
moment magnitude (rather than the old Bichter scale, although the two
roughly correspond). lt is a function of the amount of slip, the area that
slipped and the rigidity of the rocks. lt represents the energy released
at the focus, so damage at the surface also depends on depth. lt is a

logarithmic scale, meaning that a quake that is two points higher on the
scale is 1,000 times more powerful.

srnaller quakes since, some of them severe, such as the Loma Prieta quake
ncirr San Francisco in 1989. But Cirliforr-ria is still waiting for the'big one'.

Where the Pacific takes a five Japtrn, roo, is u,,aiting. In J:rpan
most quakcs are causerl by the Pacifrc pl:rte diving down beneath rheir cast
coast, gir.ing them more than their fair share of shaking. Tbkyo w:rs hit in
1923, resulting in 143,000 deaths. The Kobe quake in 1995 killed jusr over
6,000, but the Tbhoku quake and thc devastating rsunami that followed
it in March 201 1 was one of the most powerful qu:rkes in modern times.
It took more than 20,000 lives ancl caused devastating darnage probably
costing hundreds of billions of dollars.

Predicting the inevitable It is easy ro preclict where c:rrthquakes
wili occur: just kxrk at a milp of the plate boundaries. Much harder is tcr

say when thcy will happen. Instruments can sometimes tel1 you where

Kanto, Japan Valdivia, Chile Prince William
magnitude 7.9 magnitude 9.5 - most Sound, Alaska
(142,000 deaths) powerful recorded magnitude 9.2

(3.000-5.000 deaths) (131 deaths)

lndian Ocean, Haiti
lndonesia magnitude 7.0
magnitude 9.'1 1220,000
(230,000deaths) casualties)

Tohoku, Japan
magnitude 9.0
(over 20,000
deaths)
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$We learrr geology tlre morrring a.fter
the earthqua,ke.$

$$ru*ph Wmtrxi* fnffimr*$$ffi

thc stress is lrLrilding up. Historical rccor.]s revetrl u,hich seglnel]ts ()f it

far-rlt har,'en't movccl for a long timc. With ltrck, scisrnologists c:lt-t say if a

mrljor cluirke is likcly within, siry, a clecatle. But cven if they nrc certain of
tl'r:rt, it's still or-rly it one iri J,650 chance that it will h:rppen tornorro$'
pnrl.ably n()t a reason to cngender p:rnic or call for :,rn evacttirtiolt.

Building for earthquakes BLrt there are ways to prefare . It is

sornetines sairl thirt it is builclings that kill pcople, n()t eartl'Irllr:tkes, ar-rd

botl-r ]apan and Califirrnia now have strict buildir-rg co.lcs to nrir-rirnize the
risk of lr c:rtzrstropl-ric coll:rpse. Soure othcr e trrthqtrilkc-prone regions :rcross

Asia, South Atnericil an.l even parts ()f Europe are lcss u'cll preparecl, as

sho,nvn by st:rtistics such:rs those of the Armenian earthqlrirke in 1988,

which killcd more than 100,000 people; by contrirst, in the Lotnir Prieta

quake in California of about the satne m:rgnitude a year late r, only 62 dicd.

A particulirr hirz:rrcl in some regirx-ts r.r'ith :rlLrvial soil is liquefirction.
If il c1r-rake shakes L4r we t sellirnents, they can turn into sonething like
quicks:rntl, no krngcr srrp1.r1r11ing tl-re roacls ar-r.l btrilclings on top of thcrn.
They c:rn even arnplify the e:rrth,4.take rvirves, as happcnccl in Mexictr
City in 1985. In cities, liqr-ref:rction irnd thc tlutrke itself can e:rsily fracturc
gas anrl \\,irter lnains, simultaneously firclling any {ircs iLntl retnoving thc
mcirns of extingr-lishing then'r. San Fr:rncisco now hzts ir-rtelligent pi1-rcs that
irutornirticrlly shr-rt sections off if the re is a big prcssure drop.

Early warning There is sclclom enougl-r certlilrtl' t() issLru evrtclnttion
lr'arnrngs, but an increase in uinor qtrakes ciln rcpresent the folcshocks

of a big ..rne iur.l ur:'ry be a goocl enor-rgh reirson to shr-rt down potcnti:rlly
hazar.ltrLrs oil, chcrnical ancl nucictrr plants ar-rcl move elnergency vchicles
clear ..rf l-,Lri1t1ings. Sotnetimcs :r brief warniug is evet-r possiblc afte r the
qrrakc has stirrteLl. if thc cpice ntre is dist:rnt frotn :r city, radio r''n'irves citn
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a\l5-l-raga precursors
Attempts to predict earthquakes have relied on all sorts of precursors,

from bizarre folklore to sensible science. Unusual animal behaviour has

been reported just before an earthquake, as have sudden changes of
the water level in wells. Such clues were used to evacuate the Chinese
city of Haicheng in 1975 hours before a devastating earthquake. But a

year later, 240,000 people died without warning in Tengshan. Scientists
have monitored levels of radon gas squeezed out of rocks and looked
for tiny flashes of Piezo-electric (an electric charge produced when
a crystal is squeezed; as used in many gas lighters) light as mineral
crystals are squeezed; while long-wavelength radio waves have also
been said to precede a big quake. But none of these appears to be a
reliable indicator. When a fault is ready to break, a high tide or heavy
rainfall may be enough to make the difference, but who is to say when
it is ready?

cross the distance a felv rninutcs cluicker than the earthLllake wirvcs
thernsell'es. In the case of :r tsunarni, warnings of an hour or morc might
be possihle . L)ne of the re :rsons frrr the terrible cirsr-ralties c:ruscd by r1're

Boxing L)ay tsr,rnami in 2004 in the L'rdi:rn Ocean was rhat the affected
conntries dicln't h:rve thc carl),-warning systern that rvas alreacly in place
around thc Pacific.

f;$. :{ +:, +; rd:F:il,g {:g{* H""$",rufi}# -t.e"$ mfc.
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Mountain
building

Sometimes continents collide head-on. And a slab of rock the
size of a continent doesntt stop moving easily. In fact, it hardly
slows dov,.n at first. When an irresistible force hits an object as
immovable as a continent, something has to give. The results
of these intercontinental traffic accidents are mountain rangest
and the crumple zotre can extend for hundreds of kilometres.

There are three main types of convergent plate bouncl:rry: oceirn subclucts

lrncler thc ocean creating an islancl arc, such as the Aleutians; ocean

sul-,clucts under :r continent creating a partly volcirnic mountain r:rnge,

sucl-r as the Andes; ancl contiuent lnccts continent creating thc biggest

mountains of :rll, such as the Hirnalay:rs.

The Andes The Ancles are ir textb(nk examplc of mount:rin building
due to subcluction. Not only does this produce a chain of volc:rnoes

spouting silica-rich andesite, it also results in the forrnation of large

amounts of granite, which intrude into the crust :rnd uplift it. The

n-rountain building phase began in the Cretacettus period arouncl

IOO million years ago :rncl continues with eirrthquakes and volcanocs ttr

this clay. Across thc L)rake Passage, the An,-les continue in the mtluntains

of the Antarctic Peninsula. Tb the east of the mottntains the crust h:rs

lowered, proclucing sedirnentary basins. This may in part be due to the

clownward pull of the subducting slab of Pacilic Ocean crust.

Caledonian mountain building
as North America collides
with Europe

Appalachian mountain
building as Africa and
North America meet

Hercynian or Variscan
mountain building in Europe
and North America as
continents collide
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Further nnrth, in the western USA, the situation is more c.rmplex.
The subducting ocean crust is not descending so steeply, while the
mountain ranges extentl further inl:rnd ilncl inclrde a mL)re low-lying,
stretched are:r roughly corresponding to the state of Nevada, where thc
crust has extencled.

Intercontinental traffic accident Eighty rnillion years ago, India
brokc aw:ry frorn the sc)uthern cnntinent anrl he:rclc,-1 north. The crust of
thc intervt:ning Tethys Ocean began subducting undcrncath Asia. Thirty
rnillion ycars :lgo, the continents met heild-on anc-I, likc a car crash in slow
motion, the collision is still continuing.

Oce:rn crust is clense eno,.rgh to subduct; c()ntinental crust is not. lt is like
trying to hold :r cork undcrwater. Or, to use our traffic analogy, the' ktwcr

Tha €frican suPersure((
It is not only horizontal collisions that can uplift the landscape.

Southern Africa hasn't been in a continental collision for 400 million
years and yet has been steadily rising for the last 300 million: it

is currently about a mile higher than it should be were it simply
floating on the mantle. The answer lies in the mantle superplume,
mentioned before, which rises beneath Africa. lt is a continent that
has been sitting on the heat for 300 million years, pushed upwards
by rising mantle rock beneath. Similarly, horizontal, unfolded layers

of marine sediment in the middle of continents away from mountain
ranges must have got there when the whole region was pulled

down below sea level behind an ancient subducting plate.

On geological timescales, continents bob up and down like corks.

Andean mountain building as Pacific
subducts under South America

Alpine and Himalayan mountain building
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SIt must trave
appeared almost
as improbable ...
that ttre laws of

earthquakes should
one day throw light

on the origin of
mountains, as it

must ... that the fall
of an apple slrould

assist in errplaining
the motions of

tlre moon.S

Six* Sftnflfiss Lyelfl,

Principles ol Eeology, 1 830-3

car in an accidcnt cilnn()t clive dor'r'n into thc road. lnstead, tl-re ovcrlying
plirte rises np through buoy:rncy, lifting not only the cr,.rmple zonc of the
m()untain riurgcs but also the Tibetan platcau beyor-id.

'Wl'rer-r yotr krok at the join ()r suture betwccn In.li:r ar-r.l the rest of Asia,
it looks as if therc \\ras a c()nvcnient Indin-shaped inclentatiou for thc
subcontinent to slot into. Not so. Sirnultrting the collision by sliding
:r rigirl block into a rhick shcct of wct cliry creates a nctwork of criss-

crossir.rg cracks ahead of thc block, trlong which slai.s of cl:ry are scpeezecl

out to the side ir-r a fr()ccss c:r1lec1 tectonic extrusion. Thtrt is what
happened to Asia, pushing Inclo-China out to the east.

Rapid uplift Just how cluickly the Hirnalayirs havc risen c:rn be

seen firrm thc rninertrls r'vithin then-r. Plutonic rocks such as grilnitc cool
quickll, u'hen they rise in tl-rc crust, so if tl"reir tenperaturc c:rn bc t:rken

at .lifferent tirnes ir-r the pilst you can d:rte their eler':rtiot-t. Fortun:rtely,

that is possible. We havc alrc:rcly heard how zircon cryst:rls trirp urirniur.n

whcn they firnn, stirrtir-rg il rilclio:rctive clock trs the atoms clccav into leacl.

Zircon crystrllizes at more than 1,000,-legrees Celsius and th:rt c:rn equirte
to n clcpth of 18 kilornetres ( 1 1 milcs). L)the'r rnirrerals
have different so-called ckrsurc tcrnperatures: 530

tlegrees Clelsius frrr hornblenrle, 400 degrees frrr rutilc,
280 clegrees fcrr biotitc mica, for exirml.,le. When
il urlt)ir.iln fltrrtn Jr,c:,1.', lry, il c;lr.t5es lrliLr()s(()f ic

clirmirge to the cryst:rl containing it, but that dirmitge
heals or anneals above a ccrtain tctnperature. For

irpatite thirt can bc as low :rs 70 degrees Celsius. For
zircon it is arountl 240 .1egrees. So the rocks carry both
clocks anc'l thermometers.

The story they tell in the F{in-ra1:ryirs is one of very

rapi.1 Lrplift. Mount Everest and its ncighbours sit trn
a wirle bench of granite. Arouncl 20 million yeilrs ag(),

th:lt seelns to have risen rnorc thnn 20 kilot'netres
(12% rnilcs) in littlc over a rnillion yeirrs. That is rrn

ilstonrshing r:rtc of 2 centirnetres ( 1 ir-r) a year.

It m:ry bc more than the collision irkrne c.rrrl.l :rchicve;
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it coultl bc the result of Tibet
'hobbing up' aftcr cold, dense rocks
at thc basr of the lithosphere broke
away into tl-re rlantle. ln s()me parts
,,f th.' Hirn,rl,r1 rr. rr1,l;f1 (()ntinuc5
toclay. The Nanga Parhat massif
in Pakistan is still rising at ai.out :r

centirnetre per ye:rr. Sctlrn-rcnts in
the Incli:rn Oce:rn slrggcst th:it thc
South Asian ln()ns()()11 lrlso bcgan
ilroun.l 20 million years ?rg() irs

irtmospheric circuliltion wirs affectecl

by thc ncw mount:rin rangc.

Alpine uplift As tl're wesrern
extension of the Tethys C)cean

cl,,;.'1, irttrl at lthorrf tltr:lrtttc titttc

A lea{ frorv' Tiba-f
Plant leaves can be surprisingly good indicators
of climate. Almost regardless of species, plants in
desert environments have small, narrow leaves,

while those from wet tropical rainforest have big

leaves. The degree of serration of leaves to allow
heavy rain to run off without damage to the leaf

is another indicator. Fossil leaves from South

Central Tibet indicate that the region was uplifted
to its present high, dry altitude around 15 million
years ago.

irs the Hirrirlayils \\,ere rising, lt:rly w:rs crashing into Europe and forming
tl-re Alps. Thotrgh still spectacul:rr, they forrn a srn:rl1er rnountain rilnge
that is easier to stucly. Tir the north irnd south, thick rveilges of setlirnent
h:,Lve accurrrrlatecl. In betr,veen, the overlying seclirnentary rocks hirve
bccu spcctacularly firl.lccl irnd contotted like so rnlrch u'hip,pe.l crcau. So

intcnsc :rrc thcsc so-callcd nappc firlcls tl-rat tl-rey havc snggccl t() thc north
like giant t()ngucs, bringing olcler rocks into a position al.ove younger
sediments, contritry to the normirl rules of stratigraphy. Where tl-rere hirs

heen nost uplift, the secliments have erodetl a\\''ay to reveal a crlrstalline
basement of gr:u-ritc :ull mctan-xrrphic rocks.

$ *;$. ri: il,t;h,it:+,..fi.
.iil
rl

llr
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Metamorphism
Rocks can be erupted or intruded into the crust. They can
get eroded, dissolved and redeposited on land or under the
sea, and they can be uplifted into mountain ranges. But
thatts just the start of their troubles. Sooner or later they are
going to get buried and compressed, cooked and contorted
underground. The results are called metamorphic rocks, and
they may carry few traces of the original rock fabric.

Tir thosc trying to tr:rce the rernair-rs of tl-re earliest cr)ntinents ()r even

trying to fir-rd the remains of early life u'ithin them, mctamorphisrn is a

pain and :rn impediment. Sor:ne scientists refer to such rocks irs fr-rbaritic -
fouled up bcyond all recognition! But to a metirmorphic petrokrgist, those

textures tcll thc .lct:rilcd history of the rock since its formatiou.

Heat without pressure The sinrplcst w:ry in rvhich rocks can be

:rltered by heat is known as c()nt:rct mctamorphisrn. This takes place at
shallow depths in the aureole around an intrusion of igneous rock, such ils
gr:rnite, ancl is simply due to the surrounrling rocks, normally sedirnentary,
being cooked by the heat of the cooling rock.

One of tl-ie consequences of that is th:rt watcr will often be clriven ofT,

either just the watcr contained within the sediment, or wirter th:rt is

chemically bonded into minerals such as clays. Or water may bc ,-lr:rwn

into a hot igneous rock. That can, in turn, lead to anothcr sort of local
chirnge: hydrothermal metamorphism. Typically thirt does not need

z0nes

Low pressure: Low pressure
somediagenesis zeolite
consolidates
sediments

Low pressure
hornfels

Medium pressure:
g ree nsch ist
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especially high temperatures: betwccn 70 and

350 degrees Celsius will do. The mincr:rl grains
in the rock may not be rnuch affcctccl, but new
material can co[re in to cement them together or
produce mineral veins within them. This is how
the world's largest col.rper i'leposits were proc'luced

irround granitic intnrsions in the Andcs; it is alscr

how the china cliry deposits of Cornw:rl1 came

into heing.

Pressure without heat Another change
th:rt c:rn h:rppen very sucldenly to rocks is

irnpact rnet:rmorphism. That is nore cornmonly
found on the Moon th:rn on E:rrth: much of the
lunar highlands have been ch:rngcd by impacts.
The result c:rn be localizecl melting into glassy

fragments or even v:rporiz:rtion. More cornnlon
is shock deformation: shirttcring the rocks and
perhaps welcling thern together again. Sornething
similar ciln occur wherr rocks are subjected to
extrelne shear stress in fault zoncs, frrr example

- where it is known as dynamic metamorphism.
Here, directed pressure is high but temperature is krw.

PENTTT E$t(otA 1883-IS84
Finnish geologist Pentti Eskola

invented the concept of
metamorphic facies - the idea of
identifying metamorphic rocks

according to the conditions under

which they were created, regardless

of what the original rocks were

before metamorphosis. His classic

work came in 1920 after a year

spent in Norway during which he

compared metamorphic rocks there

with those in his home region of
Finland. His work was so highly
acclaimed that he was given a

state funeral.

Regional metamorphism By far the grearesr bulk of
metamorphic rocks arise from regional rnetamorphism, where an entire
sequence of rocks h:rs becorne buriccl clccp within the crust and altered
by both heat ancl pressure in varying clegrees. These processes lead to
suites of rocks describecl as metalnorphic facies: rocks that can have
had any original composition but have all been subjected to similar
conditions of heat ancl pressure.

Medium pressure:
amphibolite

Medium pressure:
melting point
of wet granite

High pressure:
eclog ite

Medium to high
pressure: granulite
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Geological cookery Tlrirnks t() recent sopl'risticatecl cxfcf ilncnts
in pressurc vcsscls zrntl lurnaces, together witl-r theoretical calculations,

letrol()gists n.xv hirvc :r pretty gootl itle:r of the changes that h:rppcr-r

at speci{ic telnlcratLrrcs:rucl prcssures and can therefirre rvork out rvhut
hellisli f()rlnents rnctanlrrphic rocks h:u.e been through.

Cooks rvill have an idea of the sort of pnrcesses involvccl. If yor-r:rre

rn:rking tr Christrnas ptrtlclrng, ftrr exarnple, ancl prrt thc rnixcrl ingreclients
into :r pressure cooker, grrrins of suet will rnelt an.l, togcthcr lvith the flour,
procluc-.e il cement-like rnirtrix irrounrl tl-re fi'r-rit ancl pcc1. (}rufectioners

nlay starr u'ith sug:rr crystals, which they rnelt to cornhine u'ith othcr
ingrcclicnts in ncu, cryst:r11ir-re forrns.

Grades of metamorphism Thc lilst rocks to changc:rs heat and

fressLlrc m()Lrnt fuc thc sc.limcntary clays, shalcs irnd rnuclstorres. These

al'e ln()stly cluy tnincr:rls, which contititt a Lrt of u'ater antl ale easily
cl-nngccl hy hc:rt un.l prcssurc, so thc rninerirls in the resulting pelite

t\arb(a
Geologically, marble is metamorphosed limestone or dolomite. The

calcium or magnesium carbonate in marble has recrystallized, and

little of the original sedimentary structure remains. Pure marble is

white, but it can often be coloured by veins richer in elements such

as iron. The term marble is sometimes used more broadly in an

architectural context to describe a wide variety of decorative building
stones suitable for sculpture. The most famous white marble comes

from Carrara, in the ltalian region of Tuscany. This stone was highly
prized for sculpture in the classical world and was the favoured
medium of the Renaissance sculptor Michelangelo, who used it for his

famous statue of David. Carrara marble can also be found in Trajan's

Column in Rome, Marble Arch in London and Harvard Medical School

in the USA.
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#There is nothing easual in the formation
of Meta.morphie Roeks. All strata, once

buried deep enough, (a,nd due time
allowed!) must assume that state,-none
ean eseape. All records of forrner worlds

must ultimately perish. p

ff$r -$*ftet $$mn*snhs$

are g,rod inclic:rtors of the graclc of ntetamorplrism. Thc frrst rtrinenrl ttr
appcar in Lrn'-gratlc metarnorphism is chlrrite. As the he:rt and prcssLne
lrount, it gives \vity t() biotite nricir ;utcl thr:n t,r gilrne t anci so on. l)uring
metarnorphisrn, shale c:rr-r hecorne slatc :rncl lir-nestone can become
niarhle. Althotrgl'r tl're silica in snndsror-ic is chernically very sttrblc at higl-r
tcffrferatures nntl pressures, it c:lr-r hegin to recrysttrllizc, bin,,1ing thc grair-rs

togcther to firrm quirrtzitr-.

Metamorphic texture Merarnorphic nrcks can clevelop vcry
diffcrent texturcs from tl'reir pilrcnt rocks. Pressure cnn mirke thin, flirt
grains of, f,rr extltrl]Ic, rnica lrlign in il llirection perpendicul:u to pressurcr
producing, ir-r this case, a nicir schist. Even line-grainecl rocks sucl-i as

shale can clcvelop nretirrnorphic textLlrc, in this casc :ls slate. So complete
is the :rltcration of thc original se.lirncntirry texrlrrc of the sha1c, that the
sl'reets into rvhiclr slatc will split, kno'"r'n as the clcavage, rlrc oftcn at a
cornplctcly difterent irngle from thc original lrrycrs of deposition.

As the telnperiltLrrc antl pressr-rrc ln()ullt, so cr1,51x[5 can bccome elongatc.l,
prorlr-rcine a lirrear tcxtrrre. An,-l thcy can begin to rnelt anrl rccrystalIize ,

mnking it rernarknbly diflicult to tcll even if thc origir-ral rock was igneous
or scclirnentary.

!j + +''i,

lll
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Black gold
With the exception of sunshine, all the energ'y we use comes
from the Earth. The geothermal energy from hot springs
and boreholes, all our nuclear fuel, and the coal, oil and
gas we burn in our homeso our power stations and our carst
and on which civilization depends - all of these have
geological origins.

For more than a billion years, life has prolifer:rted on Earth, so:rking up

sunshinc and using the encrgy to build cornplex hydrocirrhons. Mtrny are

eaten and recyclecl hy othcr organistns, but cventually their rem:rins get

buriecl irnd can slowly triursform into fossil fucls.

Fossil trees Three hundred rnillion years ago in the Carboniferous
period, large arcas of the land wcrc covereti by ftrrested swarnps. Giant
tree ferns :rnrl cycads grew :rnd flourished, diecl and decornposed. Thcir
remains built up thick layers of peat, which wcrc subsequently buried
ancl compressed, turning eventually to coal. This period tirkes its ntrme

frorn the vast quantities ofcarbon deposited both as coal and as cirlcium
carbonate in limestone.

Fossils under the sea It takes special concliti,rns to rnake oil.
Fortun:rtely for us, those contlitions have been quite common in thc past.

Thc lirst requirement is a sh:rl1ow sea teerning with life. As the micro-
orgirnisms die, with luck, they sink down into :r zone with litt1e oxygen to
:rid their decornposition. ideally this will be a sedimenttrry basin such as

the North Sea, where thc crust is being gently stretched, causing it to sag

dou'n and accumulate more :rnd more secliment. Two things happen as a

First recorded use James Watt patents his
of coal for metal improved steam engine;
smelting by ancient underground coal mining
Greeks proliferates

Commercial oil Henry Ford makes USA overtakes
production begins the first mass Russia as biggest
in Russia produced motorcar oil producer

sHsrt kiHtstr s* fussif$ru*lm
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rcsult: firstly, the organic rcmirins become buried deeper and dccper and
thus :rre subjectecl to rnorc :rnd more pressurc; ancl seconclly, thc stretchecl
crust is heated from hclow, so the rem:rin-. are cooked. Living bacteria in
the br"rried sedimcnt probably also pl:ry :rn importanr part in r1're maruring
of oil antl n:rtur:rl g:rs.

This prccLrces oil ancl gas, but there is one rnore requircment. The
hyclroc,rrbons :rre krw density ancl tend to rise through porous rocks, so

they need to bc trapped in order to :rccumulate. Fortunately, ltryers of
clay can achicvc this, as can salt, which has the added advantage of itself
ten,:ling to rise through seclimentary layers, forn-ring a dome under which
oil :rnd gi:rs c:rn get trirpped - as it has h:rppenecl in the Clulf of Mexico.

Extracting oil The oil industry has rn:rdc huge contriburions ro
our untlerstanding of geology, cspecially in comparatively shallow
continentirl shelf regions offshore. There are seismic surveying techniques
from ships that can penctr?rte the seclimentary layers lr'ith sound wavcs
to considerable dcpths, revealing the layers anrl structures within. Oil

S-lorig corbon
As politicians struggle to reach agreement on reducing carbon dioxide
emissions from burning fossil fuels in order to limit climate change,
geologists are exploring ways of disposing of carbon dioxide from
power stations. lt is possible that it could be held frozen by the high
pressures of deep ocean trenches. Another solution being explored off
the coast of Norway is pumping it down old oil and gas wells. lt could,
potentially, replace the fossil fuels that produced it and even help to
recover the last traces of oil and gas.

First North Sea
gas field comes
online

Miners' strike hits UK
coal production. Pit
closures follow

lntergovernmental Panel
on Climate Change warns
of effects of burning
fossil fuels

Cost of crude oil passes
$1 00 per barrel for the
first time (a tenfold
increase in a decade)
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6We've embarked on the beginning of
;he last davs of ttre as|e of oil. Errrbracethe last days of the age of oil. Errrbrace
the future a^rrd the growing
dema.nd for a wide range of fuels or

ignore reality and slowly - but surely -
be left behind.S

$J}cfi{* H$*Tr,r$fi{$t, chairman and CEO ol ARC0 (now BP), 1999

explorati,rt-t vcssels tt,xv have the ability to holcl ptrsition i1l ()ccitn

cLlrrents an.l rough seas with centimctrc :tccuracy :rn.l to clrill horeholes

that are not only thousantls of trtetrcs deep btrt arc alstl accrtrate ly steerccl

horizontiillit to reilch cr"ery pocke t of trapped oil antl gas.

The rcwirr,-ls are l-righ, but so arc the risks, ancl irs offshorc oil exploration

rnoves into ever clccper waters, those risks increase. Thc greatest .l:rnger

is a lrlowor-rt: the suclcle n release of :r high-pressure pockct of gas or oil.
In tl.reory, oil n'ells arc equippecl with elaboratc anci expensive blou'or-rt

preventcrs on the sc:tflot',r abovc the boreholc, but, in the Cltrlf of Mexictr

in April 2010, a blowotrt prevcnter firiled. The l)eepwater Horizon

exl.rlrr:ition vesse I took tl-re fu1l ftrrce of the explosion :rnci sank, killlng
I i people ancl lcaving tl're trncappecl well spewing millions of tous of cruclc

,,il int,r lhe .lcIiclrtc tilrrrinr r'lrvir()lllllent.

Peak oil 'Peak oil' is the point in tirne whcn the tnaxitntttn rittc of
glohal oil extractiott is reachccl, after'"vhich the r:rte of procluction entcrs

tennin:rl cleclinc. We have probably alreirdy reachcd the m:txiurttrtr r:rtc tlt

rvhich conventionirl riil ancl gas cirn bc extractecl, l-,ut, as ftrcl prices rise,

so ll1ore rnarginnl deposits bec,lne ccortotnicill, :lmong thctn tar sancls irn,,1

oil shale wl-rere the hyclnrcarhons irre stuck in thc rock ancl crnnot simply

be plrnped er-rt. in such ciiscs, if thel c:rn't be clug ottt and 1-,rgcessed gn

the sr-rr|lce, the rocks are 'frircked' fracttrretl by high-pressr-rre fluids str

that thcy becomc pertneablc :tnd ste:tm or ttther solvents c:rn then bc tlsetl

to force thetn out. Rut such processcs are envitontnentally ut-lptlpulirr irncl

thcy use a great .leal of encrgy iu thc recovery process.
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ga= hgdra-las
One significant source of hydrocarbons has not yet been widely
exploited: gas hydrates. They are a form of water ice in which large
quantities of natural gas, usually methane, are locked within the cages
of the crystal lattice. They are only stable under high pressure and
at low temperature, and that means that they are only found on or
underthe seafloor. They may representtwice as much carbon as in all
other fossil fuel stores put together. Methane hydrate ice can contain
164 times its own volume of gas, making it tricky to recover without
explosive expansion. ln the past, warm ocean currents and lowering
sea level may have destabilized gas hydrates, leading to big releases
and resulting in climate change.

\Vhen f.ssil firels start t. nrn clry, wc u'ill lrc lcft with n c.rnbinari.n .f
tu,o alternatives: cncrgv derivecl ultimatell, from the Sun (either tlir-cctly
or through biornirss, rvin.l anrl rvirves) and nuclear fower. Historicirlly,
nuclcar powcr stirtior-rs ha'e becn fuellccl with ur:rnitr.r, r.i,hich is itself a

linite gettlogical resource, thorrgh one that cor-rltl last for scvcrll centuries.
The reason frrr this is probtrbly tl-rat thc e:rrly nuclear progllrnrne trlso
providetl plrrtoniurn for rnilitary purp()ses. A potcntial :urd rrore ahunclant
alternativc coultl hc thoriurn, proviiling u resoul-ce th:rt worrld last a
tnillennir-rm. Ultirnatcly, nuclcar fusion, the process that p()$,ers thc sun,
rnay be the only option.

t'-.,:_:.rti.,'r.
.',il,j- .r L. :,'l ;

l." .'"i:, .-t_' r:: ]



84

Riches from
the deep

Everything we manufacture, from motor cars to mobile phones,
contains materials mined from the Earth. But how did they get
there? How can we find them and extract them? And are there
enough to go round our increasingly technological civilization?

Although the bulk composition of thc Earth's crllst may bc silicate rock,

ti-rtrt approxim:rtion overkroks a wealth of minerals containrng every

element in the pcriodic table down to ur:rnium. If the rocks wcre evenly
rnixed, the concentrations would be so low that it would be vcry diflicult
to ptrrify and make use of any of them. Fortunirtely a nutnber of proccsses

have rclined useful rninerals into economicirlly extractirble concenttittions
in rocks kn.rwn as ores. The strict dehnition of an ore is a rnincralized rock
thirt c:rn be prolitably rnined; but such are thc vagaries of mirrket prices,

environrnental factors :rnr1 politics that the worcl is comrnonly used to refer

to any concentration of a potenti:rlLy useful mincr:rl.

Crustal cooker The majority of mineral deposits i'rrc associatecl with
the ernplacemcnt of hot rock, or magm:I. Sometirnes, mineral deposits c:rn

fonn within the rnagma itself. As a tnolten magm:r such as granite cttols,

di{Terent minerals crystallize out :rt different times :rnd may settle out it-t

layers. A1so, some of the still molten liquids may not be able to mix with
e:rch other. Th:rt is the case with some sulphur-rich liquicls containing
nickel, copper and platinum, which may separate out at the base of a
milgma chamber.

First evidence of mining
of haematite for ochre in
Swaziland, South Africa

Copper mining
begins in the
Balkans

Neolithic flint mine Bronze (an alloy of copper
starts in Grimes and tin) comes into use,
Graves, Norfolk possibly including tin

mined in Cornwall
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Most of the worlcl's ore cleposits are associated with ir magrna bocly.
Deposits .ray originirte fr.'r m:rgma but build up in thc rocks :rr.runcl ir.
The kcy to r.nilny of thcsc is water. As hot rn:rgmil rises and the pressurc
on it is releasccl, watcr previo,sly diss.lved in the magrna is cxpellecl into
cracks in the surrounding country r()ck.

Hot water Hyclrothcnnal fluicls carry with rhen r.n:rny salts, in
particulnr sulphi,-les, which can frrnn cornplexcs with m:rny metals in
solution. These miner:rls come out of sttlution irs the tcmper:lture and
pressure lower, coating crilcks in the rock ancl turning thern into rnincrill
veins. These can be on any scale from rnicnrscopic up to several metres
thick. other, less valuable minerals that oftcn irccr)lnprrny \)rcs in Vcins are
knou,n as gangLle minemls and can guide rniners to the richest veins.

Rara ear-lh
Our increasingly technological civilization is coming to rely more and
more on certain elements, some of which are inherently rare, hard to
extract or in short supply. For example, high-performance magnets,
lasers, solar cells, special glass, displays and touchscreens all use a

variety of unusual elements. Globally, the rarest are the platinum group
of metals, which are in very short supply. The so-called rare earth
elements, such as neodymium, used for the magnets in wind turbines,
are not so rare but are only mined in a few places. A few countries,
notably China, control the bulk of the world's supply. ln the future, new
sources need to be found: both for conventional mining and to develop
new ways to extract these elements - perhaps from seawater and from
recycled waste. Ultimately, we may need to look to space and mine
asteroids, which are particularly rich in some of these metals.

lron dagger deposited
as treasured
possession in
Tutankhamun's tomb

lron Age comes Widespread
to Britain mining throughoul

the Roman Empire

Abraham Darby Chuquicamata copper
builds the first mine in Chile becomes
blast furnace the most productive in
fuelled by coke the world
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The hydrotherm:,rl brine can be highly acidic and can react u'ith thc
surrcunding coLlntry rock, sor-netirnes dissolving it ar-rcl replacir-rg it rvith
r.ninerals. These are sometilncs rich in go1.1, silver :rn.l copper. Wlrere
gr:rnite rnilgmil cornes into contact rvith cirrbontrte rocks such as limestone ,

there c:rn he extensive cl-rernic:rl rcactions producing u'l-rat is known :ts a

skan-r cleposit, rvhich may hc rich in iron, copper, leacl, zinc aucl tin.

Nearer the surfirce, grounclu'atcr in the surrotrnding rock can itsclf bccotne

hc:rtecl irnd infused with minerals. This is likely to be krrver in sulphitle
mincr:rls an.l less :rcidic, hut can still deposit gol,:1, silver, copper, lead ancl

zinc. Thesc :rrc known as epitherrn:rl deposits.

Treasure frotn the mid-oc€afl Seawater percolatcs thror-rgh lr.ruch

of the rock thirt rnakcs up thc occan crust. \fhere it urccts hot or cooling
n)rrgmir, it starts to dissolvc mincr:rls frorn the rock as it is conveyetl

through cracks and frssures t() cmerge on the ctcean floor as hyclrothermal
vcnts or hlack srnokers. By now, thc w:lter is rich in sr-rlpl-riclc tr-riner:rls

including le:rcl, zinc ancl c,:rpper. As it vcnts into the ocelln, thc h()t wtrter

is sucLlenly cooled and can no longer dissolve irll the rnincrals rvhich
precipitate olrt as the 'black srnoke'. This builc'ls l4r :rrounrl thc vent ns a

series of delicate chin-rncys th:rt collapse to form thick cleposits of sulpl'ri.lc

minerals. Often thesc will cvcntuallv be subcluctecl b:ick dou'n into the

Sltrhere there is einnabar above,
yellow gold uriil be found belornr.
lVhere there is lodestone above,

copper a,nd gold be found below. Wtrere
ttlere is eala,nrine above, lead, tin, a,rrd
red eopper Erill be found below. IlVhere
there is ha,ematite above, iron will be
found below. Itrus it ean be seen that

mountains are full of riehes.S

ffi elm${ Ih*|Ig, c.720445 sc
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Qold, rush
Nature can sometimes assist with the mining process. Gold is one of
the few metals found in its native, chemically pure form. But it is often
sparsely distributed through huge quantities of rock. Fortunately, as

those rocks erode, rivers and streams sift the debris and can concentrate
the dense gold particles into so-called placer deposits. prospectors are
essentially continuing that process when they pan for gold in sands
and gravels. lt was placer deposits that were the target of the famous
Californian and Klondike gold rushes of the 1gth century.

Earth with the ol.l ()cean crust. Bur occasionally they are preserved on
lirn.l, as is tl-re casc in Cyprus, whcre the copper sulphide dcposits have
bcen rnine|l sincc the Bronze Agc.

Rich soil Thc final typc .f .rc cleposit can arisc fhr fr.m rn.gmaric hcirr.
All it takes is a thick layer.f soil i. a wirrm, wet, tr.pical clirnirte. These
conclititlns can prorluce ircidic watcrs ir-r thc topsoil lvhich c:ltrse chemical
erosior-r, dissolvir-rg ancl rernoving nany soil rnincrals and concentr:rting
th.se rich in certain met:rls. Th:rt is 1'row tl-re iron c'leposits in the \7ealc1
of Kent wcre pr.rluced 100 rnillion yeilrs irg(), :rnd it is h.rv dep.sits of
laterite rlrc still bcilrg firrrnecl in the tr.pics torlay. B:ruxite is a f.rm of
l:rtcrite rich in aluminium ancl is still the n-rain source of that ele ment.

"f:"fl"*"*+ 
ti,lri e3,-a,U, iI :-, ; f:;c,i{. ft. i i:$"g***$,
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Deep diamond
secrets

Diamonds are not only a girlts best friend. Geologists are
pretty keen on them, too. Locked in the crystal lattice of thiso
the hardest mineral, can be secrets from their 3-billion-year
history and their journey through the mantle of the Earth.

Diumontls:rrc rnntle of cirrbon, just like s(x)t or gr:rphite. Br-rt in this c:isc,

high prcssurc h:rs reforrned the chemical bonds into a three-dimensior-ral
latticc th:rt rnakes thern increclihly harcl, transp:lent and, rvhen cut in the

right way, iilluringly sp:rrkl1'. Occasionally, il few nitrogen at()lns substitr-rte

for carhon in the l:rttice, giving a yellnwish dian-xrnc1. Boron leacls to a hlue

diamoncl. Darnage dr-re to radiation can make :r diamond green, while she:rr

stress can produce brown, pink irncl even rccl diamonds.

Growing diamonds For cirrbon to ftrrm into diarnond it nectls very

high pressurc - typically the pressures encountere(l between 130 and

200 kilometres (81 and 124 rniles) underground. But the most favour:r1''1c

temperatures for the process, 900 to 1,300 clegrecs Celsius, are relatively
cool for such dcpths. The right combination of pressure and tempcr:rture

exists in the lithosphere at the roots of ancient continents, where most

diarnonds mined on Earth are to be found.

Supersonic eruptions Tir get diarnonds to the surf:rce from such

clepths recluires unusual events to take p1ace. Most volcilnocs have their
roots, u'herc rnelting occurs, perhirps between 5 and 50 kiklnetres (3 and

Micro-organisms absorb
carbon dioxide, die and
accumulate in sediment

Carbon-rich sediment is
subducted down into the
mantle with old ocean
lithosphere

ft*wt*r*qr m$ m ffiu-mx$$*sff S$mffi*stt*

Deep in the lower mantle,
carbon begins to crystallize
out as diamond
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Eru'ara(d
Though not as hard or valuable as diamond, emeralds are still both
hard and valuable. They are a form of the silicate mineral beryl,
coloured by traces of chromium or vanadium. Beryl is frequently found
in pegmatites -the final fraction of a granite intrusion to crystallize.
The crystals can be very large: a beryl crystal 1B metres (59 ft) long was
found in Madagascar. Where hydrothermal fluids contain chromium and
vanadium, beryl can grow as green emerald. That is how most deposits
were formed. But in Colombia, particularly fine emeralds are found in

black shale, where tectonic pressure has squeezed chromium-rich water
through the rocks. Each source of emerald has its own oxygen isotope
signature. This helped archaeologists discover that a Roman emerald
earring originated in the Swat Valley in Pakistan!

l1 milcs) beneath thc surface. But kimberlite volc:l-tres go much deeper,
sourcing thcir magrna from the .lepths r,vhere di:rmonds lie. No one in
recorcle.l history l-ras witncssed a kinibcrlite volcano crupting. It woulcl be
spectacr-rlar, but you woukln't wirnt to get too ckrsc. Because thc magmil
comes from such tlepths, reletrsing it at tl-re surfirce is like taking the cork
out of a shaken-up bottle of champagne. Hor magma can bc ejected :rt
supersonic velocities.

Diamonds arc not usually frl-rnd coming out of the top of such volcanoes,
or if they once did sc), they have long since vanishetl. The biggest
di:rrnond mines in the world tend to be in the volcanic pipe that once
fcc'l the volcano. These can be several kilometres cleep ancl l-rundretls of
lnctres wide, shaped a bit like a carrot. In the case of the farnous mines
of Kimberley in South Africa (which gives irs name to the kirnberlite

A mantle plume carries
the diamond to the
upper mantle

Diamonds are erupted
on the surface in a
kimberlite volcano

Diamonds are mined, cut
and polished and used to
adorn our bodies
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v()lcirn()), the err.rptions took place 100 million years iig() ilncl erosion has

takcn the ground level dou'n to abollt a kikrmetre ()r more cleel. in t1-rc

pipc. Thc tliamonrls tl.rernsclves are m()stly over a billion yeirrs oltl ar-rd

sornctilncs ovcr I billion. Not :rll kirnbcrlite voicanoes cor-rtain .liarnontls
irnd not al1 of thosc th:rt tlr :ue r.vorth rnir-ring. lt cirn be necessilry to cnrslr
lnany tons of hard rock in orcler to find each diarnoncl, but t[-reir valLre

rnrrkcs it w()rthwhile.

Organic diamond The cirrbon that fonns into dir,rmontl cnn c()lne

fnrm onc of two mniir sources, distinguished hy the ratio of .liffcrcnt
isotopes of carbon: c:rrbon-12 :rnd carbon-11. Carbon that l'ras origin:rtct1
within the Eirrth's lnantlc tcnds to contain more carbon-13. But sotne

cliarnonds contain isotopic:r1ly light cirrbon, n-rore like that for-rnJ in living
orgirnisms in the se:r. The conclusion is thirt this c:lt'bon has inrleecl beer-r

through the carbon cycle of living organisms, bccotning incorporatecl
in sedimerrt on the ocean floor ancl thcn subductccl b:ick .lorvn into the
ln:rntle to form diarnond.

Message in a diamond Jewellers like a perfect, fl:irvlcss.1iarnont1,

but gcologists love the blernishes. They cirn reprcscnt inclusions of
m:rtenal thilt was present when antl u'here thc cliamttnd formecl atrd can

Cu-lttg d'rarvrond
As it is the hardest substance known to man, diamond is very difficult
to cut! Fortunately, it is not equally hard in all directions, so, once the

crystal axes are determined, it is possible to cut and polish facets on a

diamond using saws or grindstones edged with other small diamonds.
People have been cutting diamond since the 14th century, but today it

is a high{ech industry. Ninety per cent of the world's diamonds are cut

in Surat, in the lndian state of Gujarat. Often, a computer model of the

rough diamond is created to determine the crystal axes and inclusions
and work out how to get the most valuable cut diamonds from it.
lncreasingly, lasers are also used to help with the cutting. i

'i
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SA dia^rnond is a ehunk
of coal that is rnarle

under pressure.

Henpy Klsstnser

often bc used both to clate that stage in its forrnation and to reveal hor.r,

1 cieep in tl-re Earth it w:rs at that timc. Thus it is possible t() recreate thc life
story of a cliamontl.

Prof. Steve Shircy and collcagues at thc Camegie Institution in
r \V:rshington l-ravc sliced irrto thousancls of cliarnoncls over the yt: :us t()

sarnple the ir inclusions. Recer-rtly, they noticed th:rt all the cliamonds ol1ler
tharr 1.5 billi,rn yeirrs only conttrincd rnantle carbon. Cnrbon fmm organic
sources in oceirn serlitncnts nnly turns up lirtcr. They concluded thirt this

I lnttst tnirrk the start of the lirst ()ccan crust suhdr-rcted irncl the onset of the
Wilsor-r cycle thar clrives conrincntal drift.

Deep diamonds Occirsionally, diirrnoncls runl up that carry in
J their inclusions the tniner:rl signatures of rnr-rch greater rlcpths thtrn

the continental lithosphere. Sorne cven contain rhe high-prcssr-rre
perovskitc minerirls frotri tl-re lorver mantle. L)i:uronds frorn one rninc
in Brazil not only ci:lrry the signatrlres of the Lrrver rnirntlc, ,-leeper than

f 660 kiklnetres (410 miles), but also the light carbon isoropcs (,f r,rgrrnic
carbon. This provides,rne of thc frrst pieccs of direct cr.idence of '"vhole
rnantle circulation: ()cean cnrst with carbon-rich sedimcnts tl-iat h:rs
bcen snbcluctcd clown to the b:rse of the lower rn:rntle and cventually

/ cttntribLrtetl tnirterial to a lnantle plurne that eruptecl in wh:rt is nor.v Rr:rzil
during the Crctaceous period (see tirncline).

:i
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The rock cycle
No rock and no continent is an island entire of itself. In this
section we corne above ground to include the processes at work
in air and water: atmosphere and ocean. The idea that sums it
all up is that of the rock cycle. What comes up eventually goes
dov"n again. Planet Earth is the ultimate recycling centre.

We have :rlrcacly heard how the sttlicl mnntle circultrtes and :r fraction of it
melts and creiltes thc crust. \7e have hearcl htxr,'ocean crust subducts b:rck
tlou'n into the rnantle, taking some of its :rccumul:rtecl secliments with it.
Now we colne t() what happens in between - on lancl and under the seir.

Air, u'ater, heat, even life itself goes in cycles, and they are circulations we
will corne back to. Hcre we examine the cyclcs affecting the substance of
the Earth itsclf: the rocks.

Huttonts big idea One of the lirst to recognize the cyclical processes

:rt work on the contincnts and in the oceans wtrs Jarnes Hutton, sometimes
rcferrecl to as the father of modern geology. In 1785, he lirst describecl
secliment erosion on l:rnd, transport tcl the ocean, accun-rulation on the
ocean floor, hardening into rock irnd subsequent uplift ftrr erosion to begin
again. He was ahe:rd of his time in that he realized the cycle must include
processes not eirsy to observe irt the surface, :rnd that it required long
pcriods of tirne longer than those suggested by theologians.

Plutonism Hutton's ide:r of the rock cycle was closely linkcd with his
belief in plutonisrn: the idea that many rocks, such as basalt and granite,
had once been molten magma. This was disputed by the rival theory of
neptunism, which held th:rt all rocks were sedimentary and had been laid
down by water. Hutton was the 6rst to suggest that, if they became buried

Robert Hooke shows that
fossiliferous layers are 1oo
thick to have formed in the
150 days of Noah's flood.

James Keir claims
the Giant's Causeway
formed when molten
rock cooled

Comte de Buffon suggests James Hutton
that the Earth is at least publishes fheory
75,000 years old of the Earth
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JAMES HUTTON I72B_97
After qualifying in medicine, James Hutton

returned to his native Edinburgh and took
up farming nearby. At the age of 42, he sold

his now prosperous farm and returned to
the city, where he was an active member
of the Edinburgh Philosophical Society,

which later became the Royal Society of
Edinburgh. Here he studied geology and

chemistry and in 1788 published his classic
work Theory of the Earth.

ln it, he established the concept of
the geological cycle and the immense

amount of time required for gradual

processes to complete it. He also
recognized the role of heat and pressure

and became a convinced plutonist,

suggesting that rocks such as granite

were produced from molten magma

and not through sedimentation.

deep enough, rocks of illl three types sec-limenterry, igneous and met:rmorphic

- woulcl melt. Hc fr.rrther proposed th:rt the molten rock would rise to erupt
from volcirnoes or intrude into shallower rocks and producc mountain ranges.

Unlike on the clry, airless surface of the Moon, rocks on the surface of the
Earth are seldom in equilibriurn with their environrnent. No sooner have they
been lifted into mountain ranges but the ftrrces of air, ice and water begin t,r
erocle them b:rck down agirin. \7e will bok :rt the results of those physical
mechanisms in more detail in the next scction.

Chemistry in the rock cycle One of the key processes in the rock cycle
is not physical but chcmical. Carbon dit-rxicle c'lissolved in rainwater makcs a

weak acid that reacts with the rninerals particularly in rocks such as basalt to
produce the minerals of clay. They incorporate water into their structure which
goes on to lubricate somc of the tectonic processcs later in the cycle. Such
chemical erosion also ch:rnges the composition of the atmosphere, so thar the
uplift of new mountain ranges is closely followed by a drawdown of carhon
dioxide from the atm()sphere.

Sir James Hall proves
that igneous rock
can crystallize from
molten material

The Geological Society
of London becomes
the first devoted to the
new subject

Charles Lyell's Principles
of Geology shows Earth
must be hundreds of
millions of years old

Tuzo Wilson extends
the rock cycle to
include plate tectonics
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SWe are not to
suptrxlse that there is
any violent exertion
of trrower, sueh as is

required in order

event in
to produee a great

nt in little time.
In nature, we firrd no
defieieney in respeet

of time, nor any
limitation with regard
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W:rter is csscntial to the rock cycle . lt clissoli'es carbon
tlioxidc to produce the carbonic ircid rr c-hemical

r.veathering. It eroclcs s..rft scclirncnt irn.l diss,.rlves solut',le

minerals. It fonns ice th:rt cxpllni5 in thc crrrcks an.l
shatters the rocks, and it brrilds into glircicrs that glinrl
the rocks clrwn. Water tr:,lnsp()rts scrliments to placcs

r.vhcrc thcy c:ur ircclunulate :rnd subsequently lublicates
thcir pass:rge into the Etrrth and lowers the rnelrirrs
point of the magrnirs they produce.

Turning to stone The tlehnition of a 'rock' is as

Ioose :rs stlne of thc scclirncnts th:rt :rrc ref'crrecl to :rs

rockl In pr:rcticc, thc transitior-r from the mu.l, snnd an,.1

gr:ir.'cl th:rt r.vashes tlor.l'n from erosion ancl rrltirlatcly
forrns into a serlimentnry rock cirn hg 5[1x\, and gra.Lurl.

Essentialiy, the process represelrts the collapse of thc

A simplified schematic
of the rock cvcle.

ll
Jarnes flutts$
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Unconforrvr.*g
Hutton's ideas were founded on

observation, and he visited several sites
in Scotland now known as Hutton's

Unconformities. At the first, on the lsle
of Arran, Cambrian schists are deformed
so that the strata are almost vertical.

They have then been eroded and covered
by horizontal layers of much younger

sandstone. Hutton later found a much
clearer example near Jedburgh and wrote
how he had 'reloiced at my good fortune
in stumbling upon an object so interesting
in the natural history of the Earth'. Such

unconformities proved that there had been

successive cycles of uplift, erosion and

subsequent deposition.

p()re structLrrc rvirhirr the rock, eitl.rer throuch cornpaction by thc weight
of setlirnent:rbove, or through cement:ltion as the p()res are lilled up witlr
new chemicals that bin.l rl-re grnins rogether. The cl-rerlical cerncnt can
cornc fronr rvithin thc sediurent itsclf, or it can percolate in from another
s()urce, in r'"'l-rich casc thc process is known as dirrgcnesis.

Of course, thc nrck cycle isn't a sirnplc circle. All three basic typcs of rock

- seclrrnentary, igneous i,rncl rretarnorphic - can get uplifted and cr-oded.
All three can become buried antl changed by hc:rt and pressurc. An.'l all
three can ur-rdergo partial melting.

Wilson cycle In the 1960s, Tirzo Wilson.leveloped the rock cycle
furtl-rer t() incorp()rate his new ideas of plate tectonics. He rncorpror:rted
the idea of rnantle convection into thc sequence, dceper-ring and
conpleting thc cycle through sr-rbduction iind lnagmir ucncratir)n in
the rnantle.

t" i! },ill
i:,i..r. .,r:, !i, ,i
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Carving
landscape

Every stone has an internal story to tell of its formation,
composition and history. Rocks and the landscape in which
they are found also tell an external tale of the forces that
erode and sculpt them into the landforms we see around us.
Physical geography tells the story of landscape.

Solar power Ultiniately, almost all the processes of erosion on
thc surface of the E:rrth are powered by the Sun. It is solar energy that
circulates tht: atlnosphere and drives the wind. Sunshine evilporates wilter,
which frrrms clor-rcls :rncl falls as rain or snow, feeding rivers :rncl glaciers.

What the Sun lifts up, gravity pulls down, aclcling cutting powcr to falling
rvirter, nncl toppling rocks :'rnd taking the rlcbris to the lowest points in
vallcys, b:rsins and ()ccans.

The rate of erosion Thc highe r thcy rise, the quicker they fall.
Erosion rates ilre usually much faster in young tnountilrnous regions. The
rate depends fundamentally on two factors: tl-re rate of weathcring irnd
the rate of transport. Weathering can itself be of two types: physical and
chernicirl. In the process of chemical weathering, weakly aciclic rainwatcr
dissolves rocks such as limestone or reacts with silicates to produce clays.

This tends to hirppen along cracks irnd fissurcs and c:rn, in turn, loosen
larger fragments for physical erosion.

Water power The rnost powerful agent of physical we:rthcring is

water, particularly when it turns to ice. As water freezes, it expands, so ict:

in narrow cracks can act like a wedge and shatter hard rock. On :r larger

Oldest rocks in Start of'the great
the canyon unconformity' with

the region on land,
suffering erosion

End ofthe Permian period. Youngest
unconformity. Windblown sand sedimentary
Marine sediments dunes deposited limestone in
return on land the canyon
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scalc, ice in :r glacier has tremenclt)Lls powcr, gouging out
broir.l valleys ancl grinrling rock into rnud. Fast-flowing
mountuin strcams can tr:rnsport dcbris as quickly :rs it
forms, so erosi()lr is lirnitecl by the rate of weathcring,
proclucing a barren l:rn.lscape rvitl'r a lot of exl-rosctl rock.

Wherc erosion is lirniterl hy the r:rte of tr:rnsport,
sedirncnts tentl to accumulirte. Such was thc rate of
u'eathcring tluring the last ice :rgc rhat tr:rnsport cor-rldn't
keep up. A largc pro1rorti()n of thc sedinienr load in
many rivers in northern latitudcs torliry is rnade up of
loosely consolidaterl materi:rl left by the retre:rting ice
an,:l still soft enough to be rluickly eroc'lecl.

I

Sir ftsderlnil lnnsey lUlurehisnn,
anniueF$any meeting 0l thc Royal

Geognaphical Society, I 857

SPhysieat
geography and
geology are
inseparable
seientific twins

Tha s-l-org of O Srotnof sand
Lifetimes have been devoted to the study of grains of sand! Any
simple statement suggesting, for example, that rounded grains are
windblown and angular grains are carried by water is probably wrong.
The roundedness of sand grains is largely a matter of how long
they've been bouncing around. However, windblown grains tend to
get rounded more quickly and, under the microscope, have a finely
pitted or frosted surface. Water tends to cushion the collisions. Wind
is also better at sorting the grains, blowing fine grains further than
coarse ones. By measuring the length of time quartz grains have been
exposed to cosmic rays on the Earth's surface, it has been possible
to estimate that sand grains take a million years to cross the Namib
Desert in southern Africa.

Possible date for the
start of formation of
the West Canyon

Gulf of California opened,
rapid deepening of the
canyon. East and West
canyons connect

Pueblo people occupy
the region

Grand Canyon
declared a
national park
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Soil Wh.'.evcr setlitneut ircctlnllliltes ,ru liru.i, it crtn letrtl to the

.lcvekrl.utent ,rf soil tl'r:tt tll.t\ \LlPp( trt \ cgctrlti()ll. Tlut u'ill, itl tr-tt't-l,

rcclucc crosion 1-.y stabiliu ir-rg thc soil nncl rcclucing thc trrou'cr of rair-rtlrops

:rnrl lulring rvater. Ilut, ttt the saurc titne, roots car-r l,rclrk ttp suf51lil ,11

lo.rsely cot'rsolii]atcrl rock, 'nvhile clccaf ing org:rnic lnrlttcr cau fr,,.lttce
hr-rmic :rcitls, ri'hicl-r enl-uu-rce chernical \\reathcrittg.

Oncc vcgetution is clcirrcrl, by hrc or firrning, er()si()n cltt-t increlt:t
tlranltically. This was thc case in p21115 of the Unitc.l Statcs ir-r the 1920s

a1,,1 19lOs, nhcn:rtternpts ltt ir-rtcnsive agricultlrre in urirrgitill llrrr.ls lctl ttr

tlustbou'l c()llrliti()ns an.l thc l,tss of hillit,r-rs of tous of soil.

Wind power in aricl lands u'hcrc there is ncitl'rer \\'ater nol \'egetati()11

t() l1'()tect tl'rc rocks, rvintl bec,rtncs the dotnitr:rnt 1,1ayer', picking rtp srlit-ls

of san.l iutrl using tht'm like tiny chisels t() ctlrve:t chlrrilctcristic clcscrt

lar-rclscape. Tl-rc wir-rcl lllily lt()t have the lower t() kccp ir-rclivirlLrirl sand

grains airboruc firr Lrng. lnsteitcl, thev mor.'e in a prtlcess calletl saltirtion,

bouncing aLrng in short hops. But e:rch titnc one l-rits the grotrncl, it
knecks gthers inte the air. In this w:ry, wincl crtlsign can be llrcatc-st ncilr

t1're grounrl, leacling to the r-rnderctrtting of rock fttrtnations.

Tha Qrand Con!\on
The Grand Canyon in the USA is probably the most spectacular

erosional feature on Earth. ln spite of claims by religious

fundamentalists that it was caused by the biblical flood, geologists

agree that it is millions of years old. Dates from calcite cave deposits

suggest it may have already started forming 17 million years ago.

It is 446 kilometres (277 miles) long, nearly 30 kilometres (19 miles)

wide and 1,800 metres (5,906ft) deep, slicing through nearly 2 billion

years of sediments. Carved by the Colorado River, it is a spectacular

demonstration of the cutting power of water.

ffiqryryfqr
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Landscape features Erositxr rnay l.cein on
thc sc:rlc of ninclrops and grains of sanrl, but the
churactcristic features it carves in thc lanclscape

are altogether gran.1er. Thcrc r,rre classic ciifferences
l.etu'een rnour-rtainous lan.lsc:,L1,es carved hy ice or
water. (llilciers cirrve out bro:rrl, dcep U-shaped
vallcys rvith concave sides anrl only gcntlc l.encls.

Whcrc srnallcr slaciers florv into thcrn, it is the
surfrrcc of thc ice and not the lrase of thc valley that
lincs up, lcaving hanging virlleys that bcgin l'rigli tr1,

thc sides of larger vallevs. A glaci:rl r-alley may be

over-.leepened - ice can flow uphill - anri thirt cirr-r

lcavc l:rkes antl fjolcls in tl-re vallcy floor.

6ftre elements
thet unite to malre
tlre Grand Ca^nyon
the most sublime
specta€le in nature
are multifarious
and exeeedingfy
diverse.$

-lgh*t Wgst*S F!**:e$i, atren

maldng the linst recorded trip
along the Gnand Canyon in I 869

River 
",alleys, 

b1' contrast, arc Vshaped, with str:right or convex sicles.

\yilter can turn c()rncrs, so there nav be tigl-rt ben.ls in a river valley
with overl:rpping spurs flom each sitle. There rniry bc Llkcs ancl waterfalls
causecl hy geokrgical fcatrrres, but wtlter irlwavs runs clru'nhill so it will r-rot

over-dccpct-r its course.

The evolution of landscape In 1899, tl-re Arnerican geologist
Williarn Morris D:ivis puhiishec'l his cvcle of cLosion, in which l.re proposctl
that uplift of a lirndscrLpe u'as firllowecl by stagcs he callecl youth, rn:rtr-rrity
ancl ol.i irge. His youthfr-rl landscape hacl high pcaks ancl narrow, tleep
vallel's. By rniiturity, the valleys have widcnecl; by old age, they havc
becornc kru'-lving plains. Though it sti1l appears in textbooks, th:rt cycle is

now thought to bc irn oversirnplific:rtion. Each f'eirtr-rre of the landscapc is

a procluct of the unrlcrlying geokrgy ancl the frrrces :rt work on it, and each
has ;r uniqr-re story to tell.

,:..:' r':i ' ; 
..1
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Gradualism and
catastrophism

The Earth beneath our feet seems solid and unchangingr
but, taken over geological time, gradual changes might
move mountains. More dramatic are the changes wrought by
hurricanes and earthquakes, floods and volcanoes. So is the
planet moulded by catastrophe or gradual change? Itts a debate
that raged in the 18th century and has not yet concluded.

Biblical catastrophe Prior to tl-re lBth centLrry, any scienti\t u'()uLl

have traincd initially in theology. The church held the :icadernic high
gror.rnrl, zrn.l it .supp,rrted Bishop Usshcr's calctrli'rtirx-t, from tl-re gcnerirtions

described in the Bible, that the Earth had been cre:rted in 4004 nc.

Sir thousancl yeilrs u'as sirnply nt-rt enough tirne firr the every.lil)'processL-s

ofu'eathering ancl tnrnsport to havc deposited all the rocks and carved the

lan.lscape. The only alrem:rtive was rhat somethit-tg far mttre c:rtastrophic
hacl h:rppcned, and that idca gained currcncy frorn biblical stories such :rs

tl'rrrt of No:rh's fkro.l.

Tl-re forernost irdv()cirtc of catastropilistn u,its the French b:rron Ceorges

Ctrvier (i7(r9 1832). He u'as an an:ltotnist irncl hacl not studiccl lielcl

ge..rlogy beyorrd the Paris basin, but he was uevertheless imp1ss5g.'l by l-row

clifferent liiyers of rock cont:rin different fossils and hou' some liiyers are

tilted with respect to others. L)r'er biblical timescales, hc argr-red, it rvas

impossible for such changes to hirve happened without violent upheaval.

But he proposecl no mechanism nor any rerrson rvhy sr.rch catastr()phes

migl'rt 1-rirve takcn place.

Bishop Ussher
proposes that the
Earth was created
in 4004 Bc

Abraham Werner
proposes his
neptunist theory

Baron Cuvier proposes
his principles of
catastrophism
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Neptunism Baron (luvier was also a supportcr of rhe
neptunist idea, proposed in Germany by Abr:rham Werner
ancl supportecl hy the writcr Goethe, rhar all rocks, including
basalt and granite, wclc precipitated frorn thc wurer in sorne
primordial ocean. Thcy recognizecl th:rt fossils, s()merirnes
found high on mountains, wcre often of mirrinc orgrrnisms
and i'rrgucd thilt there nlust oncc have been ir vitst, decp
ocean. Perh:rps the wl-role of E:rrth w:rs made of water, from
."r'hich solicls precipitatecl.

Uniformity The principle of unifbrnity, as laid tbwn in Hurron's
gre:rt wrrrk Theorr of theEarth (1788), is the ne:rrest thing the geologists
have to a funclanental law. Its essence u'as surnmed up succinctly some
years later by :rnothcr Scottish geologist, Sir Archibald Geikie, in thc
phlase 'the present is thc key to the past'. In other words, all the changes
irnd processes in the geological record can be brought ab,rut by processes

:rt work on the E:rrth today.

BARON STORGE$ GUUIER 1769-1882
Following his arrival in Paris in 1795, Cuvier published a paper

comparing the skulls of African and lndian elephants with fossil
remains of a mammoth and something then only known as the Ohio
animal - now identified as a mastodon. He recognized that they
were distinct species and that the fossil ones were now extinct. The
possibility of extinction of species had not previously been widely
accepted. Because his anatomical studies showed clear differences
between species, with no intermediate forms, Cuvier rejected the idea

of evolution. He thought that extinction and formal change could only
be brought about by catastrophe and championed that theory against
uniformitarian arguments.

Srne
present is
the key to
the past.!
$ir fiprhibald ffeilrie, 1865

John Hutton publishes
Theory of the Earth,
proposing gradualism
and plutonism

Charles Lyell publishes his
Principles of Geology

Sir Archibald Geikie coins
the phrase 'the present is
the key to the past'
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6we frnd no vestige of a
beginning, and no_prospect

of a,rr end.?

Jgmns llgtton, fheory ot the Earth,1788

At trrst glance, r-rothilg secffrs lnore c()nstirnt ar-rd dur:rble thirn rock. Btrt

[xrk rnore closely: thzrt patch of rnu.l w:rshed out hy l:rst night's ririn, thtrt

line of strnd lcft behind at high ticle - graciual charrgc is all :rround us.

What it neecls to transfrrrm thc Earth is time: millions and rnillions of

years of tin-ic. Oncc you esc:tpe tl-re con'lines of Bishop Ussher's timc linlits,

cVerything hecomes possible.

Gradualism Unifrrrrnitari:rnism or gratltrrrlism was the therne taken

up by :urothel great British geologist, Sir Clharlcs Lyell. The subtitle

of his great 1B3O work Principle.s o/Geolog-r m:rdc it very clear u'hich

argurnent lre supportecl: being an attempt to explain the frtrmer changes of rhe

Earth' s surface, by reference ro cd1,Lse.\ now in operotittn. Lyell's insistence on

the lcngth of titne ucedecl to support graduirl change also proviclecl thc

backdrop for his fricnd Charles l)arivin to dcvelop his thec)ry of evolution

by n:rtural sclection.

Neo-catastrophism Gratlual ch:rnge over geologicirl tit'ne can

explain mar-ry thingt. But every day is not the same. One clay is fine; the

next it rains. Every few y,s2115 there might bc :r catastrol-rhic storm or ir

tcrrible flood. Eitrth trem()rs irncl volcanic nctivity go on all tl.re time, hr-rt

cver1, fgly rngnths we hcar 9f a trtrly dev:rstating earthqttake ancl cvery f.ru'

thousirnrl years n supervolcano crllpts. Sm:rll ever-rts are com[I()n and big

cyents arc r2re, but they still happen. Sometirnes they arc exaggcriltecl in

H1lllywoocl lihns or even sciencc clocumcnt:rries, but catastrophes still l-r:lve

thcir part to play. They lcave morc trace in their brief hour of clcstrtrction

than t1-rc ages thzrt p:rss unrectlr.le.l between them.

If u,c look l.ack through geological tinie, things havc certainly not bce u

unifon.n an.l char.rgc h:rs been very f:rr fron-r gradui'r1. In the pirst, tl-rc
tt



103

$rR GHARLES LYr[ r7S7*187S
Charles Lyell was the most influential geologist of his day. Born in

Scotland, he was influenced by David Hume's Scottish Enlightenment
movement, which lent philosophical support to Hutton's principle

of uniformity - a concept Lyell championed in his own writing. His

Principles of Geology, published in three volumes in 1830-33, became

a classic textbook. Charles Darwin carried a copy with him on the

Beaglelo help him interpret the geological finds on his travels. Darwin

and Lyell subsequently became close friends and, though Lyell found
evolution hard to accept, he certainly applied constant change to his

own work, producing no less than 12 editions of Principles.

clirnate and even the corrrpositron of tl're atrn..rsphere hirve been clifferent.
The Earth has been cooling rlt,nn and the Sur-r u'anning up. Lif-e has

trirnsfrrrrnecl the se:rs, m,rr,ctl on to the land irncl stirrted to collcrete it overl
Cradual cl-rar-rge certainly c()ntinues, hut the initial conditions are not rrs

they were a billion yeirrs :rgo.

Extinction It is also clcar froni tl-rc {irssil rccor.l thut thcrc huvc l-.ccrr

some suclden, major cat:rstrofhc'5 r'.rr.r1,tng in the loss of ir tl-rirtl rx cvcn hah
of all species on Eurth. Whctl-rer thc cinrsc lvas asteroirl irnpacts, r'olc:u-ric

erup1i11n5, naglretic levclsills, bonharc'lrnent rvith cosrlic rays ()r clirnnte
change, these extir-rction events n'oul.1 clearly signify c:it:rstr()phes for thc
crcaturcs arountl at thc tilnc. As thc gcologist L)crck Agcr put it, it's likc the
lifc of a solclier: krng periotls of boretloln lncl short periods oi terr,rr.

r\l-!
:: -,1 .i

l1 .;
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Sedimentation
They are only a thin veneer over the Earthts surface, making
up less than 10 per cent of crustal rock, but sedimentary rocks
aie the ones we encounter most frequently and most often use
to build our homes and our roads. Each carries the story of its
formation, which can be read like a book of stone. After igneous
and metamorphic rocks, this is the third main rock type.

The fonn:rtion of se,,limenttrry rock is the encipoint ir-r the rock cycle

if :r cyclc can be sni.l to encl. The ground-up or dissolved rem:rins of
rnountain chirins and cven the bodics of dece:rsecl plirnts and:rnimals all
go to makc up seclirnent:'rry rock.

Types of sediment Sedirnentary rocks are uormally classiliecl by

their source, composition and texture. By firr the tnost abunc'lant are

clastic rocks, that is, rocks rnirdc up of grains or fragments from their
erodcd source. Thcse are rnostly silicates and ttften predornin:rntly
quartz, the most resist:rnt common source matcri:rl. Feldspar is alstr

a comfiron c()rnponent, as are clay minerals derived from chemical
weathering of hasalt.

Non-clastic sedimentary rocks can be organic or chemical. C)rganic

cxamples include lignite, coal and oil, shell rock and als,-r some

limestones m:rcle of the ske letons of calcareous microorganisms.

Chemical exatnpies inclr-rde rock salt, gypsum, anhydrite ar-rd

limestone cleposits precipitated in shallow seas or in caves.

tles ss$im$rlts knflrtrntft Ls*dm*x

Ancient Silurian
rocks deep beneath
the capital

Gault clay deposited
in deeper water
lacking oxygen

Very thick deposits of
white chalk laid down
in a warm shallow sea
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c(asstfgrg c(asttcs
Clastic sedimentary rocks are classified by

the size of the grains within them. Gravel is

classified as grains above 2 millimetres in

size; sand from 2 to 0.065 millimetres; and
mud those grains smaller than that. Mud can

be further subdivided into silt and, for the

finest grains of all, clay. Gravel cemented into

rock is known as conglomerate if the pebbles

are rounded, breccia if they are angular.

Consolidated sand is sandstone; consolidated
mud, mudstone. Sand and gravel can be

further divided into coarse, medium and

fine; and by composition depending on the

amount of silica, feldspar or organic matter.

Sedimentary environments Secl i mentary
rocks can irlso tcll r-rs about the environment in whicl-r

they formed. C)r-re of thc p:rr:rmeters is the energy
of the environmcnt. A fast-flowing river or a beach
with cr:rshing sr-rrf is :l high-energy environment. A
stagnant lake, mr-rcl flat or ocean deep is a lor,v-energy

environment. Particles of trll sizcs c:rn be trirnsported
in a high-energy environment. As the encrgy fa1ls, for
ex:rmple irs a river skrws or-r its floocl p1ain, it c:ln no
Ionger trirt-rsport the l:rrger grains, and lirst gr:rvels, then
sands irncl finally mud will fall out of sus|cnsion.

Sorne seclimentirry rocks irre deposited on land. The
comlnonest :rrc windbltxl'n, which irre very well sortecl,

ar-rcl glacial, which c:rn contain particles of irll sizes

frorn large boulclers to the linest clay. Other terrestrial
deposits include peat, which c:rn he consolidated and
compressed into lignite or even coal.

Sf a.m @nvinced,
by repeated
obsenration, tha,t
marbles, limo-
stonss, ehalks,
m8,rls, elays,
sa.rld, and ahnost
all terrestrial
substanees,
whsrever situa,ted,
are frrll of slrens
a,nd other spoils of
the oeean.!

0omte Geonges-Louis
leclapc de Euflon, tztg

A sequence of estuarine,
lake and marine deposits of
sand and silt are laid down

Thick deposits of London
clay form in shallow sea

Advancing ice diverts the
Thames to its present valley,
where it leaves gravel deposits



108

Deltas and dunes Rivers rlcposit hr-rge quantities of seclirncnt r.vhcn

tl-rcy rcach the serr and their encrgy tlrops. A river cleltil citu sprclttl ottt
ovcr hun.lrcr'ls trf sqLrare rniles ilncl hLrilcl up se.litnent thotrsantls ()f lne trt:s

thick. Normally, seclirnents ure depositcrl in hori:ontal layerrs, br-rt not
irlu':rys. lfhcre they irre ero,,ler.l nncl rctlcpositetl, the lavers citu bc:tt ir low
:urglc .kxi'n the firce of thc sl..4.c. This cirn occur both in rivcr .lcltas antl

orr lancl in .luncs :ur.l cirn pr.rtluce successive han.ls of angle.l l.ecls kn..x.vr-r

as cross-bc.l.liug.

Transgressions The sea level can risc or f:rll irnrl lirn.l can be

tupliftecl or sink. Thc rcsr-rlt can be a cl'ranging scrlllcncc of serlinrentary

environrncnts, rcflccte,-l in tlifferent rock l:,ryers. Where the coastline is

retreating inlanrl lr-rcl the deposits ure fnrrn progrcssivelv cleeper u,lltcrs,

it is knon'r-r as u rnurine trlrnsgrcssi()n. Where the se:r is rcttcating nnrl

tleposits arc getting shirll..xver, it is ir regression. If a Lin.llocketl sea clries

out altogetl'rer, it lcavcs a la,ver of chernicirl evilporitc cleposits such as r,rck

salt an,-l gypsLlll.

Sedirnentary basins Sometirnes tect()nic forccs can stretch the
Earth's cnrst, cuusing it to thin. That, in tLrrnr callscs the crr:st to sitg

dorvr-r, allou,ing the sea to fl,r,rcl ovcL it aurl tlel-rosit sedilnents. Thc rve igl"rt

of thosc l'nay ciruse tl're b:rsin to sirg further in ir viciotts cyclc in u,hich
sc.lirncnt l:ryers Lrp to 10 kikrmctrcs (6 niiles) thick can clcvclt,p.

biryanzStS
Once a sediment is deposited, that is not the end of the story. As layer

builds upon layer, the sediments get squeezed and compacted and

cemented in a process called diagenesis. Clay contains as much as

60 per cent water by volume and, as that is squeezed out, the clay

often compacts into a finely layered shale. lf there is calcium carbonate

present, it will cement the clay into a hard calcareous mudstone.

Squeezing sand will tend to cause the sand grains to dissolve where

they touch and redeposit in the spaces, forming a hard sandstone.
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6nochs are reeords of events that
took place at the time they formed.

Ttrey are books. They have a difTerent
voeabularJr, a different alphahet, but

you learn how to read them.S
-$mfttl Fl$eP*ms

Because thc cirusc is strctcl'rir-rg, the lithosphere also thins, bringing the hot
asthcnosphcrc closcr to the sedirnents and cookirrg thern, ir process th:rt
hclps in thc maturation of oil irncl other l'ry.lrocirrhons. A goo.l ex:rmple of
this is the North Sca.

Anothcr type r.rf se.lirnentary birsin is associirtetl n'ith oce:rn-floor subtluctitn
As occirn crust dives cLrrvn heneirth the m:rrgin of ir contincnt, sc.lirncnt
mil)r gct scrirpecl off to ftrrrl ilr rrccrcti()nir11 prisrn, tr:rpping:r sh:rllorv
basin bcl-rind it ir-r 

"vhich 
se.lirner-rts frorn tl.re continent acctrmulirtc. That

is knowr-r as ii frrre-arc hirsin. At the strme timc, r'oicunic pcnks in thc
cor-rtincntirl rnargin depress the continent, resulting in a shallow basin u'ith
accr-rrnulating serlirncnt bel-rind the rnountain range a back-:rrc basir-r.

Deep-sea sediments In thc .lccp ocean, far from land, se,,limentatiulr
miry be very rnuch slou'cr. Bclow 4,000 rretres (11,123 ft), calcir-rnr

carbonilte is,-'lissolvccl by t1-rc prcsstrrizecl u'ater so that lirnestr)ne cilnn()t
fortn in thc dccp occitn:rnd the skeletons of cirlc,rr.,,us nlicror)rgrlnisln\
uever t-nake it to thc rlccp occan fkror. Brrt skeletons based on silicir cil-r

anc] clo.

l:i 1., :' !: ' 1i.,, -a ,:
i., tl .'' ;rl .i r. ,f' n: ] ,ri: ,:ll. .{!,i. a !.r t
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Ocean
circulation

Covering 7l per cent of the planetts surface and containing
97 per cent of all its water, oceans are central to understanding
the dynamic processes on the surface of the Earth. The top
2 metres (6Vz feet) of ocean water contain more heat than the
entire atmosphere, and the circulation of that heat in ocean
currents performs a vital role in controlling and moderating
global climate.

Coriolis force Surface occirn currents are driver-r in pil't by thc
prcv:rilir-rg rvind. But, accorcling to Ncwton's 1ar.vs of motion, ilny mor.'ing

mirss rvill try to continue in a str:right line. C)n the surface of a rot:rting
gkrbe it is r,rnable to ckr so, but it will still try. The result is the Coriolis
force. In thc northern hernisphere, the frrrce makes a movit-tg current
tend to pull to the right, while in the southcln hernisphere, it will pull
to the 1eft. Thc rcsult is an ocean gyre: a vast system of oce:rn cllrrents
going rcund in circlcs. The best example is in thc northern Pacilic, where

there is no land to impecle it. It is a sacl reflection ()n our clisposahle

prlastic age that a vast raft of floating plastic waste has

accurnulirted in thc c:rlm centre of the gyre.6How inappropriate
to call this planet

Eafth Wlfen it iS In Jirnu:rry 1992, during a Piicilic st,rrtn, three

qffite Cleafly OCea,ff.t container-1o:rds of plastic clttcks frorn a Chinese factory
were washecl overboard. About two-thirds ()f the

frfthuf S. Slafkg 29,000 ducks drifted soutl-r and landed on Incloncsi:rn

British geographer James
Rennell suggests that
ocean currents are driven
by the wind

Alexander von Humboldt
describes cold, deep
currents flowing from the
poles towards the equator

Gustave-GaspardCoriolis HMS Challenger
identifies the rotating makes first voyage
system of surface ocean dedicated to scientific
currents oceanography
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Tha Youngar br3as
Around 12,800 years ago, the world was

slowly emerging from an ice age. Temperate
forests were beginning to return to north-
west Europe. Then, suddenly, pollen from
the Arctic tundra plant dryas appears in

sediment cores, marking an abrupt return

to cold conditions across north-west Europe

and Greenland. The explanation is probably

that the Atlantic conveyor shut down due
to a sudden influx of freshwater, possibly
from a lake of meltwater trapped behind the
retreating ice sheet of North America. As a

result, the Gulf Stream no longer brought
warm water northwards. About 1,200 years

later, the cold period ended as quickly as it
had begun.

islantls and in Australia. Thc rernainder tr:rvellcd north :rncl entercrl the
so-c:rl1cd North P:rcilic Gyrc. A few rntrcle it through the Bering Striiits ancl

bec:rme trapped in slow-r'noving Arctic ice , eventually to turn r-rp in the
North Atlantic eight ye:rrs later.

Remote sensing C)ceirnogr:rphers have more sophisricatecl ways
of tracking ()ccan cLlrrents, Llsing floating buoys at thc surface and ones
which sink to ir predefined depth hefore returning to the surface to radio
data b:rck hy satellite. The space age has revolutionized ,rceanography.
Once rcsearch ships and Mcrchant Navy volunreers could only moniror
temperature and salinity by dropping a bucket over the side of ir ship to
collect samples; today satellites can rnonitor waves irnd currents and even
the anount of phytoplankton in the water on a daily basis from space.

Salt Fur 4 billion years, rain has bccn firlling on tl're land, washing
through the rocks and flowing down to rhe setr, carrying u'ith it dissolved
salt. Over geological tirne, the sca has been getting more :rnd more salty.

Fridtjof Nansen attempts to
reach the North Pole in a
study of how sea ice drifts

Sir George Deacon develops
new ways of measuring
deep ocean currents

Henry Stommel studies
the Gulf Stream and the
formation of Antarctic
bottom water

Jacques Yves Cousteau
invents the aqualung
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Tirday, if all thc ()ceilns evaporirtecl ancl thc salt left behin.l r't'ere spreutl out
evenly, it woul.l fonn a solid layer 75 nctrcs (246 ft) thick.

l)issolvecl sirlt is not t1ivi.1ed evenly lretrveen thc occirns. The llaltic, rvitl-r

lots of freshu':ltcr rivcrs :rntl low evaporiltion, contains about 5,000 parts

per rnillion (ppm) of szr1t. The Persian Gu1f, with high eval.,orirtion and
few rivcrs, hirs :rbout 40,000 ppm. Both salt :rn.l telnperilture clrnngc thc
cler-rsity ()f scawirtel ar-rtl, together u,ith thc cffects of wincl ancl thc E:rrth's

rotation, contribute t() ()cean circrrl:rtitx-r, giving it:r thircl cliuension irs

cold, salty wltcr sinks.

Atlantic conveyor belt the phenomenon is ircst sccn in the North
At1:rntic, where thc Gulf Strc:rrn brings wann watcr north-easttl irrcls fr,xn
the CLrlf of Mcxico, kceping the climate of thc Britisl.r Isles teurperatc
u'hcn conLpure.l to eastern Clar-ra.lil at the sat-ne latitude on thc othcr sitle

of thc Atlar-rtic. As the Clulf Stream hca.ls north, it cools, anrl c'u'aporittion

rnakcs it sultier. So, :rs it al,proaches thc Arctic, this clense u'atct siuks irntl

returns soLlth irs Atl:rntic bott()ll \'\'ater.

Tl'rere arc l-rints that global n'irnning is slorving the proclr.rction of
Atlantic hottorn rvrter, by aclcling c..r1cl frcshwirter frour rnelting icc, thus

tlilrrting thc snlt, and possibly l.y r'virrming the surfirce layer ln.l car.tsing

stratihcirti()n so thirt it is ur-rable to siuk. lf tl-ris Atlantic convcvor bclt

- 

cold currents

lieh warm currents

Principal surface currents in the
world's oceans.

'..r',

ilt
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\\:cre t() st()f, it rr'()ul(l lrc:ln ir()nc c()nsequel]cc of gkrhal warrriing that
north-\\,e-\t Errope tvoultl suffer rnuch c,rlder I,r,intcrs.

AgUlhaS leakage Help arrrl sirlr warer r.nay c()me froru thc soLrth. Thc
Agullus ()-rrrent in the Li.lian C)cc:rn gets pincl-rccl l.y the (-'ape of Sotrth
Africa antl sorne of its u,irrr, sult\, \\':rtcr lerrks into tl-re South Atllntic.
Only l0 pcr ct: r1t of thc currcnt
lcaks. but it still :rrnorrnts to 200
I tlttr': tltc 11,'rr,'f ft'r':ltrrlter lrtrrrr
th, Atttlr:,,tt Rii.r,;rtl\l it r\'(lu5 t()

he rncreasit-rg with global vn':rnnir-rg.

It might c()llucnsate tirr Arctic
ure ltir-rg by fcetling more salt ir-rto
tlic Atlirntic s),ste tn.

Nutrients The vcrricrl
c()urp()r1cl1t of ilceln circtrlatiorr
i. lrlr,l 1 i1 

'1 
f,,r'rrrrrrrn.' lilc.

lh1t,'1'1.11111,,tt,rn.l IIrc rrr,rlirr..
creatrlrcs that fecrl off tlrern
Iove u,irnn, sunlit suriircc u'ater.
But they clLrickly rrse up rrll the
available nlrtricnts dissolvccl irt the
sr,rrfirce. L)ccp rvater oiiers plentt'
of nutlicr-rts, btrt it is too tlirrk frrr

fhot()synthesis. \(/hcrc ocean
cLlrrel-its bring tlcep wittcr t() the
strrf:rce, the ntrtricnts colttc too anr]
l.egit-r to rnix u'ith thc u'arrn \\'irtcrs,
producir-rg sornetl-rir-rg analogous to tl're cokl fronts in thc atrlosphere
thirt fc:rtrrre in u'cathcr frrrecrrsts. Strch zoncs :lre a [ron:rn::r tirr plankton
Scnsors ,rn space craft tunctl to tl-re gre.en c,rloLrr of chLrrophyll revcal
ttllssive se lson:rl bloonrs of plar-rkton in these areas.

-l 
r l.tl Nrno

At irregular intervals every five years or so,

atmospheric pressure rises over the lndian Ocean

and lndonesia and drops in the eastern Pacific.

The Pacific Trade winds weaken or blow to the
east, and a current of warm, nutrient-poor tropical
water heads for the coast of Peru. lt is called
El Nino (meaning the child), because it arrives
at Christmas, like the Christ child. lt blocks the
nutrient-rich Humboldt current, causing South
American fisheries to fail. lt brings storms and

rain to desert regions in the western Americas and
drought to Australia and the western Pacific- A year
later, El Nino is often followed by a cold current, La 

f,

Nina, producing the opposite effects, with South 
t

American drought and Australian floods. 
F

f
*d
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Atmosphere
circulation

Spaceship Earth is protected from the ravages of outer space
by what, in astronomical tertns, is but a fragile veil of air. But
from the human perspectiveo the atmosphere is a vast ocean in
which we live, breathe and exist. It is also a great heat engine,
driven by solar energ$ distributing heat and water vapour
around the globe and bringing us weather.

]t is hrirLl to say how thick the atn-rosphcre is. It becomes increasingly

rarchccl as it thins into space. There arc still a fer'v atonts arctund even at

the hcight of the Intern:rtional Space St:rtion, just unrlcr 400 kilornettcs
(250 milcs) above seir 1cvcl. Those ferv atotns are ionized and so energetic

tl'rat thcy have ir tempcrature of about 2,000 degrees Celsius, tl'rough they
are too rarehecl to ho1cl much heat. This is the thennosphere.

The protecting veil At a he ight of about 80 kilometres (50 rniles),

we c()me to the mesosphere , wl'rich includes the ionosphere, the Llyer of
air ionizecl by bornbnrdrnent with cosn-iic rays frorn space . This is thc fragile

veil that protects us fnrrn costnic X-rays. It is also where chargecl particles
from thc Sun, streaming in irlrng the m:rgnetic field lincs above the poles,

protl:ce the spect:rcul:rr gkrwing curtains of the :rurora. And it reflects

shortwave radio signals, enabling internation;r1 c(rlnnrunicatir)ns.

At 50 kilometres (31 miles), we come to the str:rtosphere. This is the
coldest part of thc irtmosphere, neithe r warmed hy radiation from trbove

nor convection from below. This is thc home of the ozone layer, protluced

by the action of ultr:rviolet light frorn the Sun on oxygen molecules; it

Aristotle coins the
term meteorology
as the title of a book
about Earth sciences

Evangelista Torricel li

invents the mercury
ba rometer

Edmund Halley Gabriel Fahrenheit
identifies solar heating invents a reliable
as the cause of scale for measuring
atmosphericcirculation temperature
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[\onsoon
Land affects atmospheric circulation, both
by the thermal effects of its surface and the
physical effects of mountain ranges. The
greater thermal capacity of the ocean means
that, in summer, the air overland heats up
more by day and starts to rise, drawing in a

sea breeze. The most dramatic manifestation
of that is the South Asian monsoon. ln winter,
the prevailing wind is from the north-east,
but between June and September it reverses,

pulling in warm, moisture-laden water from
the lndian Ocean. The Himalayas force the
air to rise and water begins to condense,
resulting in up to 10 metres (33 ft) of rainfall in

some areas. The Himalayas effectively block
the moist air and the Tibetan plateau remains
dry. Sediment cores show that the monsoon
started at about the time the Himalayas were
rising. Less dramatic monsoons also occur in

West Africa and East Asia.

screens us from harnrful UV radi:rtion. The small arnounts of water in the
stratospherc can fcrrm high ice clor,rds in polar regions which provide the
substrirte, cat:rlysed lry chlorine compounds rcleased by hurnan activiry, for
the r-'lcstruction of ozone.

Where the weather is Eighty per cenr of thc air and 99 per cenr of
water vapour are in the troposphere. This varies in thickness between
20 kilometres (12% miles) over rhe rropics and 7 kilometres (4% rniles)
ovcr the poles. It is separatcd frorn the stratosphere by a temperature
invcrsion layer, u'hich prevenrs rnuch rnixing. It is within the tropospherc
that most of the circulation of he:rt and water vapour takes place. The
tropospherc brings r-rs our weather.

Circulating cells Atmospheric circr-rlation in rhe troposphere can
he simpliliccl to a series of circulating cells, transferring heat to high
latitudes. The process starts with warm air rising above the equator, or
rnore specilically the zenith line, because it migrates north ancl south with

George Hadley publishes
his explanation of
atmospheric circulation
and the trade winds

Francis Beaufort
proposes a scheme for
classifying wind speed

Wasaburo Oishi in Japan
and Wiley Post in the USA
detect the jet stream

First successful
weather satellite
launched
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*&The Sun's rays are
the ultimate souree

of almost every
motion which tahes
plaee on the sur{aee

of the Earth. By their
heat are produeed

all winds ... By them
the waters of the sea
are marle to eirculate

in vapour through
the air, a,rrd irrigate
the la,rrd, produeing

springs a^rrd rivers. B

thc se:rsor-rs, kecping the sttt-t rx'crhearl. Thc lir florvs

north, high in thc troposphcrc, to a latitudc of alrotrt
j0 rlegrees, by rv1-rich time it h:rs cooletl strfficicntly'

to clescentl ilncl flou's sor.rth ag:rit-r, conrpleting the

circulirtior-r. The sirtne tl-ring hirppcns irr thc sotttl-rert't

he mispl-rere.

In 1715, ()corge Ilacllcy published :r firper shou'ing

l-roiv what we n()w know as the Clrriolis frrrce rn:rkcs thc
rnovir-rg lir alri'ays pull slightl)' to t1-rc right, prodtrcing
the rrtrrth-c:Lst to south-wcst trilcle r.vintls in the trt'fics
as it cornplctcs its circtrlirtion. It took 100 yerrrs for his

cor-rtribr-rtion to be recogni:e.l; the ccll is ut,u, kno'"r'n

as the Ha.lley ccll. But in firct l-ris cxpl:rnrrtiotr \\':rs lt()t
complete. Wcrc tr ur:rss of air sitrply prescrving :tt-tgtrliir

rrr()lnentuln irs it tnovecl to high latitudes :rutl l-rence

closer t,r thc Eartl-r's nrtation axis, it w,rul.l :rccelerate t()

storm force. In practice, cliffclcnces in pressttrc :tlso l'rave

an irnpirct, keeping r'r,intl speetl ntotlerate.

Sts. -$*ftm *frma-g*{+qtfr"

0utlines of Astronomy, 1849

Another s]'stcln, the 1-,olar cclls, begins lvith u,irrni air rising at irbor.tt

60 tlegrees north antl s,rr-tth t,f the eclttator an.l desc-.er-rding as colcl ail lt thc
pole. ln bctrvccr.r tl're 1.11111; cc11 an.l the Ila.llcy cell is a thirrl, sliglrtly m,rrc

cornplicate.l circulation known as the Ferrcl ccll.

Atmospheric circu lation
cells in the Northern

hemisphere.
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Hurric a^e
Warm, moist air starts to rise above the
warm ocean, creating a region of low
pressure and pulling more warm, moist
air in from the sides. The phenomenon
can develop into a vast, spiralling weather
system known as a hurricane in the
Caribbean, a cyclone in the lndian Ocean

and a typhoon in the Western Pacific. They

can persist for many days, strengthening and
drifting with the trade winds until they strike
land. By then, wind speeds can reach 186

mph (300 km/h), accompanied by torrential
rain. The low pressure can be so intense that
it raises sea level by up to 8 metres (26 ft) in a

storm surge. Once over land, hurricanes start
to lose their supply of moisture and subside.

Tl-rese cells not only expl11i11 prevailing u'inds, they also accounr for
irnportant n'eathcr systcnrs. lfhcrc wirnn rnoist air is rising, irr,runcl the
cLlrilt()r :rnc] aro.ncl 60 dcgrees north iln(:l s.uth, it letrcls to lorv pressure
s)rstelns and r:rin cLru.ls. That is r.vhy thcre irre r:,Linfrrrcsts anrun.l the
ccluirtor iurd why there is ofien :r run of low pressLlre systcms crossing thc
North Atlantic. In betwecn, whcre clry nir clescencls, clesert regions are
ruiole likely.

Jet stream Higl-r in thc tropospl-rere where cells rneet is a nilrrou,
ril.b.n.f irir trir'clling ii.rr wesr ro east at high spcecl. Tl-iese ilre the
jct strcarns. Thcrc are tu'. in eirch l'remisphere -:r p111211 jct stream ilrtl
a l-righer but rveakcr subtropical jct strearn. Wintl speeJs in the polar jet
strc:ur can rcach 124 rnph (200 krn/h). Thc jct srre:rlns can rncirnrler
in wl-rat are kn.*,n rrs R.ssby rv:^'es, *'hich tra'el rn.rc slor,",ly west to
east. Their position cirn rleternrine rvhcthel Atlantic r:rilr systelns fall on
Lon.lon or Lcrivick.

illl
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Water cycle
One of the features that makes our planet special - perhaps
unique - is the presence of water in all three phases: liquid,
vapour and ice. This enables it to cycle between oceanr air and
earth, transporting heat and bringing life.

'!fatcr, or at least its atornic constituents hy.lrogen ancl oxygen, arc a[long
the rnost iLbr-rndant elements in the r-rniverse, and yct rve knou' of no clther

ivorlcl but our own rvhere there is :rbundant liquid water on tl-re surfirce.

Therc may be ,rceans on Jupiter's moon Europa ancl Saturn's satellite

Encel:rdus, but thcy lie beneath m:rny kilornetrcs of ice.

Habitable zone It is possible th:rt a handful of the hun,-lrcds of
extrirsolar planets .liscoverecl recently may lie in the habitirble zone - thc
right distance from their parent star to sustain liquid u':rtcr - but rve h:rve

yct to prove it. lt is of greirt interest thirt we do so, bec:ruse 1it1,-rid u'irter is

one of the fcw absolute esscntinls to supp()rt life as we know it.

Where the water is It is likely that any water on the surface of the

prirnorclial Earth boiled away as :r result of volcanisn ancl collisions ancl

was strippecl from the early atmosphere by the strength of the solar wind.

So all thc water on Earth today must h:rve come either from rvitl'rir-r, via
volcanic eruptions, or externaliy, ftom comets and irsteroicls. Titclay, there

are an e stimated 1,386 rnillion cubic kilornetres (333 rnillion cubic miles)

of the stuff, of which:rbout 97 per ccnt is in the oceans, 2.1 per cent is in
ice caps, 0.6 per cent in underground acluifers, 0.02 per cent in lakes anci

rivers irncl just 0.001 pcr cent as clouds and vapour in the atm()sphere.

Clrnnen ure
wellb drlt

we know
the nrorth
of water.!

Beniamin Fpanltlin,
1757

Philo of Byzantium
makes the first
recorded reference
to a waterwheel

Waterwheels in
widespread use in
the Roman world for
mining and irrigation

Water mills in
widespread use for
grinding corn and
other activities

William Armstrong builds the
first hydroelectric scheme
to provide lighting in his
Northumberland home
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H3dro por^ter
The hydrological or water cycle is solar-powered. Evaporation takes
up heat; without it, the average temperature of the oceans would
be about 65 degrees Celsius. Some of that energy is given back as
water condenses, powering towering cumulonimbus storm clouds
and building up electrical charges, which discharge as thunder and
lightning. More of the potential energy given to the water in taking
it up to fall as rain on mountain ranges is returned as hydropower,
in the erosion and transport of rocks and sediments, in the thunder
of waterfalls and, occasionally, when tapped by humans to drive
waterwheels or hydroelectric generators. There were nearly 3,000 TW
hours of hydroelectricity generated in 2006: 20 per cent of the world,s
total electricity consumption - more than from nuclear power - and
88 per cent of renewable energy electricity generation.

Where the water $o€s Water is fully errgaged in the clynirmic
pr()cesses on Earth, cycling bctrveen ocean, air and land. Every ,,ltry, :rbout
1,170 ctrbic kilornetrcs (280 million cubic rniles) .f warer evapnrares, 90
pcr cent of it from thc oceans. The aver:rge length of time w:rter spcr-rcls in
e:rch rescrvoir varies consitlcrahly. In deep aqr-rifers anc'l in the Antarctic
ice c:rp, it is .f the order of 10,000 ye.rs. It rakes ab.ut 3,ooo ,ve:rrs r. cycle
thr.ugh the occu.s ancl ii rnatter .f m.nths for rivers. But it spe.tls .n
average a lnere nine tltrys in thc atlnosphere in each cyclc.

Distillation Thc warer cycle providcs the Earth wirh :r consr:rnr
clistill:rtion :rnci purilication service. Ev:,Lporation from tl-re ocean leaves salt
ancl other contaminants behinrl. In thc atrnospherc, water dissolves carbon
clioxicle to make :r rveak acicl, which prornores chcmical weathering of

First hydroelectric
power plant at
Niagara Falls, USA

Hoover Dam becomes
the world's biggest
hydroelectric power
station, rated at 1,345 MW

Itaipu in Brazil becomes
the world's largest
hydroelectric plant,
generating 14,000 MW

Three Gorges Dam in
China opens with a
capacitv of 22,500 MW
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rocks, but thc clistillation provitlcs wilter thnt is otherwisc essentirllly pure

to rivers, lllkes ancl aqtrifers. Thosc :rqtrifers ililcl further frltr:rtion to the

wilter :lnd liny acful other dissglvccl minerills, which serve :rs trutricnts ftlr

1'l,tntr ,,tt,l ;tqtItl ic ( )rg;tlliillls.

Water of life Ahnost irll tl'rc chemical pr,tcesses of life tirke plrrce in
irclrcous solutior-r, so liquid r.vater is vit:rl. L-r tnost plirnts :rncl anitnals, rvatcr

is b1,f:rr the nost irbunclant subst:rnce. As well as l.,roviding :r chetlical
sLlhstrirte, it plays tr key part in one of lifc's rnost important rcilctiolls:

photosyntl-resis. Using ttn ingenittus systcm of enzymes ancl tnctnhrilnes,

the chloroplirsts in plant leitvcs are rrble to s1.,lit tl-re r"'nter tnolccule irud

cornbinc it lvith carhon dioxide, proclncing oxygen :rncl the hy.lroc:rrbons

that builcl biomass. This u'irs the cl-remic:rl process that trirnsftrrurecl tl-re

E:rrth's :ltn-iosphere rl()re thitn Z biilion )re:lrs ago irntl tl-rat keeps oxygen

ancl carhon clioxidc in ,-lelicatc b:rl:rnce tod:ry.

Surviving drought So lor-rg as thcrc is soure w:rter irvailitble, living
organisms havc clcvelopecl sophistrcated rv:rys of copir-rg with salinity,

.lrorrght antl fieezing ternpemttrres. All thrcc challengcs c:rtr havc sirnilar'

eff'ects. Sirlty rvatcr cau suck moistr.tre oLlt throltgh ccll tnetnbr:tnes;

clrought can stllrve cells of water; antl fr()st cilll tLlrn \\'ilter int,, ice,

br-rrsting cclls..,r at least mtrking r.v:rtcr trnavilil:rble. l)eselt pllrnts ttsc

n s1.rsci3l strgar c:rllecl trchirlose to pr()tect t1-reir clel-ryclrirtccl cells' Tiny
invertebratcs c:rlled tarcligrades (thcy look like millirnetlc-long six-lcggecl

tccldy bears) ciln witl'rstand freezing in 1it1-rid nitrogen; thcy jLrst gei 14.)

and lr,alk aw:ry rvhen thcy thitw out. Fish it-t pol:rr wilters havc il specinl

antifieeze in their hkrorl tl'rirt sufprcsses the foruratior-r of icc cr1'stals. In

winter, thc blood of the Antarctic cotl gets so colcl th:rt it is u':ry ltclo',r'

freezing, ancl jrrst touching it u'ith an icc crystal u,ill make it frccze solid!

6F'or nrany of us, water simply flows from
a faucet [tapl, a,rrd we think little about it
beyond this point of eontact. We have lost

a"sense of fespeet for the wild riveB for
ttre eomplex woikings of a wetland, for the
intrieate web of lifelhat water suppods.S

ffigse{pn P#st#f;, Last aasis: Facing Water Scarcity,1997
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Eu-lrophrcatron
One hazard of intensive agriculture is that excess chemical fertilizers,
in particular those containing nitrogen and phosphorus, dissolve in
groundwater and surface run-off, adding excessive nutrients to rivers,

lakes and coastal waters. This, together with untreated sewage, can

sometimes result in algal blooms that, fertilized by the nitrates and

phosphates, use up allthe dissolved oxygen in the water, leading to it
becoming anaerobic or eutrophic. As a result, the water at the bottoms
of some lakes and sheltered seas can no longer support life other than

smelly anaerobic bacteria. Around half the lakes in Er-rrope, Asia and the

Americas are now eutrophic.

Many b.rctcria, in particular l spccies c:rllc'.1 P.scurJr-rnronrr.s .sylrrgric, hirve
protcins or-r the ir surfirce th:rt encourirgc the fomration of ice crt'stals.
The rc is evi.lencc tl-rirt rl'rese play an important pirrt in the ltn'r,rsphere
in the fomration of ice ckrtr.ls, which lca.l to rain and hail. Crops cnn be

protL'ctcd fiirtn frtrst dunrlgc lrl spraying ()11 ll sellcticirl[1'nr,rli6etl r,rLsion,

knou'n as ice urir-rus bactcria, thotrgh therc :rre lcars thrrt rviilcspre:r.l irse ,,t
this ni:ry :rftect ririnlirll.

Water and clirnate Watc'r vap()Lrr ir1 the irtrnosphere is irn

itttportut-rt cot-ttLihutor to thc grccnhousc eflect. With(rut it, avcrirge vn'orlJ

teurpcratrlrcs u'r,r-r1.:l hc rrbout -l0.1cgrecs Clelsius. Thcre is cviclence from
clinratc rn,r.lcls thlt gkrh:rl uirrring u'ill lcac'l to increrrsecl evirporatiolr
antl, l-rotentillll', cnl-ran.:ecl uarming. It rnlv als.r Lnter-rsify the tr1,tl11rl1.lg1s11

cyc-.1c, incrcirsing ririr-rtiril ir-r alrcacly \\:ct equat()riirl an.1 l-righ lrrtiturlcs,
rvhilc- r.r,orscning .lroLrghts in rrlre arly arid lrcas in betwccn.

ri
lil
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Carbon cycle
If water is life's blood, carbon ls its body. And, like water,
carbon integrates life with a complex cycle that affects the
whole planet. For eons, life has helped maintain the carbon
cycle, Feeping the insulating carbon dioxide blanket in the
atmosphere in tune with increasing solar radiation. Now,
human activity threatens to undo the work of the past.

Tl-re carbor-r cycle involves signihc:rnt exchanges betweeu httge resen'es.

The amount of carbon held in rock, soi1, ocetln, hi,rmass and :rtmosphere

is vast, irntl billions of tons cycle hetr.veen them evcry yeilr. But jttst a srna1l

irnbalilnce in that cycle could tnirke a big difference to our clitnate .

Carbon reserves The Earth's crust hokls tl-re ftrssilized rcm:rins of
thc carly atnosphere. Two billion ye:us irg(), as lilc got going, it stirrtcd ttr

consurne thc insulirting irtlnospheric blanket th:rt kept it w:rrnl, convcrtit'tg

the carbtrn tlioxicle ultirn:rtely into limestone :rncl ch:rlk, coirl ancl oi1.

There trre lrughly 100 million billion tons of c:rrbon in thc Etrrth's crr-rst,

approximately the sarne as in the atmosphere of lifeless Venus. The

irnplication is th:rt, but for life, we would have :r hothouse :rtmospherc

simillr to lh;rt ,'f Vt'rtu..

The:rrnounts of c,rrbon held near the surface are smaller, though still very

large. T1-re greatest reserves :rre in soils and the dccp ocean, ftrllowed by

surface waters of the seir and the biosphcre on lancl. Carbon tlioxide in the

atmosphere reprcsents only a smirll frilctittn of thc tlther reserves, at about

750 billion tons, of which arouncl 200 blllion tons itre exchangecl annually

Antoine Lavoisier
shows respiration is
the same process as
combustion

lce cores show
atmospheric C02
level is 290 ppm

John Tyndall shows Svante Arrhenius
that carbon dioxide suggests human CO2

and water vapour release might cause
absorb heat radiation climate warming



121

C,cean carbon
The oceans contain 60 times as much
carbon as the atmosphere and dissolve
about 92 billion tons as carbon dioxide
from the air each year. Some of that
cycles round in the surface waters of
the ocean, part of it being consumed by
phytoplankton but getting released again.
Ninety billion tons is returned to the
atmosphere. Around 2 billion tons

are removed from circulation and sink
to the ocean floor. This is largely thanks
to descending ocean currents, but also
the hydrodynamic properties of copepod
poo! These tiny planktonic animals feed
on the microscopic algae and excrete
faecal pellets that are large and dense
enough to sink deep in the ocean as

fine snow.

betu'een the Lrtnosrherc ancl .ther reser'es. R.ughly h:rlf .f that is gas
exchange rvith thc ()ceans; the rest is :rccounrecl for by photosyntl-rcsis ancl
rcspir:rtion on ltrnd.

Tlppitas the balance T1-*rse fluxes balance olrr morc.r less, witl-i tr
slight surplus bcing rcmo'ccl fr.m circulati.. through secjimenr:rtion in
the.cean. But the ligures cxclude thc 5.5 billion rons.f c:rrb.n dioxicle
emittecl into thc atm()sphcre per yetrr as a result.f bur-ning fossil fuels. A
fractior-r of that excess, perhaps 1 o pcr cent, se.. ms to be ge tting rerno'ecl
from the atrn.spherc hy pr.cesses in the.cean and pr.bably by f.rests.n
llrn.l. But tlre rcrl is rrlt.

In 1958, ch:rrles Kceling srartecl c.llecting air samples fr.rn thc t.p.f
the Mauna Lo:l c)bse^':rt.ry in Hawaii - far fr.rn any source of p.llution.
He rneasured carbon clioxicle c()ntent and fountl a regular seasonill
variirtion. But as he continued his rneasurements, evcry ycar thc tot:rl COr
concentration g.t higher and higher. Thc resulting 'Keeling curve' h:rs

Charles Keeling
begins measuring
CO, in Hawaii

I ntergove rn m enta I

Panel on Climate
Change established at
Rio climate conference

Kyoto treaty, signed Copenhagen
by all industrialized conference fails to get
countries except USA, bindjng agreement on
comes into effect CO, reduction

Carbon dioxide
concentration
reaches 391 ppm
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Carbon lrom fossil luel burning in
industry, transport etc.

Photosynthesis takes
carbon lrom atmosphere

Carbon lrom
delorestation

0ceanic
photosynthesis
and respiration

Carbon from
animal and human

respiration

0rganic matter
from lile

Dead
marine lile
becomes
.sediment

rhe principat bccorne icor-ric. It starts in 1958 :rt 320 parts trrer n-iillion (ppttt); by 2011 it

'"-o:l:J: :j.l:" hrr.l reachetl i91 pprn. At this r:rte, it will prtss 400 pg,m in 201 5 irntl cor.rlcl
carDoncvcre 

r.,rch ilnywhere l,ctu,een 450 a'cl E50 ppm hy thc cn.l .f thc centtrry.

Greenhouse effect In 1859, u'orking at tl're RoyaI lnstitr-rtion in
Lonclon, John \'n.lal1 tvas '-easttritlg the ability of .liflerer-rt gitscs to

absorl. l-rcat radiution. He triccl nitroscn trucl ttxl'gct-t, u'itl-r littlc effect

T1-rcn hc' tcstc(l \\'atcr l':tpottr :tncl

cirrhtlr clioxitle. Tl-rc restrIts r.r'cre

spectacuLirr. Wl-rirt hc describctl u'e

nt,u' kn..ru, irs the grcclrh,rtrsc cffect.

Light fi'or-n tl're Stm plsses clsil1'

tl-rrougl-r thc irttllttsfhcre lintl c:ru

bc lef.lcctc.l just irs cirsill l.rtck it-rt,t
spuce . Rut so,.c of it u'ilrtris tlte
grtrun,-l alrrl is rc-clnittctl as irrfrarc.l
or hctrt larliation. Tl'rat gets ll-.sorl.c.l

[r1, clrrl-,,,n .]i,rxir]e, lvate r r':tpottr rttt,-l
othct so-cirllc.l urcetrhtrtts.r gltscs,

6You will die but the
caxbon will nob its career
does not end with you. It

will retnrn to the soil, and
there a plant may tahe it

up again in time, sending
il once more on a eycle of

plant and animal life.S
-9itil*?: mf"'#f}*&v 3ir
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It4r-ores I corbon
Plants and animals on land contain over
6 trillion tons of carbon. Forests contain
86 per cent of the carbon that is above
ground, as well as a great deal in the soil.
Around 100 billion tons of carbon is taken up
by photosynthesis on land each year, of which
about 60 per cent is retained in biomass such

as timber. But it is quickly released again by
deforestation through burning and through
disturbing the soil. lt is possible that forests
will make a small contribution to removing
excess carbon dioxide from the atmosphere,
as plants tend to grow quicker in higher
concentrations of carbon dioxide.

trirpping thc heat in the troposphere and warming the climate. without ir,
our pl:rnet w.ulcl ha'e frozen .ver l.ng ag., but :rs c:rrbon di.xide levels
rise, s. tlo gkrbal ternperaturcs. \7e will examine thc possible conseqLrences
of that in thc r-rext sccti()n.

Methane Cirrbon tlioxitlc is not tl-re only fcrrm of carbon in the
atmosphere. There :rrc traces of rnethane, too. This is norm:rlly protlucecl
by bactcrial activity in r.vetlancls, tundra, occ:rn secliments ancl the
digestive tracts of cattlc. Methane is:rlso a grccnhctusc gas, irncl ii morc
powerful one than cirrbon dioxide. Mcthane lcvels are rising clue to
intensi'e agriculture:rnd the u'irrming of Arctic tunclra. But there is:i far
biggcr potenti:ll source. Huge reser'cs .f rnethilne lic frozen on the oce.n
flo.r in gas hytlr:rtes, whicl'r c.ulcl be rcleased if the oce an w:lrms or se:l
lcvel falls. Fifty-1ive rnillion yeirrs :rgo, a sudden release of carbon inro
thc 

^tr'.sphere 
w:rs f.lkrwcd by r:rpid warming ,f the climate, irnd this is

belicvecl to be due t. the rclcase.f huge quantities.f methiine tr.rn gas

hyrlriltes ()n the seafloor.

t"$em ##r#"#qrgx.ffiffiq*. "RcH***:s

ill
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Climate change
We are fortunate that, since Neolithic times, our species has
enjoyed a relatively stable climate. But the geological record
reveals that this was not the case in the past, and computer
models of our climate system suggest it will not be the case
in the firture.

Working out if the climate is ch:rnging is harder than it may seem. We

are very usecl to extrernes of wcather - heal rvaves, h:rrsh winters, floods,

clroughts and so ott - but that's not the sarle as clirnate. Tb idcntify clim:rte

changc, you neecl to take lnilny meitsurefiIents worltlwide ovcr a lclng

periocl and to uniform st:rnclards.

Taking the Earthts temperature Accurate temperatlrre recor,ls

measured with thermonetcrs only go birck about 150 years; before thcn,
you need to usc proxies. These can include historictrl iiccounts of h:rrvest

tirncs ancl the cxtent of u'inter ice, as well as natural records such as the

wiclth of tree rings :rnd isotope ratios in sediments and ice cores. Ovcr the

last ccntury, these indicatittns can be c:rlibrated :rgainst ilccur:Ite tnodern

temperature records.

Medieval wan'rn period Al1 tl-re records indicatc that therc w:rs

:l wann period lasting from abor-rt ao 950 to 1250' Prim:rry sourccs

show th:rt moniisteries in England had flourishing vineyards irt this time,

while Viking settlers were farrning successfully arounrl the coast

of Greenlilnd.

ffiffiS f;ffiurss fir-nm thm mlimmfr* p#trtlgt#

Sudden warming,
linked to methane
release

Onset of rapid
glacial cycles
marking the lasl
ice age

Last glacial TheYounger Dryas:
maximum sudden cold spell

Medieval warm
period. Vikings
farming in
G reenland
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The little ice age Betwccn about 1550 and 1850, anclparticularly
in br-rrsts bcginning in 1650 and 1770, scvere colcl spells occurred. This is

reflected in the 1565 winrer p:rintings of Pieter Bruegei the Elder and in
historic:i1 irccounts including tl'rat of the frozen B:rltic in 1658 and of fr,rst
fairs hekl on the frozen River Tharnes hetu'een 1607 and 1814. The pcriod
became known as the little ice age. These harsh winters are rcflected ir-r

ckrsely spacecl growth rings on trecs; it has even heen suggestetl that the
bittcr cold proc'luced the clcnse wootl that helpcd Cremon:r violin m:rkers
such as Stradivarius to rnllnufircture such resonant instrurnents.

Sevcrirl explanations have heen offcred, but the nosr like1y one is a dip
in solirr activity. The Sun follows :rn I 1-ye:rr cycle of rising and falling
ilctivity, as reflccteci by sunspots. Spacc observatittns have confirrned that
slightly more radiatior-r, especi:rlly at ultraviolet wavelengths, comes frou.r
the Sun whcn there arc m()re slrnspots. Retween 1645 and 1715, sunspot
:rctivity almost stopped -:rn interval known :rs the M:runder Minimurn.

6oc,ooo gears of tce
When it snows, air fills the gaps between
the snowflakes. ln Greenland and
Antarctica, where the snow never melts,
it builds up in annual layers and slowly
gets compressed. This turns it into ice,

from which the air cannot escape. So ice

contains a record of both the snow and
the atmosphere. The deepest ice core ever
drilled comes from Dome C in the middle

of the eastern Antarctic ice sheet, providing
a record going back 800,000 years. Oxygen
isotope ratios in the water give clues to the
surrounding ocean temperature, while the gas

samples reveal carbon dioxide levels at the
time. The two follow one another closely and
reveal that the carbon dioxide level has not
been higher than it is now for 800,000 years.

Maunder Minimum in
solar output: Iittle ice
age with frost fairs on
the Thames

The 'year without a
summer'follows the
eruption of Tambora

Aerosol from Mount Warmest years on
Pinatubo cools world record since 1850
temperature by half
a degree
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Volcanic effects Arnong thc events that lcavc thcir rnnrk in tl're
climiltc record ilre rntrjor volcanic eruptions. Thc best .locumcnte.l w:ls thilt
of Mount PinatLrbo in the Philippincs in 1991, rvhich injcctcd so niuch hnu
ash and sulphate aerosol ir-rto thc strat()sphcre that there wils a signifrcant
rerluction in the nmount of slurligtrt rcacl-ring the Earth's surfirce, cilrsing ir

half a degree drop in global ar.'erage telnpcrirtlrrcs ()ver thc ne xt tw() ye ars.

Thc clr-rption of Tambora in lndonesi:r in 1815 rvirs lo1lowctl in Europc by
."vhirt bcclurc knorvn as the ye21 without a sLnnnler. Crops failcrl :rnrl, cluring
tl.re wintcr of 1816-17, thousands stan'ed orfroze to tletrth. An even larger
enrpti()n of Tirl:r in Srulatra aboLrt 70,000 years ag() rutry h:rve almost wipctl
()ut thc elrly hurnan propulation.

Global dimrning Vrlcanic irerosols in the atlnospherc c:rn forrn a firint
l'raze that reflects strnlight an.l cools the temperilture. So can aerosols from
polltrtion. Tl're result is global rlirnrning. System:rtic ohsen'i,rtions begun ir.r

thc 1 9 5 0s shorv :r retluction of about 4 pcr ccnt in the :lnount of sunlight
rcaching tl-re Earth's surftrce betu'een 1950 ancl 1990. Thar, ar-rcl the volcanic
tlust fnrrn Mour-rt Pinatuho that follor,ved, rniry have partially rnasked the
effects,rf gloh:rl rvarming.luc to grcenhouse gases; the rapid rvirrrning in the
late 1990s may, ironically, bc partly clue to rctluctions in pollrrtion.

$Ctimate cha,nge
is the most

severe problem
that we a.ne

faeing today,
more seriorrs

even tha,rr
the threat of
terrorism.?

$ir llnuid ltin$,
Ul( Government

Chiel Scientilic Advisen, 2004

Ice ages Coing back ovcr thc gcolreical recor.l,
tl-iere seeln to have been rnuch biggcr ch:,rnges in climirte
tlran any experienced in hum:rn l'ristory. Reacl-ring back
through 1.25 million ycars t:rkcs us thr()ugh a series .rf
ice :rges (sce next ch:rpter). Tl-ie glacial mirxima trre

ckrsely rnatched by ninima in :rtrnospheric cirrbon
dioxicle, hut rises in temperature seern to cornc a fcu'
hLrn.lrcd ye:rrs before rises in COr. Clirnate changc
sccptics havc use.l this evider-rce t() irrglle that wanning
is not caused hy CO2. But in fac-t the l:rg is prob:rbly
duc to r.vhat is known as forcing, or positive fcedback.
Changes in the Earth's orbit lead to warming of thc
()cc:rns url'ricl-r start releasing CC)r. Thtrt, in turn, causcs

lurther warming.
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Cx!$en rso-lopas
Most of the oxygen on Earth has an atomic weight of 16, but there is

also a slightly heavier isotope, oxygen-18. Water containing the lighter
oxygen-16 evaporates slightly more easily at lower temperatures
and so the ratio of oxygen-18 to oxygen-16 reflects ocean surface
temperature. Ocean surface oxygen left behind after evaporation
becomes incorporated into the calcium carbonate shells of tiny
foraminifera preserved in sediment cores. The higher the oxygen-18
ratio in them, the lower the surface temperature of the water where
they developed. Conversely, the higher the oxygen-18 ratio is in ice
cores, the warmer the ocean from which it evaporated. There are other
complicating factors, but calculations can track ocean temperatures
over hundreds of millions of years.

The geology of climate Going b:rck further still, birsetl on oxygen
isotopc rirtios, we c(xne t() a world rvith rnr-rch highcr COr levels antl,
solnetirncs, much highcl tentperatLrres. Thcre :rre othcr icc uges, but
in betn'ccn them, glol-.al ternperarures irre typically:rs much as l0 or
I 5 degrccs Celsius l'righer tl.rrrn toclay. Thc irnplicirtior-r is that rherc are
.lift'e rcnt stable statcs firr our planet's clirn:Lte, with quitc a delictrtc balance
betwecn thern. The questi()n is: are rvc now heacling towards a tipping
poit-tt into a new and rnuch rvanner workl/

I t-" ri-J.-r.i,q '.,ji"*,.{:q.q,,gr$;;f,,}i-j
i. ''.',. ";" ,". i ..;.:

I
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Ice ages
The last 3.25 million years of Earthts history have been
characterized. by rapidly alternating periods of glaciation and
warm interglacials. The cold spells are known as ice ages and
are caused by wobbles in the Earthts orbit, leading to changes
in the solar radiation on Earth. They rlnay have driven key
stages in human evolution.

Eratics Ir-r thc 1Sth century, various naturalists noticed large, so-callecl

'erratic'boulclers in Alpine v:rllcys:rnd strggestcd that they wcre depositccl

by gl:rciers that were once more cxtensive thirn they are now. ln 1840, rrftcr

a dccade studying fossil lish, a bright young Su'iss geologist natned Louis

Agassiz turnecl his attention to thc v:tst superlicial deposits of s:rnt1, gravel ilntl
bouLlers surrouncling the Alps. He concluded that they had been dumpecl

there not hy individual glacicrs, but by a v:rst ice sheet th:rt must once h:rve

coverecl thc cntire mountain range. It represented, he prttpttsecl, irn icc age.

The extent of ice Agassiz speculatecl that the ice extended from the

North Pole right the way to the Mediterranean, as well as :tcross the Atlantic
and the lr'hole of North Amcrica. We now know that the Alpine ice cap

remained isolated, but thc polar ice sheet was indeed vast, extending across

Scanclinaviir and :rlmost as far as the Tharnes in Europe and south of the

Great Lakes in North Americir. Thc ice was up to 3,000 metres (9,843 ft)
thick and held so much water that global sea level was reduced by about

110 n-retres (361 ft), turning the continental shelves into dry l:rnd and

cre:rting ltrnd bridgcs for migrating animals and hurnans.

Earliest known
glaciation: the Huronian

Cryogenian period: the
most severe glaciation
the world has known

Large polar ice caps
develop, though
glaciation is not as severe
as the Cryogenian

Karoo glaciation, leaving
glacial deposits in South
Africa and Argentina
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MtruTtN MttlNt(0utcH 1879-1s58
Milankovich was a Serbian mathematician and civil engineer who
was made a professor at the University of Belgrade in 1909. He began
calculating the amount of solar radiation falling on the Earth and how
it varied and, in 1914, published his first paper on an astronomical
theory of the ice ages. He moved to the Austro-Hungarian Empire to
marry, but when the First World War broke out he was interned as a

Serbian citizen and spent the next four years in confinement working
on his theories. ln 1920, he published a monograph detailing how the
complex orbital variations interact to produce the Milankovich cycles
that initiate ice ages. He went on to calculate the surface temperature
of Mars, showing that it could not support life. By 1941, he had
completed a book summarizing his scientific work, lt had just been
printed when war broke out again and the printer in Belgrade was
bombed, leaving Milankovich with the only surviving copy.

Advance and retreat Some ourdared textbooks srill suggest that
there were four glacial episodes during the last ice age. In fact, the story is
much m,re complex, with at least 20 episodes now identilied, interspersecl
with quite warm interglacial periods during which lush vegetation and
extensive fauna returned. Early human hunters followed the migrating
herds across the plains of what is n.w the North Sea, and there is evidence
that Britain was occupied on six or seven separate occasions, lirst by Homo
heidelbergensi.s, then by Neanderthals and linally by Homo sapiens.

Causes The precise cause of the ice ages is not clear, but ir is likely tcr

be a complex interaction of several fact.rs, the clearest of which seems ro
be variations i. the Earth's orbit. These are known as croll-Milankovich

Base of the oldest ice core.
which records eight glacial
maxima since this date

End of the last
glacial maximum

Beginning of present lce age intensifies
ice age sequence
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cycles, aftcr tfie Scgttish scientist who prgpgsed thcm, ancl the Serbiarr

cngineer antl tnathetnatici:rn who clevelopc.l the idc:r. They bring together

three firctgrs: tl-ie cccentricity of thc Earth's 1lrbit around the Sun; the tilt
6f the Earth's rot:iti()n axis; irnd thc precessi6n of th:rt axis - in the sirtne

way that the axis of :r spir-rning top draws out a circlc' These nll vary with

clifferent periocls - :rround 400,000 years, 41,000 ycars irntl 26,000 years'

respectively. The resr.rlt is that clifferent alrrounts of solar r:rdiation f'all on

differe nt regions of thc Earth in different seas()ns. According to this cycle

ancl without irny hum:rn-inducecl globirl warrning, we rnight be .lue ftrr

another glacial periocl in 15,000 years.

Problems This 'solar forcing' seems to lit in with the glacial cycles,

but it c:rnnot be the complete explanation. For one thing, fcrr the lirst

2 rnillion ycars, the cycles scetn to ftrllow a 41,000-ycar periotl; but ftrr

the last million yc:rrs, this changes to a 100,000-year cyclc. That rn:ry be

something to clo witir the time lag of the ice behind the sol:rr ftrrcing.

Also, the variations in solirr radiirtion seem much smaller thirn thc clirnatc

variations [hat result. This rnay be due in p:rrt to various positive fcedback

mechanisms. For cxample, the albedo - the amount of solirr rirdiatign our

planet reflects back into sp:rce. As the white ice spreads, mt,re sunshine

is reflected and so cooling increases. Whcn warming starts' more CC)r is

Tce ase IJ-deser ls
Many of the world's deserts are concentrated around 30 degrees north

and south of the equator, where cool, dry air descends from the Hadley

cell of atmospheric circulation. lt is clear from windblown deposits

on land and in ocean sediment cores that these deserts were more

extensive and that North African lakes were at their driest during the

Last Glacial Maximum, about 18,000 years ago. This is believed to be

due to a weakening of the African and Asian monsoons as a result

of smaller differences between the temperature of land and sea. The

drying-out of East Africa at the onset of a glacial cycle may have been

a driving force in human evolution.

ll
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releasecl frorn tl're occ:uls irntl so wamring increascs.
The interacti()ns irrc cornplex, hut tl're Milankovich
cvcles seclrl to be ccntlal.

The initi:rl trigger tor the last icc age rnay have bccn
tl-re closins of tl're Isthntrs of Panamu, scfar:lting thc
circulation ir-r the Atlantic :rntl Pacilic ()ceal1s.

Smre glaeier was
ffi's great plough ...
set at work ages ago
to grind, furrorff,
and knead over, as it
were, tlre surfaee
of the Earth.S

Rebound Th. ucighr ,,l ,rll thrrt icr.prcrrr.rl rl.rirr 1 . .. t
.n thc n.rthcrn c()nti.crlrs a.d pr-rshcrl ther' inttr rhr. I"*ff$$ '4s#ss*x" 1807-73

rnantle. Whcn the icc mclrerl, thcy startecl ro rebound

- like a cork l..bhirg t. the suriircc, .nly lnrrcl'r, rnuch sl^.ver. SLrch is the
stii.fncss of thc mantle that they risc lt only rrbout I centimetre (% in)
fer verrr - a pr()cess tl-rat is still cor.rrinuing 10,000 years aftcr the last icc
:rgc. Thc rcsLrlts inclu.le raisetl he:tcl-res covcre,.l u'ith seashells in Scotlanrl,
80 nretrcs (262 {t) irbor,c the prcscnt sea lcvcl.

Ancient ice ages The icc :rgcs of thc last feu, rnillion ycirrs :rre n()r
tl're onll'ones ir-r Earth's l-ristory. Tl-rere :rppcar to h:rvc been at least fir,e
major episotlcs of gl:rciation, intcrsperserl rvith w:rrrn spells rluring whrch
our planet had n,r polar ice cirps irr :rll. The first probably begirn nl.,our
2.4 hillion years ag() antl may he linkc.l to the rise of phor()s\rnthesis, rvith
rnarinc algae r-rsing up crrrbon clioxiclc fnrrn thc :rtmosphcrc. It is niarkecl
hy rocks arouncl Lake Htrron in C):rnacla, containing drop stones - l:rrce
stot-rcs carriecl on sea icc anll lele:rsccl in decp rvater. Ncxt calne thc lnost
scvere ice :rgc, in the Litc Precamhri:u-r, which u'e n'ill rcttrm to in :r fer,"'

pagcs time. Another occuLrccl at thc cncl of thc Ordovician, iu-rcl a fourtl-r
lastetl 100 rnillion years, starring j60 niillion yeius irgo and lc:n,ing tr:rccs
in South Africa ar-rtl Argentin:r (see tinie lir-re).

q, lq l-$,. .F q"if*+,"1"1 l,L"q,t:t'iI ; *d. l

n'."i.,..i." '
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Ice caps
The 6endst of the Earth are capped with ice. They are places of
great beauty and scientific interest. For much of the geological
past, the Earth did not have polar ice caps and sea levels were
correspondingly higher. The present ice caPs have
for millions of years. But could they now be under

persisted
threat? The

cotTes
tor mrllrons of years. ISut could tney now I

climate is warming faster around the edges of polar regions
than anywhere else on Earth.

Frozen sea The North and South Poles are very different places. The

North Pole is in the miclclle of ocean surrounded by continent. The South
Pole is on a continent surrcuncled by ocean. As a result, and with the
exception of the massive Grcenland ice cap, the northern icc is floating in
the sea, which means that, especially in summer, it can c:rsily start to mclt
and break up and is forever on the move . On the other hand, lf it clocs

rne1t, floating ice will not change the sea level.

Frozen continent Antarctica is bigger than the USA and almost

entirely covered by ice. In all, there are ne:rrly l4 million square kilornetrcs
(5,405,430 square miles) of ice; the ice is on average neariy Z kilornctres
(17+ miles) thick and makes up 75 per cent of the fresh water on Earth.

Because of the ice thickness, it is the highest continent as we 11 as the
coldest, the driest and the windiest. The coldest temperature ever recorded

on the surf:rce of the Earth was -89 degrees Celsius at the Russian Vcrstok

Statit,n trn Eust Antarctica.

The Russian Captain James Clark
Bellingshausen and Ross reaches the
his crew are the first ice shelf that is
to sight Antarctica named after him

Sir John Franklin's
ill-fated expedition
to the Northwest
Passage

Roald Amundsen Robert Peary is
negotiates possibly the first
the Northwest to reach the North
Passage Pole (disputed)



Sea ice Ice deve krps :rt both polcs because they receive so little of the
Sun's radiation. North of the Arctic Circle and south of the Ant:rrctic
Circle, the Sun clocs not risc for several months during winter, and evcn
in summer it never reaches a high angle. Ice caps on land havc :r11 frrrn-ied

from accumul:rting snow. Sea ice begins to form when the sea w:rter itsclf
freezes, though it can sr-rbscquently irccumulate snow on top. Most of the
sea ice around Antarctica is scason:rl and selclom more than six months
old and a couple of metres thick. Arctic sea ice can persist for several
years, reaching thicknesses of 4 or 5 metres (13-16 ft) or more where it is

compressed into ridges.

Northwest Passage From the late i 5th century, the seirrch for
a'northwest passage' to the Pacific bec:rne an obsession arnong some
navigator explorers. Many unsuccessful :rnd sometilnes firtal expeclitions
were made over the next 400 years, including that of Sir John Franklin in

H,ddan (aKas
Russia's Vostok stock research station - the

coldest place on Earth - is on an unusually
flat area of ice in Eastern Antarctica. Radar

and seismic surveys have shown that this
is because it is on a lake. The ice is nearly

4 kilometres l2/z milesl thick, but beneath

it is a lake of liquid water. The size of Lake

Ontario and, at over 300 metres (984 ft) deep,

three times the volume, it is the largest of
around 140 sub-glacial lakes in Antarctica.

It is possible that it has been isolated for
millions of years and may contain strange

life forms nourished by hydrothermal
springs in the lake bed. At the time of
writing, a Russian ice core has come within
50 metres (164 ft) of the water and may

sample it in the next season. Meanwhile,

British scientists are planning to drill
another sub-glacial lake, Lake Ellsworth,
which is the size of Lake Windermere.

Roald Amundsen leads the first
party to reach the South Pole

Robert Falcon Scott reaches
the South Pole

Ernest Shackleton's
Antarctic expedition on
Endurance - last great
voyage of polar exploration
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Sffan we Hved, I should
have had a tale to tell of the

hardihood, enduranee and
conrage of m5l eompanions

whieh would have

1845. It u'irs thc Norrvcgian Rorllcl

Arnunclscn u'h,r linallv macle it
through rhe ice, but it took fiirr
irom 190l to 1906 to r.:kr so. Ti.rday,

in rnany sunllnersr it is easy t() irlss
tlrrough. Every veilr more of the
Antilrctic scn icc sccrns to break
uf and rnclt, and cvcr), Scptcmbcr
there is rnorc ()fcn r'"'ater. Sirtcllitc
rneasLrrclrcnts shor.r' that thc icc
thnt rernains is gettir-rg thinncr
too. Cllinate rnoclels suggest thirt

stined ttre heart of

ffimN:ant Falg*r* S#cl{f, tinalwonds in

hi$ diary, 25 March 1912

surnlner seir ice u'ill have cornpletely clisuppc:lre.l from tl-ic Arctic h1,

thc cn.l of thc ccntury, tirough it may bc all gone bv 2050 irt its l.rresent
ratc of rctreilt.

As Arctic $,irters bec()nlc rnore irccessible, the Northwest Passirge coulcl

bccomc a rniljor tr:lclc ror-rtc irncl thc scafloor niight be expkriterl firr oil
and ruincmls. As thc watcrs wirnn t4., largc clcposits trf methane hyclrate
could be corr-rc unstablc, 1e :riling to signific:rnt rc-leases of this greenhouse
g:rs. As sea ice firrrns, it expels salt, producing fresl'rwater ice. As a result,
the rernaining \\'ilter becornes rnore salty and der-rse; that helps to pnrducc

the Atl:rr-itic bottorn wilter thirt rnaintains the conveyor belt of oceirn
currcnts. If less ice firrrns, it rnight upset ocean circulation.

The isolation ofAntarctica C)nce, 170 million yeirrs irgo,

Anttrrctic:r was part of Condrvar-rnlarrd, ir tropical superccxrtinent u'itl-r

f,rrests irnd tlir-rosaurs. The break-up hegan with Africa splitting away

160 rnillion years irg(), followccl by Indi:r 125 million yc:rrs:rgo:rnrl
Australia ancl Nerv Zealan.l 40 million ycars irg(). Icc beg:rn to form on tl're
coolir-rg continent, but it lvas not ulltil the Dr:rkc Passagc opcned l-,etwcer-r

Antarctica ar-rcl Sor-rth Arnerica less thar-r .J4 million ycars :,rg() that it was

fulll' gripped by ice. That enablecl an oceirn current to circulutc from wcst
t() east rigl'rt irnruncl Antilrctica, isolating it frorn incoming u'ilrtnth.

Ice on the move Icc ncvcr stays still firr long. ln the centre of
E:rstcrn Antarctica, rvherc it is 3,000 nretres (9,841 ft) thick, ice

:lccumrrlutcs ovcr tclrs of thousanrls of ycrirs, but irt t1-re sirme time ,
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Los-f (anc,\s c,aPe
lce is transparent to airborne radar; this resulted in some unfortunate
ultimate errors for early aviators. ln recent years, research planes

have been surveying the landscape deep beneath the ice of Eastern
Antarctica. They have revealed a spectacular landscape of mountain
ranges and fjords - a record showing how the eastern Antarctic ice

sheet advanced and retreated over the last 34 million years.

ever so slrwly, it flows. Around the edges and in gl:rciers it flou's more
quickly, spreading ()Lrt over the sea to form floating ice shclves hundrecls of
metres thick ancl eventually breaking up into vast icebergs. Its motion on
l:rncl is lubricated. Pressr-rre from above and he:rt from bclow cause melting
and the ice streans ricle on a slippery layer of u'ct mud. As long as the
outward flow of ice is rnatched by accumulating fresh snow, a1l is well.

Antarcticats soft underbelly Wesrern Antarcrica is diffcrent.
Most of the l:rnd is bckx'"' sea level, though the ice towers far above.
But thirt makes thc region especially vulnerable to the wanning oceirn
currents that encircle it. The ?ine lsland Glacier is thc sizc of Tcxas. It
is the biggcst Antarctic gltrcier :rnd, in the last few ycars, it has started
accelerilting ancl thinning at an :rlarrning ratc. An unmanned subrnarine
that ventured under the lip of the glacier rcvc:rlcd that it has meited clear
of :r ridgc of rock that u'as preventing it from colltrpsing ir-rto the se:r. If
the whole g1:rcier \\'crc t() collapse, it u'ould raise se:r level ',vorldrvicle by
a qlrarter of a n-retrc (9 in). Thc adjacent group of gl:rciers would raise sea

leve I by 1.5 rr-rctrcs (5 fr) if they melte,-1.

t,,$ :t +[: uli,]s, j r" f *t,::t'"$*%mg$. gg$"mm

ltl
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Snowball Earth
There have been five great ice ages in the Earthts history, but
none was more severe than that of the Cryogenian period in
the late Precambrian. For two episodes of up to 20 million
years, ice reached into the tropics. One of the most fascinating
geological controversies of our time surrounds whether the
whole planet froze solid to form a Snowball Earth and if so,
how it ended.

Dropstones For neirrly ir century, geoiogists have been noticing glacial
deposits in surprising places - some of them firr from present polar regions.
But the record of late-Precambrian rocks is patchy, and it is sometimes
hard to recognize glacial deposits in strata that old. One feature for which
there is no other explanation is the presence of dropstones: large boulders
deposited far from l:rnd in otherwise fine-grained marine secliments. There
is only one known mechanism to get them there: on rafts of floating ice

from glaciers.

Precarnbrian continents Wirh the development of plare tecronics
in the 1960s came the realization that the continents have not always

heen in their present positions. The orientation of magnetic particles
in rocks can reveal their latitude at the time they were deposited. That
showed that glacial deposits around 640 million years old in Canada,
Greenland, Svalbard, Namibia and Australia were all near the equator -
yet they all carry evidence of glaciation.

Douglas Mawson shows
that Precambrian glacial
deposits are widespread
on all continents

Brian Harland reports
dropstones from
Svalbard and Greenland,
then tropical latitudes

Mikhail Budyko calculates Joe Kirschvink
that, if ice extends to a coins the term
latitude of 30 degrees, it will Snowball Earth
continue to the equator
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Positive feedback The fear of global nuclear war in the 1960s led
to c:rlculations about the cooling effects of the resulting clouds of dust
and acrosoi. The numbers showed th:rt, if ice extended as far as 30 degrees

north and south, it would incrcase the amount of sunlight rcf-lected back
into space so much that it would lead to positive feedback: the rnore the
ice grew, the colder it would gct. This would lead to a global freeze. The
proccss rnight be triggered by variations in the Earth's orbit, a reduction in
solar output and perhaps an increase in cloud triggered by cosrnic rays irs

the solar system passed through a spiral arm of the gal:rxy.

Eternal snowball In a 1992 paper, Joe Kirschvink of Caltech coined
the term 'Snowball Earth' to describe such a frceze ancl suggested thtrt it
might have happer-red in the Precambrian. But critics raised a problem.
With the plar-ret a bright, white snowball, and no oceans to cv:rporate and
create cloud, solar ratliation would continue to be reflected into space irnd
the cycle could never be broken.

PAUI H0rrMlN b. 1941

Canadian geologist Paul Hoffman is
a determined man. He ran in several

marathons before coming ninth in the 1964

Boston Marathon. But he realized that he

was unlikely to be able to break the world
record or win an Olympic medal. Only the
best was good enough and so he opted for
geology, becoming a professor at Harvard

- one of the most prestigious positions in

the world. Every year he went on field trips
to remote parts of the world and in particular

the hills of northern Namibia, where he

studied the Precambrian deposits, proving

that they were glacial and suggesting that
the overlying carbonate deposits came

after a sudden thaw. He has been an ardent
advocate of Snowball Earth ever since.

Hoffman and Schrag
publish key paper on the
glacial deposits of Namibia
and overlying carbonates

Snowball Earth conference
questions the global extent
of glaciation

Glacial deposits in Canada
accurately dated to 7 1 6.5
million years, when the
region was equatorial
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Sfne problem with
tlre snornrball is that

this should ha.ve
been ttre greatest

environrnental
cala,mity of all time

and yet we ca,n't
find the bodies.S

Kirschvink suggested :r solutiot-r. One hc:rt source

thirt continLres regirrdless of ice is that of thc E:rrth's

intenor. Vrlc:rnoes woultl continue t() erlrpt, re le:ising

carbon clioxide . Without open water, tl're gas coulc'l

not be dissolvccl in the ocean antl it would build r-rp

over 10 rnillion yeilrs to ir point u'herc thc :rtmosphere
rvas 10 per cent cirrbor-r dioxide. Evcn globtrl ice could
n()t survive in that greenhouse: thcrc rvoultl be rapitl
rnclting ancl a spectacular he:rt w:rvc.

Pr-*{. fiuy lxJcrhuttfie,
BBETV Horizon,Z*Ol Cap 9a1lonates .Fr-rrtl'rer 

e'iclence c.mc ir-t a l99B
paper by H:rrvartl geologist Pirul HofIman. Hc had

studietl the glaci:rl dcposits of Nirrnibiir ancl noticed th:rt thcy rvere often
cirppe,-l rvith limcstor-re. These so-callecl cap carbon:rtes, he arguerl, u,cre

thc rcsr-rlt of rrpid chemical weathering of rocks in the first u'arm Lrtitl to
fall in 10 niillion years, clrawingdor.vn thc CC), trncl clepositing limcstonc.

The rc arc naturally trvo stahle isotopes of carbon: c:rrbon- l2 ancl

carbon-11. Lir.'ing org:rnisms tencl to colrccntrirte carbon-12, but thc
c:rp cirrhonates ilre nc)t depletecl in carbon-13, sr-rggesting they camc

frorn CC), u'ith a volcanic origin. Also, at the base of the cap cirrbonates

is ir layer enriched in iriclir-rm. That is rirre L)n Earth but :,rhr-rnrlant in
meteorites and dtrst fnrm splrcc. Te r-r million years of ice lr'oultl accutlulate
irir-l ir-rrn- ricl-r cltrst.

Anoxic waters Glacial peliods arc markecl by layers of bandcd iror-r

formation, :rncl that is prccipitiitctl by the oxiclation of solLrblc fcrrous
oxide ir-rto insolublc fcrric oxitle. For the ferrous salts to nccutnulirte you

neccl largc hoclies of an()xic \\iater, such ils rnight frrrm if the oceirns werc

isolatccl by icc.

Reaching a verdict The Snou'l.all Earth thcory rnakes:r fascin:rting
stor)', sufp()rtc.l hy compelling er.'idence, but thc scicntific jury hirs 1,et

to rcirch ir unilnirnous ver,-lict. For one tl-ring, how cor:lt1 primitive lite
havc survir,ed such il cat:Lstrophe? Lifc:rt thirt tirne rvas all ir-r thc scu anrl

consistetl rnainly of irlgile and bactcri:r. Horv cou[t] orgiinistns gct thc
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Tha Snowba(( and (,fe
By 720 million years ago, the land was still bare but there was abundant
life in the sea. Photosynthetic algae and cyanobacteria had already
transformed the atmosphere, drawing down carbon dioxide and
releasing oxygen. Snowball Earth must have been a terrible calamity
from which life scarcely survived. But survive it did and made good
use of the opportunity. Once the ice melted, suddenly there was a new
frontier of nutrient-rich waters with no competition. Shortly after the
end of the last glaciation, we find the first widespread evidence for a

diversity of multicellular animal life. As we will discover in the following
sections, the rest is palaeontology.

light thcy needetl lor phorosynrhcsis tl'rrough thick icel A possible itnswer
is that, if free:ing is skrw, ice cur-r he irlmost trlrnsparent. Photos),nthesis
continucs in Ant:lrctic:r's clry vallcys under 5 rretres (16 ft) of ice.

Tl-re big qllcstion is just hor.v cornplctc the freeze w:rs. l)ropstoncs coulcl
have been rafted to the cqtrator by iccbcrgs in opcn water, ancl, critics say,

even a stn:rll area of opcn \vitter u'oulcl be enough to clissolve lltmttspheric
carbon tlioxide, prcvcnting its :rccunlulation in the atlnospitcrc. Another
big unkn,x,vn is thc stirte of thc Ealth's lnirgneric lield nt thc tirne. If it r.ins

not alignc.l close to thc Eartli's r()tilti()n:rxis, son-re of the gliici:r1 cieposits
lnl:r).not hur.'c becr-r irs closc to the cquirtor as thev sccm. TI-ris and other
criticislns hiivc lc.l to the proposal of :r slushbirll Enrth r:rtl-rer than:r
snowball, u'ith arcils of opcn w:lter rnaint:rinecl at le:rst scasor-rrrlly.

;. .: i l
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Deep time
If there is one idea in earth sciences on which all others
depend, it is the concept of deep time. Without it, solid rocks
cannot flowo mountains cannot rise, raindrops cannot wear
rocks dovrn and life cannot evolve by gradual mutation.
And yet, to beings more familiar with time measured in
hours, days and years, deep time is one of the hardest
ideas to comprehend.

6*otoey
grvca usr a,
key to the

p,timre of
Glsd.t

Josiaft Gilbent
Holland, c.l870

The perception of time We build up our perccption of the physical

scale of the Earth by direct experience. We can go ftrr a long walk, admire

a wide view, fly halftvay around the Earth or study a photograph of our
planet taken frorn space and thus build an unclerstanding of the physical

size of our planet frorn our owl1 observations. Time is different. Most of
the things we do break down into :rctions that last merely seconds. Our
lives are governed by the passing of hours and days and we celebrate

anniversaries on ir yearly basis. But we can only just rcmember a few

experiences from our early childhood and we have only second-hancl

reports of time befcrre that. Imagining the tirne dimensions of our planet
on that basis is like trying to comprchend the planet's depth when your
concept of depth is based on the thickness of a piece of papcr.

Generation upon generation A generation is irbout as far back

as it is easy to comprehend. If we take ir gencration to be 25 years, then
our great-great-great-grandparents lived in the 19th century at the time of
Queen Victoria, live generations ago. Just 17 gencrations takes us back tcr

the Spanish Armada and less than 40 to the Norman Conquest in 1066.

time as nne fiil i! z4-hflur Hl{}sk

Accreting dust Heavy
and rock forms bombardment
the Earth Oldest rocks

First clear fossil
evidence for life

Fi rst free
oxygen in the
atmosphere
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Tha coJ,n3 Ear-lh
A century before Darwin proposed his theory of evolution, Georges-
Louis, Comte de Buffon, suggested that animals change over time. He

realized that this process called for a considerable length of time and
performed experiments to see how quickty iron balls cooled from white
heat to room temperature. Extrapolating that to something the size of
the Earth, he concluded that our planet must be74,832 years old. The
idea was taken up by Lord Kelvin in the late 19th century, using more
precise estimates of the cooling rate of molten magma. He decided that
the Earth must be somewhere between 20 and 400 million years old,
though in 1897 he revised this to no more than 40 million years. But he

did not know about the heat of radioactive decay.

It takes about 180 gencrations to reach back to the builders ofStonehenge,
and even that is almost :rn aftcrthought in the history of the Earth. Four
thousand generations ago, ollr ancestors were migrating out of Africa, but
if, to use a diffcre nt analogy, the lifetirne of the Earth was expressed as a

day on a Z4-ht'tur ckrck, that migration would have taken place just two
seconds agol

The truth dawns So it is pcrhaps nor surprising rhat pioneering
geologists were slow to recognize the true depth ,:rf time. They were
prohably also hampered by their own beliefs, and those of theologi:rns, that
the E:rrth was cre?rted in six days and that humans rurned up fu1ly formed
on day six.

By the 18th century, it had become rare in Europe to be burned at the
stake for religious heresy; thc age of reason was clawning. Philosophers

Possible
Snowball Earth

Cambrian
explosion o{
marine life

First animals
on land

Extinction of First hominins Fully modern
the dinosaurs to walk upright humans migrate

out of Af rica
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barwin's need, for trnna
One of the problems that most vexed Charles Darwin in formulating
his theory of evolution was the immense amount of time he thought
would be necessary for random change and natural selection. He

worked out his own estimate for the length of geological time from
looking at the Weald of Kent. lt was clear that this represented a huge

dome of rock that must once have been capped by chalk. Now the chalk

remains in the North and South Downs, with older rocks in between.

Using a guess at the thickness and a rather random estimate of the

rate of erosion, he concluded that the process must have taken 300

million years. But he realized that this was little better than a guess and

removed the figure from later editions of his book.

:rnd scicntists hcgan s1-,ccul:rting openly :rbout tl-re trr.re tlepth of tirne ancl

observing the speed of processes tl.rat niight give then sorne clues. In
France, Renoit cie Maillet ( 1656-1 7lE) hacl observed fossil sl'rclls high
above sea level. He estilraterl thc rate :rt whicl-r Frcnch harbours r,vere

silting r-rp, which hc assrunetl to bc clue to thc sc:,r icvcl fa1ling. His estilnnte
of 0.75 rnillirnetre per year rreant that fossils in t1'rc highcst ulruntirins
."votrld have to be 2.4 billion years olcl.

In 182 I , the Rer'. Williarn Btrcklan.l discovcrccl hun.lrcrls of bone s in
ir cilvc in Yrrrkshirc. Thcy c:rmc from hycn:rs antl their prey, :rn.l even
clcphants :rnrl rhinoceros. He conclutle.l that it was unlikely even thc
biblical flootl woulcl have r'l'ashe.l s() nran)' bones u1. frorn Africa anrl that
tl-re-v nrtrst represent rnirny m()re generati()ns than the ten,,lcsclil,e.l in thc
Bible betrveen Adarn irncl Noah. Therefore the bil.lical nccormt of thc
flxrd c..rukl not he conhrrnetl 1.,y geology.

The father of deep tirne In 1788, Jamcs Huttor-r publishc.l
his firrn..rtrs Thcory of the Earth in u'hich hc 1aicl .Llvn thc principle of
graclr-rillisrn - that proccsscs :rt u'ork tocl:ry can evcntuirlly accourplish trll

lril



---
r43

SUte ca.nnot tahe one step in geology
without drawing r Fon the fathorriless

stores of by-gone time.p
S$nru $e$Suljl$lt, hnen t0 wiiliam wondsw0r'tn, tB4z

the changes in thc gcokruical past (sce ch:rpters 24 and Z5). Thtrt callccl
for irnmense illlloLlnts of tirne to htrve passcd ar-rcl clid not prttve popular
rvith theologiirns, l.,ut it set scier-rtists thinkir-rg about tl're phenornenon of
Jccp tirnc.

In 1841, Clharles Lyc1l, thc Scottisl'r geologist:rn.l an aclvocate of Htrtton's
rvork, r'isitetl Niagara Falls. Thcrc, thc lip of the wateriirll is sct firr back in
er long gorge . Lycll foun.1 an olcl rn:rn u'ho clairnec'l thtrt he coul.l rcmcrnl.,er
the watertall being 45 rnetres (148 ft) nc:rlcr 40 yeiirs previotrsly. f)n thar
basis (ar-id allorving l nargin frrr exaggcration), Lyell estirnatetl that thc
11-kilornetre (7 milc) gorge hrrcl been c:rrr,cd out over 35,000 years. SVc

norv kn,rw that that is not long ir"r geokruical tcrins, hut it helped thinkcrs
ar go beyond the biblical timescale; it also hclpecl C-harles l)arwin when
he was thir-rking irbout thc lcngth of tirne neetled for cvolutionary change.

The fourth dirnension in perspective We now know, frorn
radio clating rechniques (see chaptcr 4), that the Errrth is 4.56 billion years
o1.l ancl the universe three tirncs that age. It is still hrrrcl to comprehend
th:rt immensity of tirne, but it makcs sense,rf ir whole rangc of ueolouical
proccsscs. Mantle convection, contincntal clrift, mount:rin trplift and
erosion all progress at typicul rates of ir couplc of centirnetres:r yetrr. C)n
human timescales, that secrns trivi:ll. Br-rt over tlecp timc, the rnantle
circulates like a caLrldron of hot solrp, continents w:lltz about the globe
and mountirin ranges rise and fall like the chest of a slccping clragor-r. And
cntire species ,rf plants irnrl lnim:lls emerge, evolve and fall cxtir-rct.

il":'I;
iil ii .
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Stratigraphy
Sedimentary rocks are layered, and it seems almost self-
evident to us that those layers must have built up one after
another through successive periods of geological time. But the
first people to realize this were to transform geology into an
accurate science and develop maps that changed the world.

By the time he turned to geology, the young Danish scientist Nicolas
Steno had moved frorn Copcnhagen to study in Florence trnder the
patronage of the Medici farnily. He had found fossils in the T|rsc:in hil1s

and recognizecl that they recorded past life. But how did they get into the
solid rockl Steno obscrved that sediment:rry rocks were found in layers and

deduced, correctly, that in order to include fossils, they must have been

laid down in sequence unc'ler a liquid.

Basic principles Steno went on to lay down f.trr frrrr,lamental

principles in 1669. The principle of superposition stated thtrt rocks are

formed in sequence in layers, with the oldest at the bottorn. The principle
of original honzontality suggestecl that they were fcrrmecl originally in
flat, horizontal layers. The principle of lateral continuity stated that
these layers once extended continuously across the Earth, except where

something got in the way. And the principle of crosscutting discontinuity
statecl that anything that cuts thror.rgh those layers must be younger than
they are.

In sequence Though not accurate in every way, Steno's four principles
are a good guide to the science of stratigraphy. Sediment:rry rocks dcr

indeed form in l:ryers with the youngest at the top - though they can

Cambrian Ordovician Silurian Devonian Carboniferous Permian Triassic Jurassic Cretaceous
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be folded so much that the sequencc is occasionally
reversed. With a few exceptions such ns cr,lss-bedding,
layers were originally horizontal; and, though no single
layer is global, hnding the same scquence of layers in
two separ:ltc places is a gootl inclication that they are
contemporary witl-r one an()ther.

Somerset canal It w:rs over a century before these
principies were devekrpcd further and put into practice.
In thc 1790s, Williarn Smith was surveying the proposed
route for a canal in Somerset. He needed to predict
what sort of rocks would be encountered as the canal
was clug and if they would be ;rble to keep the warer in
the canal. He soon realizecl that the same sequence of
rocks appeared in the same orcler e:rch time he found
them. Furthermorc, he recognizecl that each layer had
charircteristic fossils in it that would help to identify it
elsewhere. He became known as William 'Srrara' Smith.

llrcotA$ $rtNo 1688-86
Niels Stenson was born in Copenhagen and
later Latinized his name to Nicolas Steno.
At the age of 21, he resolved not to accept
things he read in books but to trust his own
observation - a scientific principle ahead
of his time. At first he studied anatomy, but
when he was sent the head of a giant shark
to study in 1666, he recognized that its teeth
were almost identical to fossils he had found

6eganl* Fwils
arc to the naturatrist

William Smith, Stratigraphicat
$ysten of 0rganized Fossils,1817

in rocks. He concluded that fossils were the
remains of past life. While speculating as to
how a fossil could get into a solid rock, he

developed his principles of stratigraphy. He

was born a Lutheran but, never accepting
what he was told, found Catholicism more
in tune with his observations and converted,
eventually becoming a bishop.

zu* eoin# to the
antiquar5r; tJrey are
t,Ire antiquitiee of the
EarGh; smd very
dietinetly shaw its
gPadual reEular
fomation, with tihe
va,rieus ehnngq
inhabitants in the
rm&tor5r elmnt.!

Paleocene Eocene Oligocene M iocene Pliocene Pleistocene Holocene
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wil_UAM SM|TH 1769-39

As the son of an Oxfordshire blacksmith,

and unlike many gentlemen scientists

of his day, William Smith did not have

a private income and so worked as a

surveyor for Somerset landowners and

the Somersetshire Coal Canal Company.

That took him into the countryside on a

daily basis, where he recorded the rock

layers and the fossils within them. He soon

recognized that both rocks and fossils

appeared in a regular sequence that was

repeated wherever those rocks were found

ln 1799, he produced a geological map of the

Bath area and, having been dismissed by his

employers, went on to produce his famous
geological map of England, Wales and part

of Scotland. He tried to make a living selling
copies of the map, but it was plagiarized and

he was undercut, forced into bankruptcy and

imprisoned as a debtor. Only later in life was

his contribution to geology recognized: he

was awarded the Geological Society's first
Wollaston medal in 1831.

If you krokecl around the worlcl torliry, -vou woul,-'l soon scc thilt l-,resent-clay
cleposits ilre not identical. A rivcrbed mir)r c()nt:tin grtrvel, while nearby

strlt flats are building up rnud at the s:rme timc, :rntl tr sheltered sea is

depositing limcstone. Smitl.r rei,rlize,,l this but also recognize.l that sirnilar
fossils founcl in only ir short sequence of l:r1,crs could be used to show thtrt
the different seclin-rents were contelnporirnc()us.

The first geological map Willium Srnith irlso r-roticed ti'rat

the strarl hc w:rs stu(lying rvere clipping gcntly to the east. If Stcnt,'s

principle of original horizontality hcl,-l true, they rntrst har.'e l.een tilted
hy subsequent gnruncl rnoti()n. The underst:rnciing that, ir-r travelling fron"r

wcst to east ilcross Englan,-1, he was encountering progressit'ely )'()Ltngcr
rocks helpecl William Srnith to clraw up his firmor-rs geological map, u'hich
l-re hirnrl-coloured to shrxv czrch ni:rjor division of gc,rlogic:rl layers.

Naming the layers M:rny t-'f the principal l:ryers were given n:rmes.

For sorne, the Lrc:rl nirtnes used by ,ltrarrytncn r'vere adopted. ()ther names

were given by gcologists ancl were eitl-rcr descriptive or rcflecte.l the

localities wl-rcrc the rocks were ftrund. It lvtrs tr natunll lr()gression t() try
to group togethcr sequences of bloa.lly sirniltrr strata anrl this led to tl're
narning of periods of geological tirne. Onc of the {irst to tlo this \\'ils thc



-r-
147

Cerrrran gcologist Abrahan'r \Terner (1,749-1817), who ha.l coined thc
tenn ncptLrnism. While hc rvirs wr()ng t() think that granite r.vas depositc.l
tuncleru,:rtcL, he rvas rltritc right that thc majority of scclimentary rocks
had firrnred in that way. fls ,,livided thcm into prirnitive, transition:rl,
secondary:rncl tertitrry. IIis Tertinry pcriocl still survivcs in the geological
column to.lay.

The names of othcr periods rellcct tl're parts ()f tl-re world whcrc ti-rey r,vere

lirst identihetl. Carnbrian, C)rrlrvician untl Siluri:u-r take the ir n:rn-res fronr
Wclsl-r tribes. L)cvor-rian rocks irrc founcl ir-r the county of Devon in south-
west E.ngl:rr-rcl. Jtrrassic r,rcks urc found in thc Jura rnountains, nortl-r of thc
Alps. The Crctircet',us corncs lrom the Latin firr chalk.

C)r-rc of the greirt l.rionccrs of stratigrapl-ry wirs Sir Roderick Inipey
Murchison ( 1792 1871). As u'ell irs tloing irnportanr rvork in sr)urhern
Englan.l, thc Alps irntl Scotlirncl, l-ris rn:rjor contribtrtion u'irs the
estrrblishrricnt of the Siluri:rn period. A firrceftrl chirractcr, he argued
strongly for the clivisions that he h:rd proposeci. This lcd him into il rnaj()r
disagrcement u'ith Sir Henry l)e La Bcche, fbunclcr of the Geokrgical
Sun'ey of Great Rritirin. Dc La Beche h:itl found fcrssils nonnallv associirtc.l
.,vith the Clarborriferous coal mcilsures in rocks he thought were Silurian
ar-rcl therefore tricd to suggest that fbssils cor-rlcl not be usetl to correlate
str:rta. Murchison wils able to pr()\'e that thc fossils rvere in thc base of
the Carboniferous ancl thirt be tu'een there antl the Siltrrian wirs iln erode.l
layer, elseri'l-rcrc rcpresentecl l.y the old reil s:rnclstone cleposits of south-
u'est Englirncl. Thus the L)cvonian periocl wirs created to Ii1l that grrp.

Dating the layers ln 1977, rhc Inrernation:rl Conrrnission on
Stratigraphy r.virs founclccl to try t() pin dorvn the r:livisions betwcen
the periods precisely :rntl to give thern :rbsolute dates. Tl-re painsttrking
radiomctric dating contlLrcted in thc llrst half of thc 2Oth cenrury by
Artl-rur i Lrhnes (see chapter 4) has bccn foun.l to bc renarkablv accLrrate

irnd has ,trly been inrpnrved on slightly since.

t, f: :+. r,,I f-:*{'g,:$".q.{.$ 4;5 $::$.ffi #qj;L '$.$#q*m,
lt
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Life's origins
Life seems a magical, miraculous thing. It is no wonder that
people thought il must be a divine creation. The origins of life
are itill among the great unknowns of science. But ancient
traces and modern experiments are beginning to close in on
life's secret.

Life essentials 'sirnple' is not a tern you could firirly apply to evcn

the most primitive bacteriurn on Earth. All extant forms of life today

h:rve such subtle complexity that it is hard to imagine them originating
by random ch:rnce. So what :rre life's essentials?

The he:rrt of it would seerl to be an ability to make copies or reprodttce,

and ftrr that there needs to be something to cclpy: some code or set

of instructions that clefinc the nature of the organism. In all life on

Earth that we know of that is the genetic code, carried by the double

helix of DNA or, in :r few cases, the single spiral of RNA. Then you

need a mechanisrn to copy that: in the case of DNA, that is a complex

system of proteins, enzymes and cellular structures. And, if evolution
is to happen through random change, the cttpying mechanism should

be not quite perfect, introducing the possibility of change. To perfcrrm

those functions, living organisms need to extract energy frorn their
environment - perhaps chemical or solar. And to cttntain all this

complexity, they need some sort of membrane or cell wall.

The building blocks of life Picking up from Charles L)arwin's

idea of a warm iittle pond', in 1953 Stanley Miller conducted a now

famous experiment, showing how marny of the chemical buililing blocks

Anaxagoras proposes the
idea of panspermia

Most people still believe
that life begins through
spontaneous generation

Louis Pasteur proves
in his sterile flask
experiment that life is not
spontaneously generated

Oparin in Russia and
Haldane in England
suggest first biochemical
model for origin of life
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of life could be made by prassing elecrrical discharges through common
gases (see box: Stanley Miller). Bur perhaps making the ingredients was
not the problcm. Carbonaceous meteorites, which must have fallen
more frequently early in the Earth's history, have bcen found to contain
the necess:rry amino acids and bases. The building blocks of life may
have been abundant, but their presence still does not generate life,
any more than random explosions in tr scr:rpyarcl will produce a

functioning motorcar.

Natural scafiolding What helcl all the chemicals rogerher before
there were cellular structures to do the jobl One potenrial candidate is

clay rninerals. They can form in thin sheets and occasional defects in the
crystal lattice might be reproduced in adjacent sheers. Another possibiliry
is iron pyrites, or ftrol's gold, which was probably abundant in thc absence
of atmospheric oxygen.

STANTEY MITLER 1930-2007
Stanley Miller was researching his PhD at Chicago University under
Harold Urey when he performed his most famous experiment. He

took a flask containing a little water and the gases then thought to
make up the early Earth's atmosphere and subjected it to simulated
lightning in the form of electrical sparks over a period of several days.
A dark-brown liquid accumulated in the bottom of the flask which
was revealed on analysis to contain amino acids and other chemical
building blocks of life. We now know that Miller got the composition of
the atmosphere wrong: it would have been mostly carbon dioxide and
nitrogen, not the reactive mixture of hydrogen, methane and ammonia
that he used. But he did show that it is relatively easy to make complex
organic chemicals.

Stanley Miller creates
chemical building
blocks of life in the
laboratory

Walter Gilbert
at Harvard coins
the term 'RNA
world'

William Schopf reports
3.5 billion-year-old
micro-fossils from
Austra lia

David McKay claims Martin Brazier finds
to find micro-fossils sulphur catalysing
in a Martian meteorite bacteria fossils in 3.4

billion-year-old rocks
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Onc of the best candirlrtes frrr the chcmic:rl b:rsis of thc hrst life is
RNA. Like its nrotc stable, clouble-str:rncl cousin [)NA, RNA can cilrrv
ti gcnetic code . Crucirrlly, it can also act ils iln enzymc, cvcn catalysiug

its own reprocluction.

Places to hide A'warm little pon,-'l'rvoultl not h:rvc bccu a very

safe place on the early Earth. Clonstirut bon-rbartltncnt with radiation
frorn sfilcc :rncl u,ith meteoritcs an,:l :rsteroids wor-r1.1, soure argue, hirvc

ren.lere.l thc sr-rrface r-rninhahit:rblc. Perhaps, they sr-rggest, life got st:trtctl
ar,lrnd volcanic vents on the occan floor, or evcn in hyclrothenn:tl
systems un.lcrgrounrl.

Shadow biosphere As Darwin suggested, iis soon irs life got going it
rvoultl have c()r)sr.llnerl all thc availirble organic ingre,Jients. But natur:rl
pr()cesses are not ntrnnally unirpe, so it is possible that life bcgan mar]y

times rrntl perhaps in clifferent fbnr-rs. Cornplcx tnolecules cau oftcn cxist
in mirror-imiige frrrms. Lif'e as we know it only tnirkes use of lcft-h:rnded
nrolecules. C,rulcl thc right hand of creittion - cr.'itlence of it serconcl genesis

- still be sun'iving in isolatctl pockets on or u'ithin the Earthl Onc plircc

to kxrk rriight be ir-r those hydrotherrnal systcnrs that are too hot t() sLtpport

norrnal life.

6ft is often said that all the eonditions for
the first produetion of a living organism
are now present, urhieh could ever ha,ve

been present. But if (a,nd oh what a big if)
we eould coneeive in some warm little pond
with all sorts of a,mmonia a.rrd phosphorie
sa,lts. - lierht. hea,t. electricity &e. present,sa,lts, - light, hea,t, electricity &e. pnesent,
that a protein eompouqd was

formed, ready to undergo still more
Dmplex cha,nges, a,t the present day such
matter would be instantly devoured, or
,bsorbed- whieh would not trave been ttre

mmtr'lex

absorbed, which would
ease before fiving ereatrrres wene fonrred.p

$hnFls* [}aruu*ln- htter t0 Sir Joseph Hooker, 1871
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Pansperrv\ia
Such is the mystery surrounding the
origins of life on Earth that many have

suggested it was seeded from space and
is perhaps widespread throughout the
universe. This idea, known as panspermia,

was first mentioned by the Greek philosopher
Anaxagoras in the fifth century Bc. lt was
revived by several 1gth-century scientists,
including Lord Kelvin, and was championed

in the 20th century by the astronomer Fred

Hoyle, who suggested that cometary dust
might be responsible for epidemics. There
is controversial evidence of micro-fossils
in a meteorite from Mars; the planet may

have been more amenable to life early in the
solar system's history. But some argue that
panspermia merely delays the problem: you

still need a 'warm little pond'somewhere.

First fossils In trying to hnd fossil eviclence of the c:rrliest life,
palaeontokrgists ure firced with a tlruble prohlem. Thc further back they gt,
in the geological record, the rnorc foldecl, fractured, cooked ancl otherwisc
altererl ilre the rocks. At the same time , the creatures they arc searcl'rir-rg

for are sn-raller an.l softcr ar-rd less likely to lc:rve ir fossil tr:rce.

Among the most ancie nt 3.8 billior-r-year-old rocks of Greenland irrc
some thilt contain microscopic specks of c:rrbon. They seem to contain
slightly less carbon-11 thar-r is found ir-r inorganic carbon,:rn,-1 tod:ry th:rt
is taken as irn inclicirtion of 1ife. So perhaps those specks are eviclcncc of
t1'rc hrst life on E.irrth. Tiny srrrrcturcr in meraurrrrphosed rocks 3.5 billion
yeirrs old fron-i Wcstern Austrirli:r arc arguirbly the rern:rins of blue-green
algire or cyar-rob:rctcria, rvhile larger, l:rycrcd structllres resemble the
str()mirtolites in ltrtcr dcposits thitt ilre known to be huilt up by colonics of
cyirnobacteria. Possible rnicro-fossils frorn J.4 billion-year-olt1 Australi:rn
rocks nearby comc frorn u4rirt wirs then :r shallrw wiin'n seir; they irppcar to
hirve got tlieir chcrnical energy frorn sulphur ir-r the iron pyritcs srrnd.

g-*[.a+* djq:Fg:}-{ #Hkffiffifl.€ -6f,gm,ffi,
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and palaeontolog"y.

Evolution
Once a chronological sequence of strata is established, it
becomes clear from the fossils within the different layers that
life has changed over time. There is one idea that makes sense
of that, explaining the rich diversity of all plants and animals
on Earth: evolution. Charles Darwin's theory on the origin of
species through natural selection has transformed both biology

Medieval Europe inherited several fallacies from Aristotle, :tmong them that
the Sun orbits the Earth and that creatures take on fixecl fttrrns reflecting a

divine cosmic order. His astronomy was overturned before his biology. By

the 1 8th century, exploration had revealecl a truly vast arr:ry of life forms or
species. Fossil collectors added another dimension, revealing species many

of which are now extinct. Naturalists coulcl not help noticing similarities
between some species and specr.rlating that they might be related.

Inheritance At that stage, no one knew about genes or L)NA, and so the
mechanism of inheritance and the means of diversification were a mystery.

One of the lirst to suggest a theory of evolution was the French naturalist

Jean-Baptiste Larnarck. In a lecture in 1800, he proposed two principles: one

of increasing complexity; the other of :rdaptation to the environment. He
speculated that characteristics acquired during an animal's lifetime might be

passed on to their descenclants. In that way, a muscular blacksmith was more

likely to have a strong son. Similarly, traits that were not used would die out,
making moles that live unclerground blind and birds toothless.

Aristotle suggests John Ray introduces
creatures take on the concept of
fixed forms that reflect species defined by
divine cosmic order observable features

Carolus Linnaeus Maupertius suggests Thomas Malthus
introducesbinomial naturalmodifications publishes
classification, still used accumulate to make his essay on
for genus and species a new species population
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GHARTES IIARWIN 18ll0-82
Charles Darwin was the son of a prosperous

Shropshire doctor. He neglected his medical
studies in Edinburgh and found his geology
lectures boring, but he developed an
interest in natural history, which he went
on to study at Cambridge. His wife Emma
came from the wealthy Wedgwood family,
which meant that Charles never had to work
for a living and was able to devote himself
to natural history. He could afford to pay for

his passage on HMS Beagle, which took him
on a five-year trip around the coast of South
America, studying the wildlife and collecting
specimens. lt is probable that the trip gave
him the inspiration for his theory of evolution
by natural selection, but he didn't publish

his famous book On the Origin of Species
until 23 years later - perhaps because he

was afraid of the reaction it might provoke in
religious circles.

Survival of the fittest In 1798, a p:rmphlet was published anonymously
entitled 'An Essay on rhe Principle of Population'. It rurned out to be by
the Reverend Thomas Malthus, who suggested that population growth
would lead to a struggle fcrr exisrence in which rhe best adapted would
survi'e and the unlit would perish. That essay was to influence rhe rhinking
of two key men in the story of evolurion: Alfred Russel \7a11ace and
Charles Darwin.

The tw. men came from very different backgrounds and travelled in different
ways. Darr.vin took the equivalent of a five-year world cruise on HMS Beagle.
\Tallace struggled to pay his way by selling specimens collected in the
malarial swamps of Southeast Asia. But both were srruck by the same thing:
just how well-adapted plants and animals are to their specific environmenrs.
Both realized that only the fittest - those best adapted to their environments
- would survive to reproduce. The concept of natural selection was born.

Lamarck proposes his
transmutation theory
for the inheritance of
acquired characteristics

Alfred Russel Wallace's Charles Darwin
theory and Darwin's publishes On the
are presented to the Origin of Species
Linnean Society

Hugo De Vries Crick and Watson
proposes the discover the structure
concept of genes of DNA that carries the

genetic code
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Precedent On 1 July 1858, papers by both rnen were reacl irt the

Linnean Society in Lonclon. l7allace was still in thc Mirliry Archipel:rgtr

and l)arrvin had just lost his infant son to scarlet fever, so neither
:rttended; tl-ieir p:rpers u'ere read by tl-re sccretary. A ycar l:rter, Darrvin
published his famous book on the origin of species, and as a result it was

he who took the credit - and the fl:rk frorn religious opponents - ftrr the

theory of evolr.rtion.

Evolution l'ras prove,-1 to be morc controversial than even Darwin

expccted. it led to a heated exchange in Oxford in 1860 bctween Thomirs

Huxlcy, representing D:rrwin, and Bishop \Tilbcrforce, speaking fttr the

church against evolution. Issues raised by Darwin's ctwn cousin, Francis

Galton, irbout thc fitness of those with inheritcd tliseases or mental
impairmeut, letl eventually ttt the eugenics movement and compulstlry
sterilization. Even tod:ry, and even in the relatively well-edr.rcatccl USA,
rnany re [gious funclamentalists still believe that the principal types of
animal :rnd especially humans were created ftrlly formed by Gocl.

Evolution today The concept of cvolution is still beset with
misunderstanclings. A wiclespread fallacy is the ide:r that humans are

descencled from chimps or gorill:rs. 'We are not. BLrt we may have shared

a comrnon anccstor 6 or B n-rillion years ago. The fossil record is woefully

ATFRED RUS$EI WAIIACE 1823*1913

Wallace came from a very different background to that of Darwin.

His father had to move away from London to save money, and Alfred

became a land surveyor in Mid Wales. He was an ardent socialist,

always concerned forthe plight of the poor. He had to fund his

research trips by collecting specimens to sell to museums; he once

lost everything from one expedition when his ship caught fire. But he

persisted and, while collecting butterflies in the Malay Archipelago,

devised a theory very similar to that of Darwin. He respected Darwin

and wrote to him outlining the theory to ask for Darwin's reaction. lt

might have been that letter that prompted Darwin to rush ahead with

publication of On the Origin of Specles in 1859.
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incornplete :rntl, r.r'hilc it is easy t() spot sinrilaritics
hetu'ecn prescrlt animirls lu-rcl thcir extinct fossil
relativcs, it is a hig mistr,rkc to cLlin-r a tlircct line of
desccnt. Thc tcnn 'missir-rg link' is rvirlely misusecl
in t1're popular press. As rnore anrl more fossils of
our .list:rnt reltrtives or homir-rir-rs arc discovcrecl, the
cleirrer it bccornes that the trcc of hurn:u'r evolution is

rnore likc :r bush u'itl-r many hllnches. Most l.r:rnches
lcacl to cxtinLrtiorl, antl it is all htrt irnpossible to tell
u,hrch ftrssils lie or-r thc path of our dircct ancestry.

In hurnun cvolutior-r and elscwhere, it is clear that
nature is higl-rlf invcntive rrrrt'l that the clifferenccs
that n-rark out ultimatc sLlccess from extinction are
hartl to ,lisce m.

ConvergeflC€ C]ritics of evolution l()int to cornplex stnrctures
such as the huur:u-r eye and ask: hor.r' cor-rltl that ever h:rve cornc :rbout
hv chancel That is a challcnge iirr cvolLrtion, but not:i challengc to
e'olution. The clcarest proof of that is t1're fhct that differcnt sorts ()f eye
have bccn inrrentccl incleper-rtlcntly in thc course of evolution live or six
tirnes, frorn scluids :rnd scallops to shrimps ancl hunrans. But it is also :r

wilrning t-tot alwttvs t() itssglne :rn er.olutignary relati6nsl-rip frgrn ir siniilar
stnrcture . There are rn:u-ry exiunples of convergent cvolution in u'hich a
sirnilar prohlern h:rs resLrlterl in a sirnilar solutior-r in unrelirtccl species -
ftrr ex:rmpie, the hytlnrdynarnic sl'rirpe of a shark an.l a tlolphin.

So ofrer-r, thc key to survivirl hirs bcen to ad:rpt irrd change. But it is

not irlways the case. Somc designs cndtrre sirnply by finding tl-reir niche
iurtl lying low. A classic ex:rmple is a small hr:rchiopod shclllish callcd
Lingr-rla, u'hich lives quire sr-rccessfully in parrs of the P:rcilic totlay;
an :rlmost identical fossil is fountl in Carnhrian rocks 500 rnillion
vcars olcl.

Snre universe
ure observe
has preeisely
the properties
we slrould
eryrcct if tlrere
is, at bottom,
no desigrr, no
pu4rose, no evil,
no good, nothing
but blind, pitiless
indifferenee.S

Sftmplmw ffspw*n
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Garden of
Ediacaxa

In Charles Darwints day, no one believed that there were
any fossils older than tire cambti1lp.1"{. Now we think
differently. In the Ediacaira hills of South Australia, there is
a rich arraly of fossils dating back around 600 million years.
They reveal very different times and very different creatures
from any we are familiar with todaY.

We now know of clear fossilized remains dating back about 2.5 billion
years, but they are just hlamentous algae and cyanobacteria: the s()It of

things we would describe as pond scum roday. There is little else prior tcr

the Cryogenian glaciation, :rpart from one controversial set of possible

worm burrows found in India and dating back 1.1 billion years'

TOO Old tO be true? Chirrles Darwin and his contemporaries knew of

no fossils older than the Cambrian period, which, it is now agreed, began

about 542 rnillion years ago. That was true until one day in 1957, when a

Leicestershire schoolboy, R,ger Mastrn, was rock climbing in Charnwogd

Forest. He came across the impression of what looked rather like a fern

frond on a rock. It was in Precambrian rocks, where nobody had expected

t9 {ind fossils befrtre. But he showed it to a Leicester University geolggist,

who recognized that it was indeed a fossil and named ft'Charnia masoni' .

In fact, disc-shaped fossils had been found in Precambrian rocks in

Newfoundland in 1868 by the geological surveyor Alexander Murray'

He used them as convenient markers of a particular rock layer but, as they

were below the Cambrian, never dared to suggest that they were fossils.

First evidence of First clear
fossil bacteria and evidence of
possibly algae from filamentous
Western Australia algae

Possible worm Freshwater terrestrial End of the
burrows from micro fossils in the Cryogenian
lndia Torridonian of north- glaciation

west Scotland
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S-t-roru'a-l-o(*as
The oldest large fossil structures are layered

domes up to a metre (3/+ ft) across. These

are known as stromatolites - colonies of
cyanobacteria or blue-green algae. The

oldest clearly identified is 2.7 billion years

old, from Western Australia. lt is possible

that the thousands of fine layers each

represent a daily cycle of growth. They

The Ediacoro In 1946, a young geologist by the
name of Rcg Sprigg was sent by the South Austr:rlian
governmcnt to see if disused mines in the Ediacara hilis
of the Flinders Ranges could be prolitably reopened.
While eating his lunch he started to notice fossils
resembling jellylish, which he thought to be early
Cambritrn or even Precambri:rn. But his cliscovery
irroused little interest: the paper he wrote was rejectetl
by the journall',lature. Only lirter was the Precambrian
age and true signilicance of the lind recognized, and
the lirst geological period to be created for over
100 years was named the Ediacaran. It overlaps with
the Vendian. narned after Precambrian fossil sites in
northern Russia; other Ediacaran fossils h:rve now been
found in Namibia, Newfoundland and elsewhere.

Strange creatures at dawn Some of the
best cxarnples are tc) be seen on a sheep ranch in the
Ediacara, about 200 kilometres (124 miles) north of

disappear towards the end of the Ediacaran,
possibly because too many things had

been grazing off thern. There are still
stromatolites living today, notably in the

salty, warm, shallow waters of Shark Bay on

the coast of Western Australia, not far from
lheir 2.7 billion-year-old ancestors.

6... Un5r thecXr be
true, it iB indiryrutable
thet hfw tbe towett
Ca,mhrinn strete
was d€poeitcd, kmg
pcriods elald ...
and Ch&t err**E tlw
ves* 1mr*oe ffie wl*
*w-sMwit&HvhS
ereetureo.t

Chanles Danwin,
0n the 0rigin ol Species,1859

Ea rl iest
Ed iaca ra n
fossi I ized
embryos

Doushantuo Age of Charnia masoni End of the Ediacaran
formation in China, from Leicestershire and period and fauna.
with well-preserved Ediacaran fossils from Start of the
fossil embryos Newfoundland Cambrian period
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A glimpse of the
Ediacaran seafloor

with Charnia,
Dickinsonia,

Tribrachidium and
Sprigg ina.

Adelaicle. They sl-row up hest just :rfter tlarvn, rvhcn the
lorv-angle strnsl-iine makcs sha(lo\\'s frotn t1-rcir gcntle
tuntlulirtions ancl bcfolc the flies have rv,rken up. Solne

lre f'ern-like fronds trp to 30 ccr-ttitnetres (12 in) long
anrl sirnilar to Chan-riil. Othe rs are circrrlar .liscs pcrhaps

5 centirnetres (2 ir-r) ircross. Yet others arc tx'ir1 :tnrl
corrcrccl with parallel n'irvy lines. Coukl tl'rcsc be the
seglrcnts of ir bro:rd, flat, wormlike crclrturel Sorle ,rf
them arc Lrp t() ir rnetre (37+ ft) :rclossl Another, callecl

Spliggina, is likc an elor-rgated vcrsioll r,f the trilohitcs
that wcre to foll,lv in the Cnrlbriar-r.

So u'hirt wcre the,se strange firssils? Thc circular' ,-liscs

lre prohably tl're hold-fasts thrrt anchored the fron.l-like
Clharnias to the scaflot'rr. The segrnenterl or':rls, crcatures
narnecl l)ickinsonia, look :rs if they Lrave :,1 front irn.] [.ack

irncl rnay have crawlccl slowly, grazing txr cyitnobactcrirr

on the seabed and sornctirnes leirving a trail in the slirne.

Rut it is all too eilsy to look irt lnodern iuritlills ltnrl

say that tl-resc fossils:Ie:r bit like jellyhsl-i, soit corirls
()l'scgrncntc(l r'vorms; a likeness may n()t imply any

anccstr:rl rcl:rt ionsh ip.

A new kingdom? lnc'lce.'I, the Cennan palaeontokrgist Dolf Seilachcr

h:ls suggested tl-rirt Eciiacarirn crcatrlres represent a wholc ncu' kingdoni
of life , alongside plirnts, irnimlls antl lungi. He calls thcm r.'cntlohiouts

:rn,-l suggests that they arc giirnt single-cellecl organisms with ..leveloped

ptrrtiti(ms within thcir cytoplasrn, a bit like t1-rc quilting on ir rnirttress. Hc
is not c()nvincerl that they hacl ir gut; instcacl, he thinks tl-rey may l-rave

absorhccl nutrients througl'r their skin or hirrl synrbiotic lhot()synthctic
bacteri:r insitlc them.

Microbial slime The conditrons in u'hich they lived are irlso

contr()\'crsilll. They are four-r.l in tl-rin l:rycrs of silt hetrveen slal,s of hrrrcl

quirrtzitc, wl-rich was or-rcc silntl. Sotnctunes there ilrc r4rplc nrarks ir-r the
sand, sr-rggesting r.r'aves ()r cLrrrcnts in sl-rirllor.v.,vilter. T1-rc iirssils often lcave

thcir irnpressior-rs on tl'rc unclcrside of the s1ubs, which have what has l-tecn

c:rllcrl irn elel.,hant-skin tcxtLrrc. That is believecl to h:l'e been left by alll
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Fossi( errn brgos
The rapid explosions of diverse macroscopic

life forms in the Ediacaran and the Cambrian

must have started from something.
Palaeontologists are now turning to micro-

fossils for an answer. Many Precambrian rocks

are now revealing fossilized embryos, some

of them no bigger than the full stops on this
page. Some of the best-preserved examples

come from the Doushantuo formation in

China and date from about 570 million
years ago - slightly before most large

Ediacaran fossils. Advanced X-ray

techniques reveal the individual cells

within the embryo. Many are probably the

embryos of sponges or corals, but some

seem to show bilateral symmetry and may

be the ancestors of Cambrian arthropods,
worms and perhaps ourselves.

rnicrobi:rl mat - a slirny layer of algae on which the creatures may have
fcd and which frrrmecl over their bodies and helped with preserv:rtion.
If they were photosynthetic alg:re, that also suggcsts an cnvironment of
sh:rllow water.

Dinner time What is clcar frorn all tl're Ediacaran fauna is that they
hacl no hard parts. There are no shells, no protective cuticles and, crucially,
no jirws. Things like L)ickinsonia were very fragile: bags of fluid tens of
centimetres across, yet probably less than a centimetre thick (this is
clear from the way some of thern have fcrlcled over befcrre fossilization).
Clcarly, therc werc no pred:rtors arouncl, or they would not have lasted krng.
So this age has been called the Garden of Ecliacarir, to c()mpare it with the
Garden of Eden. As one palaeontologist has put it, 'Once something had
evolved with hard mouthparts, it wtrs clial-a-pizz:r time as far as Dickinsonia
was concerned'!

I
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Diversification
If there is one word that best describes what has happened
to living organisms over the last 540 million years, it is
diversification. It begins with the so-called Cambrian explosion
of wonderful life in the sea and continues as plants and animals
move onto the land and come to inhabit every possible niche on
the planet.

Iife goes underground Fr.r- its start, the Cambrian pcriod looks
very different from the tranquil slirne garden of the Edi:rcar:r. The remains

of the seafloor are all churncd up with burrows and excavations. Where
once there were widc, soft, dclicate Dickinsoniir grazing off the microbial
mats, now the worms are hiding underground. The reason can be seen

from some remarkable trace fossils - fossils that record specific events,
rather than just the animals that made them. In one, a set of what are

clearly tracks about a centimetre (% ln) wide and made by numerous tiny
feet lead across the se:r bed towards a worm burrow. There are signs of
vigorous digging and the worm is no longer at home. Something has eaten
it for dinner.

Evolutionary arms race That something was a creaturc called a

trilobite: an arthropod looking a bit like a large woodlouse, whose ckrsest

present-day relative is the horseshoe crab. It has evolved a hard protein
carapace and its legs and mouthparts are encased in a similar tough
exoskeleton, in effect giving it jaws. But it is not alone. There is a fossil

trilobite with a curved section missing from its rear end. Look clrsely
and you see it is not a recent fracture: the wound has begun to heal and
is exactly the same shape as the tough mouthparts on an even bigger
arthropod named Anomalocaris, or strange crab.

highlishts ol the Palaeornic

Start of the Chengjiang fauna
Cambrian period. in south-west
Rapiddiversification China
in the sea

Beginning of the Ordovician period
Ordovician period. ends with an
Fish in the sea; first ice age
arthropods on land
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This u'as a worl.l where anirn:rls ate othcr animals - the start of an
evolutionary arfiis r:lce that c()ntinued to the clinosaurs and beyond. As
artirropods werc inventing armorlr, rnolluscs and brachiopods discovcrec]
how to rnirke shclls tc) protcct thernselvcs frorn hurgry predators. But the
arrrs race continued. Carnbrian shells havc been founcl rvith neirt little
circr-r1:rr holes in them borerl by sorne preclatory creaturc, we know not rvhat.

Wonderfrrl life Thc flattened rem:rins of an Anom:rkrcaris and its
compatriots are beautifully preservcd in the Burgess Shale of Canada;
others, in lcss squashecl condition, can be seen iir the Chengji:rng formation
of south-west Chinn. They recorrl a sudden ancl ilnazing diversification .rf
marine life, with:r11 sorts of fant:rstic creatures that, at {irst sight, looked like
nothing on Earth tod:ry. There's Opahina, with live eyes and :r hrng nozzle
:rt its front, presumably fbr fecding. lTonderfully named Halh-rcigenia has
:r double rou'ofspines on one side and tentacles on the other and kroks

Tha Surgass Sha(a
ln 1909, palaeontologist Charles Walcott was travelling in British
Columbia with his family, looking for fossils in the Canadian Rockies.

The story has it that his wife's horse slipped and revealed a slab of
slate packed with strange fossils. Walcott traced the slab to its source
in the hillside above and returned to the site many times over the
next 15 years, digging out a small quarry and collecting over 65,000
exceptionally well preserved specimens. He spent the rest of his life
classifying them according to present-day animals such as crustaceans.
ln 1966, the Cambridge palaeontologist Harry Whittington began
studying the fossils and realized their astonishing diversity, which he

dubbed the 'Cambrian explosion'.

Silurian period. Coral reefs
and jawed fish in the sea.
Plants return on land, plus
spiders and centipedes

Devonian period. Start ofthe
The age of the fishes. Carboniferous period
Lush vegetation after an extinction
establishing on land event occurs

Early tetrapods at the
Black Lagoon near
Edinburgh. Probable start
of egg-laying reptiles
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Tha
B(acK Lryoon

Crec*ure nIrtv^ot'v\ lhe

other invertebrates to grow up to a metre (3/r ft)

long. Primitive tetrapods - amphibians of sorts

- crawled out of the lagoon. One of them has

been given the delightful Latin name of Eucritter

melanolimnetes - literally, the beautiful creature

from the Black Lagoon. Another, with the official

name Westlothiana, is better known as Lizzie

and appears to be an intermediate between

amphibians and reptiles.

Once, 335 million years ago, there was a

tropical lagoon near East Kirkton, outside

Edinburgh. lt was surrounded by lush

vegetation of tree ferns and club mosses,

but there were frequent fires, perhaps

started by nearby volcanic activity and

invigorated by high levels of oxygen in the

atmosphere. Land creatures fleeing the fires

died and became buried in the lagoon. The

oxygen enabled dragonflies, scorpions and

so strange th:rt no one was quite sure which way trp it wcnt (ir-r fact, it
prohably u'alked on the tcntacles). Marrclla seems to be all lacy legs:rnd

append:rgcs; and Anom:rkrcaris itself had segmented flaps for swimming
and a bulbous head with two barbed appcndages fcrr dr:rwing ftroci to its
circular rnouth which wirs imelf first misidentilied as a jc1lyfish. It all
seems like a fantastic experiment for hopeful rlonsters. Arguments still
rage about what was relatcd to whirt antl which creaturcs gave rise to thtlse

we know today.

Anchovy fillet tn the Burgcss Shale, there is an insignificirnt-looking
cre:rture called Pikaia. In the older rocks of south-west China, there is

something rather sirnilar by the name of Yunnanozoon. Both look like
littlc more th:rn animatecl anchovy Iillets. They have what seem like gill
slits and the zigzag muscle blocks we notice when eating lish. And they
have what m:ry be a nerve libre a nc)tochord running down the back.

These are the signature fcatures of chordates, the phylum that includcs

fish, reptiles and all vertebrates, including ourselves. Bzrck in the diversity
of the Cambrian, it would take greater im:rgination to think that these

creatures would inherit the Earth.
ll
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The invasion of land Fast-ftrrw:rrd norv irlmost

200 million )el1rs t() thc carly Cirrbonifcrous. Ry

nou', the :rnctrovy 6llets h:lve evolve.l int,r bony fish,

becoming the top prcdators in the st-rl. Some havc ftrur

rnusculirr fins, perhirps origirtally filr urtlving ar,,uncl

on the seaflo(,r. Suddenly there is a new threat ilnd a

neu' oplrortulrity. Perl'ril1-rs tr) csc?rpe from predirtors'

thcl' {ind that thcv cim trse thcir lins to pLrll themselves

onto the rn,-r.1dy shore. Plants are there ahe:rd of them

antl their ricl-r gror,l'th l'ras pu1 fttr ucrte oxygcll inttr the

atmosphere cven than rve have today. Thrtlugh their
skin, ancl perhaps by taking this oxygen into their srviut

blaJJer, tl-re1 1ir-itl tl'rey c:rn breathe. For tr whilc, their
descendants are amphibiotts, retttrnit'tg t() the water to

breed. Evcntually they :rrc irble to lav eSgs on land'

We c:rll tl'rcse leptiles.

6From the beginning
of life on Earth thsre
wa,s a eonnoetion so
elme and intimeto
thet, if the entire
recod eould be
ohtaind, & pctrfeet
chsin of life ftom thc
lowest orgalcism to
the highest would b€
established.i
Gharles Walcott, tegl

Of cgursc, thar seq,.rencc did not happcn overnight. But there is ntlw cleirr

eviclence of interniedi:rre stirges. A qrrarry at East Kitkton near E.linbLrrgh

has yieldcd some remark:rbie ftrssils of early amphibi:rns and evcn a qLrire

lizard-1ikc crcaturc - possiblc intenDeditrtes tln the evolr.ttiouary roacl

L,,,rrrrsel'es.
I

i ffrteats and opportunities What dt,es sec'nt clear is that threats

cirn gi,n,e rise r() ()pp;rrrnitics f,,r rapid cliversifrcation. The cvolution of
hard parts in the Cambrian led ro new str2ltegies both tbr predation and

for clefence. The evolution,rf legs antl the:rhility t.r bretrthe air ir.r the

CJr,-trvician opened up all sorts of h:'rbitats on land. Where there are rrew

habitats t6 exploit an.l nelr, rneirns with rvhicl'r to c,rlttnize tl-ren, evolution

tnovc-s in leaps an.1 bt,unds.

l'l
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Dinosaurs
The evolutionary arrns race that began in the Cambrian
reached its zenith in the age of the dinosaurs. For more than
160 million years, giant reptiles ruled the planet and proved
that being big can be a pretty effective way to survive. Ibday
they star in childrents books and nightmaresr in spectacular
museum displays and big-budget movies. But not all dinosaurs
were big; some were sociable, even cute.

l)inosaurs were thc kings of the Mesozoic era. They frrst appear in the late

tiassic, about 230 million years rtgLr. They are a wicle and varied ordcr

of reptiles with more than 1,000 named specics. Technically, the order

excludes the big marine reptiles and pterosaurs but inclr-rdes one class of
clescendants which is not extinct: birds.

The ultirnate arrns race The latest images in TV dinosaur

documentaries seem to depict every species as the biggest and licrcest.

They certainly have plenty to choose frorn. The largest are the gre:rt

herbivorous sauropods, and the recttrd holcler among those is the long-

necked Argentinosaurus. It w:rs nearly 40 metres (131 ft) long and wcighed

in at nearly iOO tons. Cornpcting for the fierceness prize - al,rng ivith the

famous thcropod, Tyrannosaurus rex - is the slightly larger, crocodile-
j:rwed, sail-backed Spinosaurus, weighing in at around 8 tons.

Dinosaurs are ahead of the garne firr long names and impressive statistics,

but what it all adds up to is that size lnatters. The rnore powerful yor:r jaws

and the bigger yor-rr stride, the more chance you hzrve of securing dinner.

Start of Mesozoic era
and Triassic period.
Rapid diversification
of reptiles

Late Triassic. First Extinction event
recorded dinosaurs Start of Jurassic

period

Late Jurassic. Diplodocus and
Stegosaurus on land; Pliosaur
and Plesiosaur in the sea
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MARY ANNING Ug9-1847
Mary Anning's home in Lyme Regis, Dorset,
meant that she was ideally placed for collecting
Lower Jurassic marine reptiles from the cliffs.
She found the first ichthyosaur to be correctly
identified when she was 12 years old and went
on to find and identify many species including
plesiosaurs and flying pterosaurs. lt was a

dangerous occupation: going out, often in
winter, after fresh landslides to look for fossils

before they were washed away by the tide.
ln 1833, she was almost killed and lost her
pet dog in a landslide. But her gender, social
class and nonconformist religion meant that
it was hard for her to gain recognition among
the gentleman geologists of the day, and she

was never admitted to the Geological Society
of London.

Even for the r.'egetarians: the biggcr you are or thc firore t]nnour
plating y()u cirrry, the lcss chance you hilve of becorning dinner. It wils
an evolutionary ilrms race limited only by the ribility of dinosr,rurs'legs
antl muscles to supp()rt their hu1k.

Keeping warrn, keeping cool Supporring your own u,eight
is not the only pnrhlern ririscd hy growing big. All reprilcs roday :rre

cold-blooilcd. Actually, th:rt is a rnisnomcr: their temperature depencls
on external firctors. Aftcr a cold night, ir snake neecls to lie in the sun
and w:um up hefbre it ciln hecorne active. Br-rt they ciln :rlso overhcat.
Thc problern rvith gctting hig is that the proportion of surface arcil [()
bulk gocs.Lru'n. Stt if you are cold, it takes longer to heat Lrp, irnd if
you are hot, it is diflictrlt ro clissipate that hcat.

The age of thc clinosalrrs w:ls markecl Lry a signilicirntly warmcr
climate than we have today, so keeping cool may l.rave becn the
bigger issuc. There is evidence of extensive blood vessels in the huge
plates down the back of Stcgosirurus, suggesring that thcy dor-rbled up

6ffwe
measurie
suGeess by
longevity,
then dinosnurs
must ra,nk as
the nunber
one $trceless
story in the
history of
fand fife.F

ftnbent I Baltken
fhe Dinosaur Heresies, 1986

Archaeopteryx Start of Cretaceous
flying around in period. First
southern Germany flowering plants

Chinese
feathered
dinosaurs

Late Cretaceous. End of Cretaceous
Tyrannosaurus on land; period. Sudden
Kronosaurus in the sea; extinction of all
pterosaurs in the air remaining dinosaurs
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Maiasaura was a

herbivorous dinosaur of
the Cretaceous, growing
to about 9 metres (30 ft)
long. They lived in huge

herds. The discovery
of nests of hatchlings

suggests they cared for
their young.

as cooling lins, like
elephants' eirrs. There

' is aiso contr()\.crsi:rl
evirlt--ncc fronr the

nlicr( rscr )liL strrrcturc , 'f
dinosaur bones that they rnay

h:rve been u'arm-bloocled - thirt
is to s:ry cnclothcrnric: controlling their body temperature frorn u'itl-rin
irs marnmirls do. Thc cliscovery th:rt line, fe:rther-like down grew on
the bodie s of somc dinosaurs suggests that this mily have evolvecl
firr insulation and provides ftrrther evidence that they rn:ry hirve becn
w:rrrn-bloo,ied.

Feathered dinosaurs Sorne ,rf the most exciting dinosaur fossils

discovered in recent years come frorn Liaoning Provincc in north-east
China. M:rny have been beautifi-rlly preserved in line-grained volc:rnic
ash frorn shallow 1akes. They show smirll cletaiis including, in somc cases,

f'eathers. Sorne dinosar.rrs just h:rve a downy coating for insul:rtion, hut
others h:rve large feathers with :r ccntral quill, like those of rnoclern birds.
Many :rrc quite srna1l. One , nametl Microraptor, was not rnuch bigger than
:r chicken btrt had well-developed fetrthers on all four legs. It does not
Lxrk as if it could fly; the fe:rthers were rncrre likely to be for sexual display.
Feathcrs may har.'c been cleveloped lirst for insulation and then for display,
beforc bccoming used lirst for glicling and then full tlight.

Exactly when ancl how modern birds evolvecl is still the subject of
cc)ntroversy. The rocks of Liaoning are irnruncl 20 million ycars younger

than those in Germany, where Archaeoptcryx w:ls founcl. Arch:reopteryx,

ll
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discovered only a yc:rr after l)arwin
published On the Orlgn o/ Species,

really did seern like :r 'missing link'.
It had long fe:rthcrs ancl coul,ll
clearly fly, yet it h:rcl teeth, claws on
thc wings anrl a bony tai1. There trre

still argurnents over whethcr ()r not
it was an :lnccstor of rnodern birds.

There lrc ltl ,, hr,,lttl ciltcg\)riL\
of dinosaur: hircl-hipped, which
confusingly includes the big
herbi'u,orous s:ruropocls ; an.1

lizard-hipped, which includes
lhc lht'rrrpolls thltt gavc ri\'lil
birdsl Those tl'reropods, such :rs

Velocir:rptor, walked on two legs

irnd could probably run quite first,

so their feathered friencls mav have

$rR RT0HARD 0WEN 1804-92

Richard Owen trained as an anatomist and
became interested in the comparative anatomy
of animal species. Careful observation of their
bones convinced him of evolutionary relationships,
though he always doubted that the mechanism
of evolution was as simple as Darwin proposed.

Owen became interested in the huge fossil reptile
bones that were being dug up in England, and in
a memorable address to the British Association
for the Advancement of Science in 1842 he coined
the term 'Dinosauria', or 'terrible lizards', to
describe them. He was the driving force behind the
establishment in 1881 of what is now the Natural
History Museum in London.

taken to the air in the same u'ay tl-rat large birds like swans and pelic:rns
do torlay with a long run-Lrp. However, other feathcrcd theropods like
Microraptor had krng clirws on their wings suitable fcrr cl:rmbering up trees.
Perhaps they lirst took off as gliders from the treerops.

Cute, caring dinosaurs L)inos:rurs laid eggs. Fossil evidence has been
found of thcrn nesting in cokrnics and sitting on thcir eggs. The small sizc

of eggs:rnd evidcnce of dowr-r suggests that the yollllg were small, cute and
flufTy - chirracteristics that we :rssociate with producing a c:rring response in
parents. It seems likely that some clinosaurs were social ar-rinals and not only
in orcler to raise their young. L)inosaur gangs would have been much mitrc
effcctive at hunting than individuals would be if hunting alone.

*hm ##xl$"ffixrffiffi# f#mm,
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Extinction
Ninety-nine per cent of all knovrn species are now extinct! If
you include an estimate of the fossil species that have not been
identified, the proportion rises to more than 99.9 per cent.
They did not go gradually. The geological record reveals five
major extinction events in which more than half the species on
Earth were wiped out, the most famous of which is the one that
ended the age of dinosaurs 65 million years ago.

You would have needed a high-speed camera
to catch this shot 65 million years ago as a 7 km
diameter asteroid slams into the sea off Mexico

First clues In 1980, Nobel Prizc-u'inning phy:icist
Luis Alvares antl his geologist son Walter ptrt ftrrward

:r hypothesis to cxplait-t the extinction event :tt the
C)rctaceous/Tertiary boundary (thc K/T bounclilty).
Thcy suggestecl it ha.l been cause.l hy an asteroi.l

irnpact. Tl-reir evitlcnce calne frotn ir thin laygl 61

p:rle clay found :rt tire sirme tlcpth in rnany pl:rces

arour-rcl thc u'orltl. Tl're layer contains high levels of
the elencnt irirliurn, which is rare in the E:rrth's crust

but abundant in asteroicls. Also in the laycr, especially

irround the C:lribbenn, are shocketl gr:rins of quartz

antl tektites - srn:rll sphericirl bca.ls of glass that har.'e

soli,-li{ied from molten nrck in the atmosphcrc.

Cosmic impact Eventually, ti'tc source was tracked

clown to tl-re ChicxulLrb irnpact cratcr, just off the
Yucat:in Peninsula in Mexico (see b,,x' Chicxulub).
Calcullltions suggest that the crater wiIS forrnecl by

an asteroitl 6 or 7 kilcxnetrcs (4 rniles) in tliameter,

coming in irt a lou' anglc faster than a high-r'elt city

End of Cretaceous period and
the dinosaurs

Triassic/Jurassic boundary. Around
55% of marine genera and most large
amphibians wiped out
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chicxr.^(,^b
Back in the 1960s and 1970s, geologists
exploring for oil reserves had spotted what
they thought might be a giant impact crater off
the Yucatdn Peninsula in Mexico, but the oil
companies would not release detailed data and
the suggestion went largely unnoticed. ln the
1980s, the Alvares hypothesis set geologists
on a new search which again centred on the
Caribbean, where the K/T boundary layer was

thickest and included jumbled deposits
from an enormous tsunami wave. Seismic
surveys at sea, radar on the space shuttle
and samples from boreholes all homed
in on the circular structure just off the
Yucatdn Peninsula near the town of
Chicxulub. lt is the remains of an impact

crater 180 kilometres (112 miles) across
and dating from 65 million years ago.

bullet. Tir the unfrrrtun:rtc clin()saurs it woulcl hirve secmed that the sky ha.l
been split open witl-r hrc. Within a scc()nd tl're irstcroid funched :r holc nearly
l0 kilometres ( 19 nrile s) cieep in thc Eirrth. lt rne ltcd rens of rhous:rnds of
cubic kikxnetres of rock which would h:rve remirir-rcrl as ir lava lake in tl-rc

collirpsed crater, perhaps for l-rundreds of tl'urusands of ycirrs. The so-cal1ctl low
energy ejectlt \vcre throwrl out u'ith enough firrce to cover 2lrcas tl'rousantls of
kil()rretres:rway rvith a thick hlanket of rlcbris. That w:rs followecl by a rsunarni
hundreds of tnetres hlgh. Thc high-energy ejectir, mostly v:rporizecl rock, wolrl,-l
have punchccl a l-role in thc atrnosphere rcaching ahnost to the lv{oon hcfirre
falling back to envekrp thc Earth, tlcstroy the ozone layer and triggcr
wildfires worldwide.

As if that w:rs not cnough, the:rstcroid hit thc sea irbove a rhick layer of
litncstone antl anhydrite. Vaporizcd anhydrite would have produced a global
cloucl of sulph:itc aerosol, shutting out sunlight and preventing plant growth
frrr sever:rl ye:rrs bcfore rrrining out ils sulphuric acicl. Me:rnwhile, vilporizetl
limestone injcctecl carbon clioxide into thc atmosphere, which warmed thc
climtttc f,rr llt..tthteqtlenl ltw et'tttttries.

Permian/Triassic bou nda ry.
Around 96% of marine
species and 70% on land
become extinct

Devon ia n/Ca rbon iferous
transition. A series of
extinction pulses take out
70% of species

Ordovicia n/Silu ria n
transition. Two events wipe
out 57Yo of genera
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._II-LIlhe nexl ?xlrnClron
So could it happen again? There is certainly
no reason to think that we are now immune
from asteroid impact or catastrophic
volcanism. There is already a good system

for spotting asteroids and tracking their
orbits, but it will be a while before we

have the technology to deflect them. There

is slight evidence that extinctions tend
to come roughly every 62 million years,

perhaps as astronomical events stir up comets

in the outer solar system. The last was 65

million years agol But an extinction event may

already be under way. At the present rate of

extinctions, it has been estimated that we may

have lost 50 per cent of all species on Earth

by the end of the century as a result of human

activity - hunting and habitat loss in the past

and climate change still to come.

It is no wondcr there were mass extinctions. But it may have bccn even

worse! There rn:ry h:rve been rnultiple impltcts, perhaps frorn fragments

of one original objcct. Smaller craters of the s:rme age have been

identilied in thc North Sea and the Ukrainc, with :rnother largc hr-rt

rnore controversi:rl one off the west co:rst of India.

Volcanic outburst As de:rcl1y as an impact that size woultl seem to
hirve bccn, there are other candidates for the cause of thc extinction.
C)ne of thc more con'n'incing theorics is a series of vast volc:rnic
eruptions. Sixty-frve rnillion years ago, the Intlian subcttntincnt was

drifting ovcr :r mantle plunre whcrc the volcanic island of R6union now
lies. A rising puise of rnoltcn mirgm:l split the subcontinent, sending

p:rrt of it north to cr:rsh into Asia and leaving a scction under the
ocean around the Comoro Islands. The Indi:rn hnlf is rnarked by some

of the biggest deposits of flood basalt on Earth, which now rnake up the
Deccan Ti:rps, more than 2 kilometres (17+ milcs) thick and covering
an area of 500,000 sqr-rare kilome tres (193,051 squ:rre miles). The
volc:rnic dust and sulphatc aerosol accompanying such eruptions wttuld
h:rve causecl a signilic:rnt drop in global temperatures as it reflccted
sunlight. That woulcl l-rave been folkrwed by a rise in temper:rture due

to the carbon dioxide emitted. The overall result would be an unstable,

oscill:rting clim'atc.
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A question of timing There arc irrgumcnrs in f:ivour of SIf a hfge
the impact theory an,-l the volcanic theory, trlongsitle several gXtfatemgStfiA.I
other theories inr.olving climare ch:rnge or f:rlling sea level, any ObieCt - the
of which could have hecn bad news fcrr the 50 per ccnr of gencr^ Uliimete 1.A,ndqm
and 75 per cent of species of planrs :rnd anim:rls which bec:rrn" bOlt frOm tJfe
ertincl. Mtrst hollv Jch,rte.l i. rhr prt'circ rirninq..lr rc..rrr. e le rr bfUe - naA-nOt
l1[ il]Jll 

'ir.,iiI 
,il.l[i:':',1 ]i',i::ll; ::l :l.l[.'.iil, tl*.ffiglq"

iut,,uOO lr.rrrs'hcl'rt'thc grerrlt,st rrtc ()l (,xtinL GXIUfGEIOII OI
.uclr rrLrri'r.ly 5'.ll r irnc inrt.rv:rl, rrc hrrrJ ,,, i..ll-l?".t 

-'t dinosa,urs 65
Volc:rnic episo,-lcs l'rad begun two million u"n., i"fur",t-," r/f million trre8fS qg0'
boun.lirry, wl'rich cotrlcl havc stirrted the declinc. The cgnsensps IllAJillmAJS ItrIOllId
rnay be th:rt all the tl'reories are ct)rrect. It rnay take a long-renn StiU be Sm&ll
strcss and a short-terrn shock to crluse an exrincrion cvent in a GfGfl,tUfeg, mnfin$d
biologicalsysrcm. tO thcl nOOIf* a.nd

The biggest extinction of all whatcver,l"..n:::: ffi,313*ru.l
extinction evcnts har.'c happenetl several times anc'l the K/T
evcnt is not the biggest. Tl-rirt dubious honour goes to whar $tgphgn Jay Gould
happened :rt thc encl of thc Perrni:'rn period 251.4 rnillion years
ago. It has been tcnned 'thc great dying': a timc when 96 per cent of
all rnarinc species and 70 per cent of tcrrestrial vertebratcs disappe:rred frorn
the planet. No impilct event has been lirmly ic'lcntified from this rime, bur
there is no ocean crust as old as that, s. if it hacl happened at sea the record
would have gonc. Howevcr, there was another big flood basalt episode at the
time , in Siheria, the biggcst known, covering 2,000,000 square kilomerres
(772,204 sqr"rare miles) in lirv:r.

Altogether, there have heen five major extinction events ovcr the last
500 million years, in which at le:rst half the species on Earth were wiped
out, plus:rt least 16 srnaller events. All of them rnay he dou,n to that deadly
combination of :r long-term stress ancl suclden shock.

*hs #ffixrdffiH?ffiffi# f"Smm,
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Adaptation
The last 65 million years has been the age of mammals. Initially
small, furry and warm-bloodedo they were able to adapt and
diversifr as soon as the stage was cleared of dinosatlrs. But,
like dinosaurs, mammals too found success by growing big,
only to suffer in their turn as the climate changed, and apes
began using tools to adapt their environment.

A sirnple dchr-rition of a fcn-r:rle rniltntnal might be sorncthing with a
lnalnrnary g1and, thirt is, ablc to protllce milk to feecl its your-rg. That's

an effectivc rlclinition frrr the present clay, but rnilk glanc'ls clon't leirve

go..rrl fossils, so tl're {irst mamtnals irre.lelined in terms of jirws an.l earsl

The lower jaw of :rll tntrurtnals is a single bone; but in irll othcr j:ru'ed

vertebrates, thcre are three m:rin lower jilu'bones. ln miltnmitls, the
other two bones :rre f..run,:l in the rnidclle car, perfbnning irn entirely
differcnt functior-r.

Mamrnal-like reptiles Long l'refore thcre were true tn:rrntnttls, therc
were milrrlrr:rl-like reptiles, or ther:rpsids. Thesc must havc competed u'ith
the ancestors of dit-tosaurs and nc:rrly won. By thc late Permi:'rn, sotne were

the size of :r rhinocer,rs an.l wcre the rlominl'rnt predators of the time.
They suflered a rnajor sctbirck in the extinction at the cnd of the Permi:rn,

in which 70 per cent of all lantl vertebr:rtc species vanishecl. lt took
30 million years in thc Tiiassic for vertcbrtrtes to re-est:rblish in every

nicl-re and this tirne dinostrurs ctrne ()uI trrl ttrF in whirt is sotnetimes

known :rs the Tiiassic tirkeover.

Firstmammal-like Permianextinction
reptiles and the Triassic

ta keover

First distinct
monotreme
and marsupial
mammals

Probable first true Cretaceous
placental mammal extinction event

and end of
dinosaurs
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E'n'cn in thc Tiiassic, nrammal-like reptiles still prrx,ed rrdaptrrble. They
hacl l horry'scconcl:rry pal:rte rvhich probahly m:rde chcu,ing :rncl hence

digcstion uxrre efhcient antl enabled thcm to breathe and e:rt at thc saure

time. One group, the cynocl.,nts, tnay have 1.1gl'slopgrl hzrir and we re

possibly r.varrn-bltxrde.l :rncl ablc to lact:rte. Some species werc burrowing;
tup ttr 20 in.livitlr.rals h,rvc l.een frtr.rnd in one hurrorv system, trirppctl by a

flash flood, suggesting that they were soci:rl animirls.

First mamrnals Marnmals thcmselvcs probahly arose from
cynoJonts. At lirst they wcre srnirll, noctulnal :rn.l insectivorous -
like shrews. That may havc helpccl them evacle the notice of hungrv
din,rsaurs, as well :rs favoutit-tg the evtrlution of warm bloocl, insulirting

f\egafauna
Mammals have never been caught up in an evolutionary arms race to

compare with the dinosaurs, but, as the climate cooled and mammals

diversified, growing large became a useful strategy. Almost every

family produced giants. Among marsupials there were giant kangaroos

and wombats. There were mammoths and woolly rhinos; giant short-

faced bears and giant elk; giant beaver and sabretooth cats. They all

tended to have long lives and few predators, but a slow breeding rate.

ln the last 50,000 years, most of them have become extinct, and it is

tempting to speculate that human hunters were largely responsible.

Certainly, most of the remaining megafauna - elephant, rhino, whales,

gorillas, tigers and so on - are still under threat due to hunting,
poaching or habitat destruction.

Rapid diversification Last common
establishes main ancestor of
modern mammal humans and
families chimpanzees

Cooling climate Homo erectus
stimulates human in Africa
evol uti on

Homo sapiens
leaves Africa
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HoMo saDiens
I

One mammal species has done more to
transform the Earth than any other'. Homo

sapiens- ourselves. Fully modern humans

have been around for little more than
100,000 years, when they spread out from
Africa and colonized the world. Before them
came Homo erectus - also large-brained,

bipedal and a tool user. An archaic form of

6fn aU works on
Natural

WG
fimd dc'tails of

t,he mannotlous
adapt*fim

of qnirnals to
thoir food,, tiheir
hs,hitff, end thc

fm-litis in
whieh they are

found.t
Allned BusselWallace

modern human left Africa perhaps 1 million
years ago and, in northern Europe, gave

rise to the Neanderthals. Tracks show that
our probable ancestor Australopithecus
afarensis was walking upright 3.6 million
years ago, and even before that there
are several candidates in Africa for
human ancestry.

fur and a good sensc of smell. The development of
a sophisticated sense of smell required an enl:rrged
brain, ancl that m:ry have been one of the driving
forces le:rding to brainy mamrnals. That most of thern
were less than 50 rnillirnetres (2 in) long also mcans
that their fcrssil remains arc r:ue throughout the
Mesozoic era.

By 125 million years ago, threc main grolrps that are

still present today had alrc:rdy diverged. Monotremes
such as the pl:rtypus are the most primitive, producing
milk but just as a sweaty sccretion from a p:rtch of skin
without a nipple. Marsupials give birth to tiny young
which they keep in a pouch while they suckle; whereirs
placenttrl m:rmm:rls such as ourselves give birth to
young which h:rve been nurtured inside thc mother's
body until they irre much more developcd.

Adaptation It seems likely th:rt most of the
major ortlers of m:rmmal were alreacly present in
the Cretaceous periocl, hrrt the rnoclern farnilies
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rffi&&&
only emerge(l once the dinos:rurs were ()ur of the wiry 65 million years

ago. Exactly how they are:rll rclarecl is sti1l the subject of conrroversy
:rncl depends on whether you krok at thc anatolny of fossils or molecular
sirnilarities bctween prescnt-day species. Either way, the rtrngc is spect:rcular
and some of the relationships are surprising. For exarnple, seals are rel:rtcd
to cats :rnd dogs, wherc:rs whales :rnd dolphins are closest to pigs and cattle,
ancl the ckrscst living relatives of elcphants are dugong and mirnatee. As
that list suggests, diversific:rtion and adaptation to every imagin:rble way of
life has been the m:rmmalian kcy. Man'rmals glide, climb and burrow, gnaw,
graze, scavenge and kill.

First humans The final twist ro mammalian evolurion has becn the
emergence of our own specics. It is perh:rps the ultir-nate adapt:rtion in
that wc are able to use tools :rncl technology to adapt our environrnent
to our necds, hringing about change much more quickly than biological
evolution. Human anccst()rs are alnong the rarest of fossils, but they:rre
so highly sought after that rnany candidares have now becn discoverecl.
The progressive evolution of somc traits such :rs walking on two legs :'rnd
cievebping a big brnin is now clear. Less obvious, once you go back n-rore

than :r couple of million ye:rrs, is which, if any, of the many hominin specics
is Lrur trllc ancestor. The tree of life is in f:rct a rnanv-brancheil brrsh.

th* s#xrdexl.sed *.d*m

Possible human
ancestry: Adapis,
a 50 Ma lemur;
Proconsul (20 Ma);
A u stra I o p ith ecu s

12.5 Ma); Homo
habilis /.1.8 Ma);
H. Erectus 11.6 Ma);
early H. Sapiens:
modern H. Sapiens.

lil
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Fossil molecules
Fossils are not simply dead creatures that have been turned
into stone. Sensitive new analytical techniques are revealing
that some of the chemicals of life can, occasionally, remain.-
These molecular fossils are giving new clues to evolution and
its timetable. At the same time, present-day species carry a
living legacy of their ancestors in their genes.

Thc chemic:rls of life :rrc both complex and fragile. After deatir, thcy dec:ry
over hours, days trncl years. But in certain circumstnnces, sorne molecules

- or at least their fragments - can last for thousancls, perhaps rnillions of
years, giving archaeologists and even palaeontologists a nelv window on
life in the past.

Fossilization Most dead plirnts and animals get earen. After l:rrgc
scavengers and microscopic bacteria :rnd ftrngi have done their bit, little is

left that is not already mineralized, such as shel1 :rnd bone, :rncl even rhar
can be erotlerl, c'lissolved or grounrl to dust. Thc creatures thilt are buried
quickly and escape early destruction cirn siowly be hlled and replacecl
by other minerals in the same sort of process of diagencsis that creares
sedimentary rock.

Molecular dating Somcrimes, the minerals in shell or bone rrap
proteins and DNA irncl protecr thern. But they iviil still tend to clecay
spontaneously at a sready ratc. Unlike radioactive r-lecay, this is a chernic:rl
process and its ratc rlepends on external f:rctors strch as temper:rture. Scr

org:rnic molecules are not :rs usefr-rl :rs isotopes for dirting. Nevcrtl-reless,

ill0st p*tr#ft€ ffiff*ffirffi&$? #$$trffiffifff,$#$ tw*$$r Fxsxs!$mmg

Reptiles,
dinosaurs,
birds

Sha rks Amph ibians Platypus Ma rsupia ls E lepha nts
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clen&c -lracKs
DNA tests can solve paternity disputes, but they can also reveal more
distant ancestry. Mitochondrial DNA, passed down the maternal line,
and Y-chromosome DNA inherited through the male line can reveal
gender differences in ancient migration. (There is a lot of Viking
DNA in the Y-chromosomes of the inhabitants of coastal north-west
Europe!) There are many genetic traits or polymorphisms that confirm
resistance to disease, and they can reveal both the geographical
spread of disease in the past and the migration of humans from
disease-affected areas. The clearest evidence of both comes from
exposure to malaria, which can lead to many resistant polymorphisms.
Some of these appear to have been imported into Europe, perhaps by
soldiers returning from the Asian campaigns of Alexander the Great.

they are used in certain circumstances; a good example is the ostrich
eggshells that litrer many prehistoric archaeological sires in Africa. Many
proteins can come in two mirror-image forms: left- and right-handed, as

it were. In life they are all left-handed, but after death rhey start ro decay
into either-handedness, a process known as racemization. So, for given
temperatures, the proportion of right-handed protein is a measure of age.

Ancient genes DNA is a fragile molecule and quickly breaks down
into short fragments by a process of hydrolysation. But fragments can
be preserved in shell, bone, tooth or other impervious materials such
as amber. As with protein decay, the speed of breakdown depends on
temperature, so, for example, the remains of mammoths preserved in
Siberian permafrost stand more chance of containing useful DNA than,
say, bones of the same age from the Sahara Desert.

Dogs, horses, Rodents,
whales rabbits

New World
monkeys

Lemurs Gibbons
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Moclern techniclues, in ptrrticular the polyrnerase chain reaction, can
make thousands of copies from a single fragment of DNA that can then be

sequenceci. But the sensitir,'ity of the process makes it highly susceptible
to contamination. Easiest to isolate is mitochondrial DNA, as each cell
contains rnany copies in sm:rll loops in the cytoplasm. Nuclear DNA is

harcler. Nonetheless, suflicient mammoth DNA, both mitochondrial and
nuclear, has been recovereci to investigate their relationship to modern
elephants. Strangely, mitochondrial DNA, which is passed on down thc
female linc only, sLrggests ir close relationship to Asian elephants, whereas

nuclear rnammoth DNA is ckrser to that of African elephants!

Btittgttg back the dead lf enough DNA can be found to
reconstruct its complete genome, it should in theory be possible to
resurrect an extinct spccics. But it will not be easy in practice. It took a

Japanese team lnore thtrn 1,000 attempts to clone seven viable mice using
cells taken frorn a detrd lnouse that had been in a laboratory freezer for
16 years. \(/ith older specirnens stored at higher tcmferatures in museums,
it u'ill be even harcler. But DNA has been isolated from museum specimens
ofextinct creatures such as the dodo, the quagga and the thalacine or

The rea,( furassic ParK
ln the Jurassrc Parkfilms, as so often in science fiction, plausible

science is taken to implausible limits. The films suggest that
bloodsucking insects that fed on dinosaurs might get trapped in amber,
preserving dinosaur DNA in their stomachs, and from that DNA the
complete genome could be reconstructed and dinosaurs cloned. ln
practice, it has not been possible to reproduce claims of extracting
even insect DNA from fossil amber, let alone dinosaur DNA. Even if
there is DNA, it would be broken down into such tiny fragments that
reconstructing the chemical jigsaw would be impossible, even with
sophisticated supercomputers. Perhaps fortunately, I rex is extinct
for ever.

lll



marsupial wolf. The sarne tcam that clonecl the frozen
mousc has suggcstcd that it may be able to recreilte :l
living mammoth frorn frozen DNA within live years.

L)oing so woulcl involve replacing the DNA in :in
elephant cell with manrn()rh DNA, inserting it inttr
an elcphant egg ccll and irnplanting rhar into the
r.vomb of a living elcphant.

Li"itg fossils Fossil DNA is rare, bur cvery
plant ant'l anirnal contains living molecul:rr fossils of
its anccstors. Anyone r.vho doubts the evolutionary
rel:rtionship of living things need only look at the
similarities between the genes of different species.
Functional gcnes that pcrfrrrm the cssentials for life

molecrrles we
ea'Ir only have
a very sketcby
understan4ing
life itseH.i
tFancis Srick

of

S*fmmt all aspeets
of lifu are
at the
level, and witJrout

are conserved across a v:rst range of species. Not only clo humans have genes
in common with chimpanzees, we also share a fcw genes with fruit flies and
even yeast. About 50 per cent of our genes have counterparts in bananas!

Molecular clock The genome of a specics also conrains long sequences
of so-called junk DNA, with no apparenr purpose. Mr-rrations in these
regions thereforc get passed on and gradually accumulate likc the ticks of
a molecui:rr clock, rnaking it possible to estimate how long ago rwo species
diverged. The resr,rlt does not give an absolute age unless calihrated with
fossil cvidence, but it can suggest, for exarnple, that humans and orangutans
divergecl twice as long ago as humans :rnd chimps. To put an estimated date
on that, the most recent common ancestor of chimps and humans 1ivecl
about 7 million years ago. The evolutkrnary relationships accorcling to the
molecular clock trre in broad agreement with tl-rose dcc'luced from anatoruy,
but there :rre suflicient differenccs to have resulted in heated debatc.

the s*xk#ffiffiffiffiffi effimm,
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*i+.jl*a Anthropocene
Since the last ice age ended 111700 years ago, we have enjoyed
a relatively stable climate and an epoch that geologists call the
Ilolocene. This has made agriculture, cities and global trade
possible. But some geologists now believe that human activity
is so irrevocably altering our planet that we have entered a new
geological age: they call it the Anthropocene.

The term Anthropocene was coined by ecologist Eugene Stoermer and
popularized by Nobel Prize-winning chemist Paul Crutzen in the year
2000. He argued that humanity has changed the world so much that there
will be an unmistakable division in the geological record, constituting a

new epoch.

Entering a new age Past epochs in the geological record have
typically lasted for around 10 million years, so, at little over 10,000 years,

the Holocene has been very short and some have suggested it should
simply be renamed the Anthropocene. That would fit reasonably well
with the rise of agriculture in the Neolithic, when forests were lirst felled
to make way for farming. But that in itself did not change the natural
world greatly.

What geologists look for to mark a new epoch is what they call a'golden
spike' - some distinct marker that will show up in any sort of rock
anywhere in the world. One possible marker comes about 2,000 years ago,

when the Romans began large-scale lead mining and smelting, leaving a

First widespread stone
tools (Oldowan) in
East Africa

Widespread forest
clearance, first cities

Rise of lead in sediment
cores due to smelting
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clear trace of the metal that has reached as far as ice cores from Greenland.
Another suggestion is around the year 1800, being the approximate
start of the industrial age. That is reflected in a rise in mercury levels in
sediment and ice cores, due to mercury being released from burning coal.
It is acconrpanied by a rapid rise in the human population, along with the
beginnings of the current rise in atmospheric carbon dioxide.

Another suggestion is that the Anthropocene should begin in 1945, at
the end of the Second lforld War. That marks another step in population
rise and urbanization. It is also a geological horizon that should be easily
recognizable in sedimentary deposits millions of years in the future,
because it marks the start of the nuclear age. The nuclear bombs detonated
over Hiroshima and Nagasaki and the atmospheric test explosions that
followed will have left their mark in the radioactive isotopes now buried
worldwide in layers of mud of that age.

tra,, per'od,, apoch or %e?
There is a hierarchy to the divisions of geological time. The Precambrian,

which lasted nearly 4 billion years, is a super eon and contained three

aeons. The fourth and most recent eon, the Phanerozoic, has lasted for
the last 542 million years. lt is. in turn, divided up into three eras: the
Palaeozoic, Mesozoic and Cenozoic. They each contain several periods,

such as Jurassic or Cretaceous, which are further subdivided into epochs,

typically of around 10 million years or so. Our present Quaternary period

contains the Pleistocene and Holocene epochs. The question is: does the
Anthropocene represent such a major change that it should mark the start
of more than an epoch - perhaps a period or even an era?

Atmospheric
CO2 levels start
to rise

A second peak of lead in
sediments. from
car exhausts

First radiogenic isotopes
from atomic bombs
in sediment and ice
cores worldwide

Plastic fragments
start to be common
in sediments
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6I wa,s at a eonferenee urhere sorneone
sa.id sometJring about the Holoeene. I

suddenly titrought this uras urnonE. The
world has ehanged too mueh. No, we are in
the Anthropoeene, I just made rr1l th,e urord
on the ryur of tlre moment. Fveryone was

shoeked. Brrt it seems to have stuck.?
Paul Crutren

Degrees of change The beginning of the last geological period, the

Quaternary, was marked by the onset of ir series of ice irges. The beginning
of the present erir dirtes to thc extinction of thc dinos:rr-rrs and rapid
climate change. So, do the changes being brought about by the human
species adcl up to something that will stand out :rs cle:rr1y in thc gcological
record of the future as either of those I

Mass extinction Comparecl with the slow and relentless changes

rnediated by James Hutton's deep time, the last 70 years have been
sensational. The periot1 h:rs been referred to :rs the 'Grc:rt Acceleration'.
In that time the world popuiation has more than clouhled. Carbon dioxidc
emissions have rnultiplied sixfold. Average temperaturcs h:rve begun tcr

rise, as has setr level, while many glacicrs havc retreaterl. The biom:rss of
algae in the oceans has reducecl by 40 per cent. Some nirtural h:rbitats
have been reduced by 90 per cent, ancl the rate ofspecies extinctions is

between i00 and 1,000 times fastcr than the backgnruncl rate, perhaps:rs
rapid as it was at the end of the Cretaceous. Seen in :r geological contcxt,
the early Anthropocene r.vill represent one of the great extinctir)n e vents
of all time.

Ilurnan remains So, assuming technology doesn't take over thc
pianet to the extent of stopping normal gcological proccsses, wh:rt clues
will our civilization have left in the rocks in 100 million ye:rrs timcJ Thcrc
ivill be the cvidence of climate change, extinction of species and loss of
biodiversity, plus the te1l-tale isotopes left by our nuclear industry. Rr-rt

what of our monumcnts, cities and homes?

tll
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Fossi( crtras
Abandoned cities that remain exposed above
ground will eventually be eroded, entering
the rock cycle as particles of sediment. But

the foundations below ground or cities lost

beneath the waves may become buried and

fossilized. ln 100 million years, what will
remain? lron will rust; wood will decay or
carbonize. Brick might soften and turn grey

as the firing process reverses, and concrete

will begin to crumble. lf the remains are

buried deep enough, heat and pressure will
begin to change them. Plastics might revert

to oil. Brick may become like a metamorphic
schist and concrete may turn to marble.

Eventually, all substances may melt into
granite, losing all traces of the hand of man.

Most geological deposits are l:rid down by water and yet u'e live most of
our lives on l:rnd. Marine sediments might contain the occasional glass

bottle dropped overboard and perhaps a few shipwrecks. On land, the
relentless frrrces of erosion will take their toll. Even bricks and concrete
rvill be reduccrl eventually to sand and gravel - though it will be strange

sand. In addition, almost all sand being deposited today contains a

srnall fraction of ground-up, sand-sized particles of something new to
:cJitnenlrtry rotks - pla.t ic.

But some fossil cities will remain. Cities such irs New Orleans, Amsterdam,
Venice ancl Dhaka are built at or even below sea level, in regions where
river deltas are building up thick sediments, causing the ground to subside.

Even without subsidencc, rising sea lcvcls will eventually engulf low-
lying towns and cities, burying thern under rnud and preserving thern for
gcologists of the far future.

*Rew ffiq}xr-d"ffirusffiffi id"ea
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Future
resources

There are now more than 7 billion people on Earth. It has
been estimated that if all of them were to attain the lifestyle
of the average American, it would take five or six planets like
the Earth to support them sustainably. So how can the human
species live comfortably, sustainably and within its means?

With the exception of sunshine, everything we depend upon comes from
the Earth: from the food we eat and the clothes we wear to the materials
with which we build our homes and the energy that drives our transport, ir
all comes from the ground. We are an ingenious species and no doubt new
technologies will emerge to extract more from our planet and make the
most of what we have. But it seems clear that we live in the best of tirnes -
peak oil and perhaps peak everything.

# i'#.
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Theodope Roosevelt, tgoz

Lifets essentials It has been suggested that humans
are about 10,000 times mure common than they would
be if they were just a non-technoiogical hunting and
foraging species. The species passed that rhreshold when
farming began in the Neolithic and since rhen, aparr from
a few setbacks due to piagues such as the Black Death,
the population has continued to climb. Around 1B0O

it reached 1 billbn, and by 1927 that had doubled. It
doubled again by 1974, andin 2011 the total reached
7 billion people.

Antimony



185

l\inin3 -t-ha oceans
As conventional mines become exhausted, new mining techniques will
have to be developed. Vast areas of the deep ocean floor are covered

with nodules rich in certain elements, such as manganese and cobalt,

and there are already proposals to mine these, perhaps with long

underwater suction pipes. Seawater itself contains valuable minerals,

albeit in very dilute quantities; it's just a question of extracting them.

Just 3 per cent of the lithium in seawater would be enough to provide

every family on Earth with an electric car.

All that has only been possible through agriculture. Although many
individuals are still malnourished, major famines are rare thanks mainly
to improvements in crop breeding, fertilizers :rnd pesticides. But all this
cornes at a cost ancl it can't go on forever. Thirty per cent of the land
surface, including most of the areas best suited to agriculture, has already

been clearcd for farming, and in some of those areas intensive crr)pling,
chemicals and irrigation are wearing the soil out. As prosperity grows,

more people want a diet based on animal protein, which takes more l:rnd

to produce - and more water. The provision of fresh water may soon

become one of the biggest political issues in parts of the world.

Rare and precious elements Ncw technologies, particularly
in the electronics indlrstry, have put fresh demands on the supplies of
relatively scarce elements. For ex:rmple, liquid crystal display screens

require indium; some of the newer types of solar cell need gallium; the
best magnets for wind turbines and electric car motors use neodymium.
Thntalum is used in mobile phones and terbium in the fluorescent coating
of light bulbs.

Uraniu m Natural gas
(excluding hydrates)

Tantalum (used in
electronics such
as mobile phones)

Copper
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A geothermal power
station injects cold water

down a borehole where it
heats to steam and rises

to drive a turbine.

M:rny of these so-callec'l rirre earth elements :rre indeed rare and hard to
extract. Many of them are rnined in China, and as China's own intlustry
devekrps, srnirller amounts are available for export. The British Geological
Survey has published ir risk list in which elements are scorcd depending
on thcir sc:rrcity, their geographical range ancl the politicirl stability of the
countrics rvhere they are rnined. At the top of the risk list are antimony,
platinum, mercury, tungsten and a number of rare e 2lrth clements.

Changing demand lf certain ncw technologies become widespreacl,
clemancl will sucidenly outstrip supply of particular elements. For example,
if clcctric cars become popular, there will be high deman.l for lithium tcr

m:rke their batteries and neodymiurn to make the rnagnets in their motors.
Onc Tiryota Prius currently contains neariy a kilogram of neodymium. If
cars powcrerd by fuel cells are mass procluced, there will be a suclden run on
platinum. If all thc world's vehicles used fuel ccl1s, plirtinum resen'es woukl
iiist r-ro more th:rn 15 years. As it is, a lot of platinum is used in catalytic
converters for car exh:rusts. Much is lost in ro:rdsicle dust, which can
contain 1.5 p:rrts per million of platinurn, making it:rlmost worth mining.Itttt
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Fossil fuel at rhe prese.r
rate of consumption, proven oil
reservcs will nrn ttut in ahout
40 ycars' time. if rvc have alre:rcly
rc,rch.'J pcrrk,,i1. c()n\urnlt ()n
may begin to tlecline, rnaking thc
supply last longer. Ncu'reserves
will bc found, hut they are likely
to be increirsingly difhcult and
expcnsive to extrirct. As the
price of oil riscs, so more re scrves

become economical. Even so, we
will be looking ilt a worlcl withour
oil r-rext century.

N:rtural gas reservcs, too, will be

usecl up this century. But if safe ,

cconomic ways can be found

l\rnin3 sPace
Getting into space is very expensive in terms of energy,
but at least on the way back you have gravity on your
side! Catch the right sort of small asteroid and tow it
back to Earth and, if you could get it back to the ground
without it vaporizing on impact, you might have all

the platinum and heavy metals you would need for a

century. By the time we can do that, it might be more
use to keep those elements in space to construct new
spaceships and habitats. Energy for the future might
come from helium-3 mined on the Moon, or even clean
hydrogen scooped up from the solar wind.

to recover niethane hydr:rtes from the seafloor, they coulcl provide gas fcrr :r

further 100 years. At present rates of extraction, coal reserves will be good for
120 years.

Nuclear fuel .fh" 
present generation of nuclear power stations re lies on

uranium as the rnilin fucl, and tl-rere is only enough in existing rnines to last
:rnother 60 ye:rrs. Once again, furthcr deposits may be found, but :rlready
some analysts :ue suggesting that p()wer stations shoulcl be devekrpecl thirt
can run on more :rbundant thorium, which, convenicntly, also procluces less

raclioactive u,'aste. Ultirniltely, nuclear p()wer stations may need to h:rrness the
sanle pr()cesses that power thc Sun: nuclear fusion. Suitablc fuel elements c:rn
he exrrlrclc,l fr()rn sea$;rtcr, th,,rrHh they are {)nly nresenl in lrrrce quantities.
Apollo 17 astronaut Harrison Schmitt has even suggested nuclear fusion
fuelled with heliurn-3, strip minecl from thc dusty surface of the Moonl

tRaw ##ffi"d"ffiKkffi#{K R#mm
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'r'li: Future climate
Climate change is the hot topic of our times. Some believe
the worst predictions of the climate models developed by
scientists; a few remain sceptical. But a geological perspective
on both past and future climate suggests that change is
inevitable: it is just a question of how much and how quickly -
and whether there is anything we can do about it.

A quick glance at the geokrgical record (see chapter 3 1 ) reveals that for
long periods in the past, the Earth's climate has been in very different stablc
states tLl our own. There have been ice ages with average temperatures
7 or 8 degrees Celsius below what we now experience, and there have
been prokrnged warm spells, such as during the Mesozoic, with average
temperatures 10 or 15 degrees higher. The differences in the past havc been
due to a combination of factors, including changes to the Sun, changes
in the Earth's orbit, and rising or falling levels of greenhouse gases in the
atmosphere. But therc has never before been a time when, in the space of a
century, a large fraction of the planet's fossil fuel has gone up in smoke.

The evidence mounts The evidence that carbon dioxide levels in
rhe atrnosphere :rre rising is incontrovertible. The physics of the greenhouse
effect is well established. What is harder ro prove is the exact degree tcr

which global average tcmperarures are likely to change as a rcsuk. The story
so far can be seen in the infamous 'hockey stick' graph, so-callecl clue to the
sudden upturn in average telnperatures over the last 50 years. The graph
goes back 1,000 years, and before about 1850 it hirs ro rely on techniques
other than thermometers, so some dispute its accuracy. But almost all
climate scientists agree that the world is warmirrg.

J:

Temperatures ciose
to normal for past
10,000 years

Tem peratu re
beginning to rise
{+0.8'C)

CO, double preindustrial
levels. Temperatu re +3"C
Sea level +0.5 m

Western Antarctica
begins to collapse. Sea
level +3 m
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Models and projections Projecting that
w:rrming process into the future is complex. It takes a
supercomputer to fitrecast the weather just a few days
in advance, so predictions for the rest of the century
and beyond are fraught with difliculry. Increasingly
detailed models of the Earth's clim:rte sysre m have
been run in computers with multiple small variarions.
The precise outcome varies, but in almost every case
warming continues, climbing to a rise in temperature
somewhere between 2 and 4 c-legrees Celsir-rs by the
end of the century.

SUfo een't nsgotiato
thc facts ... It ie umoncr
fur this gCInffetion e

to doctnoy ths
habit&bility of our
pla,d snd nnin the
pfoffsccse of evw5r
ftrture Swffiatiffi.*
Al G0ne, Decem[en 2008

Thawing the poles Onc of rhe uncerrainries is

the extcnt of p.sitive feedback: thirt is, the extent to which a small rise in
temperature might trigger sornething that leads to an even greater rise in
temperature. Such processcs can include disrupting ocean circulation and
releasing methane from g:rs hydrates or from carbon in the Arctic tundra.
Methane is 25 times more potent than carbon dioxide as a greenhouse
gas. Recent estimates suggest that Arctic permafrost is thawing faster than
expected and could release sufficient methane to double the impact on
our climate of all global deforesrtrrion.

Masking reality A few scientists and thcir many supporrers have
suggested that the situation is not :rs bad as the Intergovernmental
Panel on Clirnate Change (IPCC) claims. They point out that, in rhe
geological record, big increases in carbon dioxide seem ro lag behlnd
riscs in global ternperarure. But that could be due ro posirive feedback: a
rise in temperature could cause a rise in atmospheric carbon. The initial
temperature rise in the gettlogical past may indeed have been due to other
factors, such as the Sun - no one was burning fossil fuel back then - bur
that is not to say rhat it doesn't work the other way round. In fact, global
dimming due to poliution and low solar activity in the current sunspot
cycle may both be masking the true exrenr of warming.

Potential ice age
avoided due to enhanced
greenhouse effect

Tem peratu re
peaks at +8'C

Last remnant of
Greenland ice cap
melts. Sea level +12 m

Eastern Antarctica melting
Sea level +70 m
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Cleo-eginaar,ns
The volcanic eruption of Mount Pinatubo

in 1992 gave scientists an idea. For the

next two years, global temperatures were

about 0.5 degrees Celsius cooler, due to the

sulphate aerosol the volcano injected into

the stratosphere reflecting sunlight back

into space. Reproduce that with several

I

SunSh rnZ
artificial volcanoes constantly injecting
reflective particles from hosepipes suspended

by stratospheric balloons and you might keep

global temperatures stable. That is the theory,

but the practice raises several unknowns and a

host of ethical dilemmas.

Extreme events Tl're climate rnodels suggest that g1oba1 w:rnning
is not going to be even. The fringes of the Arctic trntl Ant:rrctic have
warmecl more in recent years than anyrvhere else. Else'nvhere, climtrte
change in rnany cilses seems to be rnaking existing problerns worse. In
tropical regions, rtrins :rre getting mr)rl' crrirtic lnd dcscrts :rrc bccon-ring

clrier; u4rile in temperate regions, there seem to be more of both droughts
irnd storms. The consecl-rences frrr world frrod production could be severe.

The rising tide Clirnate chirnge will also affect the oceans. As
the surf:rce warffrs, the water is less able to sink down t,r complete the
con\rcyor bclt of ocelrn circulirtion. It is this circulation that keeps

maritin-ie climates rnild, as in the UK. lt also transports the nutrients
esscntiirl for m:rrinc life ancl {isheries. Increasecl carbon dioxide will
dissolve in the upper layers of thc occ:urs, rnaking thern rnore aciclic,
clissolving coral :rnd shell antl harming marinc lifc further. And linally,
as pol:rr ice caps melt, and cool rvater warms an.l exp:rnds, sca lcvel rvill
stiirt to rise. Even a nse of a few centirnetres will be bacl ncws for krw-1ying
regior-rs facing a storm surge, irnd a rise of :r mctrc u'or-rld put some island
states, coirstal cities and even u'holc countrics (Bangladesh, for example)
at extrerne risk of der.'astating flootls. If all thc polrrr icc mc1ts, u'c'il be in
ftrr:r risc in sca level of 70 rnetres (230 ft)1



Beyond 2100 fcl the dcep time of geology, rr gcncrarion is

insignilicant, the term of ofhcc of a govcrnment doubly so. So what is

in store frrr the climate in rr ccntLrry ()r even another millenniuml Most
of the clirnate models rlrn up to 2100, but the problem won'r cnd rhere.
One scenirrio sees c:rrbon clioxicle lcvels clirnbing unril 2050. That would
bring a tcmperatlrre risc of 2 to 4 deglees Celsius, which would persist for
sever:rl centuries. But a worst-cilsc scenari() in which we continued Llntil
all the coal reserves wcre burnr would lead to a 6 ro 1O degree temperature
rise next ccntury, rvhich u'ould persist frrr thous:rnc-ls of years and lc:rd to
complete polar mclting.

$;Ram #ffiHkffi"ffiH8"ffiffi#. $-eKmm,
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cleo- ensinea"ins -lha a-t-rvros pher e
So far there is little indication that nations
or individuals are prepared to make the
sacrifices necessary for a dramatic reduction
in carbon emissions. Perhaps technology
can compensate? lnitial experiments with
fertilizing the ocean so that plankton would
draw down carbon dioxide started well,
but the carbon dioxide was soon released
back into the atmosphere. Extracting carbon
dioxide from power station chimneys and
pumping it back down disused oil wells is

technologically feasible but economically
unattractive. Other ideas include a concrete
forest of tubes in cities that chemically
absorb carbon dioxide, or converting
limestone into lime and scattering it on the
oceans - a process that absorbs twice as

much CO2 as is emitted in making the lime.
All these geo-engineering techniques cost
money and are only a temporary substitute
for controlling emissions.
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Future
evolution

Half a billion years of plant and animal life on Earth have seen
the evolution of some remarkable creatures: from microscopic
to monstrous, from graceful to bizarre. The ones most suited
to their environment and able to adapt as it changed are the
ones that have survived and evolved. Does that process still
continue? Are we humans still evolving?

Evolution, it has been said, is the product of genetics plus time. But, as

Charles Darwin recognized, it also requires the process of natr-rral selection

- the si.rrvi','al of the littest, or, more accurately, the reprocluction of the
fittest. Evolution continues as long :rs there is genetic variation affectino
reproductive success.

lVhile external factors are stable, evolution is a relatively gentie arms race.

It might be an internal competition within a species for reprocluction: a

dominant male perhaps preventing other males from breeding. It might be

cornpetition from predators: staying sufliciently inconspicuous, fast or large

to avoid being eaten. Or it might be driven by disease: developing suflicicnt
resistance to fight off or at least not be killed by an infection.

The next extinction Then something comes along that moves the
goalposts. It m:ry be sudden climate change, or the consequences of an
asteroid impact or major volcanic eruption. For less versatile creatures,
the change is too rapid for adaptations to evolve and extinction results.

Genetic samples
from 1 million
species now held
in gene banks

Gene therapy
for some inherited
diseases routinely
available

Giant pandas
and Bengal tigers
extinct in the wild

Cloned dodos Germline gene
reintroduced on therapy licensed
Mauritius for humans
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€rna dinmnr* M.ueG

Anthun C. Slarke

That happened 65 million years ago ancl wiped out rhe dinosaurs. It may be
happening agtrin now; but rnost .f it seems to be due to hunting and habitat
destructi.n by humans and, in isolated environments, predators introduced
by humans.

Already, the planet has lost many of the megafauna of the Pleistocene.
Mammoths, giant elk, sabret.oth cars, giant moa and many others are exrincr.
Othcrs, such as giant panda, tigers, elephants, rhino and several whales, are
under threat. These are all large animals with slow reproduction rates and
long life spans, rnaking thern slow to evolve and vulnerable to change.
Perhaps s.me .f them w.uld have become extinct without the added burden
.f human pressures. As it is, several are only being kept alive through captive
breecling programmes.

Saving species Advances in laboratory genetics and cloning raise the
possibility of preserving a species not as living animals bur as frozen cells that
might one day be allowcd to grow again. Perhaps even recenrly extinct creatures
could be resurrectecl in this way. Already, many thousands of plant species
are stored in seed banks and scientists are racing to discover and preserve the
genetic diversity of the planer before ir is lost for ever. But a freezer full of cells
may seem poor compensation for the loss of a forest or coral reef. If the present
rate of extinctions continues, (rur prcsent era will stand comparison with the
great extinctions at the end of the Cretaceous and Permian periods.

First company to offer Haemorrhagic
cosmetic genetic influenza kills 40%
modification for of population
designer babies

World rat population Ant colony found capable
is double human of advanced chemical
population information processing

First evidence of
giant grey squirrels
using stone tools
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Human evolution But what of humirn evolution? Our species seems

to hirve c()lrrc Ll long way since its ancestors split off frorn the nncestors

of chimpanzees 7 million yeirrs agc). But the genetic changes hilve been
comp:'rrirtively few. The biggest clifferences may have come about through
social evolution :rntl the associatetl development of big brains. Some of
the morc signilicant gcnctic changes h:rve becn things we hirve 1ost, such
as thick body hair :rntl, thanks to the developmenr of cooking, the ability
to digest r:r'"v food. We've rnirde some gains too. ln equiltorial regions,
we de','eloperl skin pigrnents to protect otrr hairless boclies from sunbum.
(At high latitudes, we hacl to krse the prgrnent in order to make enotrgh
vitamin D.) \)Ve've g:rined :r gene called FOXP2 which seems essential f()r

language. And we've continued to evolve in the battle against disease.

Many African populations have a gene for a blood factor known :rs the
Dr-rffy antigen, which pr()tcct\ rlgrinsr rr c()lnm( rn form of m:r1aria. And the
descencl:rnts of the Neolithic firrrners of Europe h:rve retained the ahility to
digcst rnilk, with a gene that norrnally srvitches off after weaning.

Future human evolution It is not easy to gauge the extent to
which hurnan cvolution will continue in the future. Now that we can
use the quick lix of technology to aclapt our immeditrte environrnent
to our needs, perhaps there is less pressure to evolve better acl:rptations

Srave neur babias
Genetic science has advanced so far that it is easy to imagine designing
genes from scratch to improve on nature or perform novel functions.
It may soon be possible to correct inherited diseases - and that raises

the possibility of genetically modified humans. At the moment it is
only being proposed as a therapy for replacing defective genes in an

individual. But in principle it could modify germ cells, the cells that give

rise to eggs or sperm and hence to the next generation. That might wipe

out an inherited disease that has plagued a family for generations, but it
could also lead to a brave new world of designer babies.
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are Sone
lf the human race was wiped out by plague or warfare, what would
evolve to take our place? A few million years ago, there were several
moderately intelligent hominins waiting in the wings, but now we have
no obvious heirs. First to fill the void might be opportunists, the animal
equivalents of weeds - perhaps rats or cockroaches. But such things
live off the rubbish of human civilization, which would soon vanish.
Chimps or gorillas don't appear to be in a hurry to take over, so perhaps
intelligence would develop among social birds such as crows. Or. just
as multicellular animals took over from protozoans, colonies of ants or
termites might develop into intelligent superorganisms.

to otrr environrnent. But u'ith intcrcontrnent:rl trilvel, cosmop.tlitirn
cities ancl rnixed marriages, nerv combinations of genes are cr)nstantly
coming together. As krng as rhere are children dying before they re:rch
rcproductive age and as krr-rg as sollre popr,rl:rtions arc having rnore babies
than otl'rers, naturaI selection will still bc at rv,rrk.

There rnay be a fr-rrther big change in evoh-rtion on rhe horizon. Already,
we rrre genetically engineering crop plants and even animals, botl'r to make
them more usefui ftrr their conventional applications irnd, in some- cases,

to engineer thern for ncw uses sucl-r irs the p1111{Ll.1i,tn ctf pharmaceLlticals.
ln some cases, this is little clifferent in practice from precision crop
brceding; bLrt fitr some, making :r rabbit that glttws in the clark or :1 tolnatc)
cont'aining genes frr)ln zr fisl'r raises seri()us ethical questiolts.

*}am ffi)xkf,Rffiffi,$trd i.S.mm,

A n)-ftt ler v)e
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continents

Slowly, very slowly, your atlas is going out of date. Oceans
continue to open and close; land masses collide in the
ongoing intercontinental waltz. Existing maps will be good for
a generation or two, but in a million years the Atlantic will be
10 kilometres (6 miles) wider. In 250 million years, it may not
be there at all.

This has been going on for 3 or 4 billion years already. Lost oceans of the
past have sunk deep into rhe Earth's mantle and ancient collisions between
tectonic plates are markecl by mountain ranges. So what is in store for
the futureI

Future oceans C)ne of the most prominent features on a map of Africa
is the Great Rift Valley. lt runs like a gash through the continent from
Mozambique in the south, dividing to encompass Lake Victoria and all the
great lakes of East Africa, then on nurthwards through Ethiopia and Eritrea
and into the Red Sea. Still it continues, through the Dcad Sea and Jordan
Valley, until it reaches Lebanon. lt represents a potential new ocean.

For most of its length, the Rift Valley is a classic continental rift: a split in
the continent into which slabs of continental crust have collapsed, forming
a series ofgiant steps up the sides. But as you head north through Ethiopia,

Atlantic opening Atlantic at its widest, subduction starting. Africa
slowly. lndia moving towards Europe creating Mediterranean
completing collision Mountains. Los Angeles heading north past
with Asia Vancouver

Atlantic narrowing. Antarctica
colliding with Australia and Borneo.
Africa Europe collision has pushed
the British lsles into the Arctic
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James Hutton, Theory ofthe Earth,tlgl

towards the region known as the Afar Depression, the character changes
and volcanic activity along the centre of the rift becomes ,,-rn.e fr"qu"-,',t.
The volcanoes themseives are n()t tall, conical mounrains but lissures that
spew out runny b:rsalt. This is much more like a mid-ocean ridge,
except that it is still on land.

Still further norrh, in the Danakil Depression on the
border with Eritrea, the ground surface is 100 metres
(328 ft) bekrw sea level. This has been described
as the cruellest pl:rce on Earth: a desert with
searing daytirne temperarures, prickly scrub,
jagged volcanic rocks and armed tribesmen. In
the middle is the Erte Ale volcano, with a lake of
magma that has been kept molten for a century.
It lies at a three-way junction berween the Rift
Valley, the Red Sea and rhe Gulf of Aden and
sits on top of a side branch of the manrle plume
rising beneath Africa. That plume is trying ro rear
the continent apart and create a new ocean. The rift
is widening and sinking. Perhaps one day rhe Horn
of Africa will lind itself separated from the rest of the
continent by a widening ()cean.

Pangaea Ultima. How the globe may look in 250
million years'time. The Atlantic has closed. Africa
has moved north and the lndian Ocean is landlocked.

Pangaea Ultima. The Americas are wrapped around
Africa with South Africa where the Caribbean used to
be. Australia/Antarctica approach ing Chile. Remnants
of lndian Ocean now a landlocked sea

Earth's outer core freezes solid. Magnetic
field ceases. Plate tectonics slow and
eventually stop
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Pangaaa Ulttn^a
There are two very different scenarios for developing a supercontinent
in the future. They depend on how long it is before the Atlantic

begins to take a dive. ln both cases, the Atlantic continues to widen for
perhaps another 50 million years, extending by a further 500 kilometres
(311 miles). lf the western edge of the Atlantic then starts to dive down
beneath the Americas, the Atlantic will begin to close again

over the next 200 million years, creating a supercontinent that has

been christened Pangaea Ultima by Columbia University geologist

Chris Scotese.

Vanishing oceans There's no such thing as irn ancient ocean. By thc
time occan lithosphere is 180 or so rnillion years old, it has becone so col.l
antl densc th:rt it has no choice but to sink back down ir-rto the rnantle.
Thc Mcditerranean is all that remains of the mighty Tethys Ocean of
the Jurassic, and even that will be gone in another 50 million years. Thc
youngest of the great oceans, the Atlantic, will not last frrrevcr. Evcntu:rlly,
one or other of its margins, probably the western margin rvhcrc it mcets
the Caribbean and the Americas, will form a deep trough and take a divc
beneath the continent. Then the Atlantic will start to close again.

Future mountains The remains of the cities of the Eastern Seabo:rrd

- Roston, Rio, New Vrrk and the rest - will 6nd thcmsclvcs lifted in :r

volcanic mountain range likc thc Ancles. Mcanwhile, the collision of
India with Tibct will skru' and stop, but thc northw:rrd progress of Africa
towards Europe will continuc until thcrc is a long ridge of high mountains
like the Himal:ryirs where the Mediterranean oncc wils.

The Wilson cycle T|rzo !7ilson, that architect of prlatc tcctonics,
re:rlized th:rt the continental distribution we see toclay resulted frorn the
break-up of :r single supercontiner-rt called Pangaea. He also recognized
that that was not the start of the process ancl that generations of
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lf the Atlantic does not close, it will be the Pacific that takes up the slack,
giving rise to a very different continental .jigsaw and effectively turning
the previous supercontinent of Pangaea inside out. ln this scenario, the
Americas swing round into East Asia to form a supercontinent named
Amasia (a name coined by Harvard geologist Paul Hoffman, combining
America and Asia). Either way, the waltz goes on.

supercontincnts had forrnecl and brrtken up again in previous cycles, each
lasting half a billion ye:lrs or more. This so-ctrlled Wilson cycle is nor yer
at an end: thc continents u'ill cornc together :rgairr - the orrll'cpesti()n is

u'hether this r.vill be btrck to front or insidc otrr (sce boxes).

When the Earth freezes Plate tectonics an.l irs associared
r',rlcanoes is horv our plirnet loscs internlrl heat. Much of that he:rt is

still being generzrted ['ry ratlio:rctive tleca',' ancl hy the inner core slttwlv
solidifying. Four billi,rn yeiirs aso rhere musr have been so much heat that
the muntle would have been constanrly chulning with volcanic eruptions
u'ork1u'icle, leaving little chance for stahle plares to form. The evi.lence
suggests that plate tcctonics got started perhaps 3 billion years ago. In rhe
futurc, it rvill inevitahly slcrrv clrrvn rrs the planer cools. Perhaps antrther
2 billion years and the Earth's core rvill have tiozen solirl, mcaning that u'e
u'ill lc,sc our rnagnctic field antl with it, perhaps, continental drift.

&Ra* #ffis3"d"ffiR?ffiffid id,em,
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of the Earth
The universe rnay seem a vast, unfriendly place for a small
planet populated by delicate, carbon.based life forms. We
are fortunate to have had hundreds of millions of years of
comparative stability in which intelligent life could develop,
study its home planet and marvel at it. But it cantt go on
forever. One day, our world will end.

Every year, there are natural disasters - earthquakes, volcanic eruptions,
tsunamis, hurricanes and so on. Their local or regittnal impact may be

tragic, but thcy do not threaten our species or our planet. Even the violent
or prolonged eruptions of supervolcanoes or flood basalts associated with
mass extinctions in the past would see at least a few survivors. For signs of
the end of the world, we need to look beyond our planet.

Apocalyptic prophecies lf you are reading this after f)ecember
71,2012, then predictions that the world would end on that dare were
obviously greatly exaggerated. They were based on the ancient Mayan
calendar, which, like all calendars, describes cycles. The Mayan cycle or
'Long Count' is longer than most, completing at the winter solstice in
20lZ a{ter 5, 1 25 years. Although the Mayan texts make no mention of
the world ending then, it has given rise to apocalyptic prophecies and a

spectacular Hollywood frlm (2012).

Terraforming ol
Mars begins

Colonies established
on moons of Jupiter
and Saturn

First interstellar ark lncreased solar
spaceship sets out for radiation starts to
new worlds boil the oceans
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baf(act,g Arru,ry eAd,on
lf an asteroid was spotted heading towards
the Earth, it might still be possible to avoid
it. Blasting it to pieces with a missile is not
the answer. That would just multiply the
problem - and lead to some interesting
insurance claims. The best bet is to spot the
asteroid several orbits in advance: then only
a gentle nudge would be needed. Spraying

one side with reflective paint might enable
sunshine to do the rest. A rocket engine,
perhaps even a gentle electric propulsion
system, if landed on the asteroid, could
produce enough thrust to move it into a new
orbit. lf all else failed, detonating a nuclear
explosion, not on the asteroid but nearby,
might deflect it without breaking it up.

The prophecies talk of earthquakes and tsunamis, solar storms and
planetary alignments. The planets are not due to align until 2040, and
when they do, rhe ridal effecr is only 64 millionths of that of the Moon.
There is also talk of a collision wirh a mysterious planet called Nibiru.
That was supposedly discovered by the Sumerians around z5oo ec and is
said to have a highly elliptical orbit taking 3,600 years. If that were rrue,
the Sumerians would have needed a powerful telescope ro see ir
and modern asrronomers wouid be well aware of it. Such prophecies
probably say more abour human psychology than they do about the
future of our planet!

Solar storms Solar activity has an 1 l-year cycle, so most of us have
lived through several cycles unscathed. The presenr cycle starred late and
it seems less active than normal. Nonetheless, the Sun does sometimes
eject storms of charged particles towards the Earth. These can knock out
satellites and cause power surges in electricity lines - but they are not
world-ending.

Oceans boiled dry. Water
vapour creates Venus-like
greenhouse effect

Milky Way starts to collide with
Andromeda galaxy, increasing
the risks of impacts

Sun swells into a red
giant. Earth becomes a
lifeless cinder
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Terraforru,ig
It is only a matter of time and money before

humans set up a base on the Moon and land

on Mars. Eventually, thoughts will turn to
colonization. Potentially, Mars could be made

more Earth-like. This would involve releasing

vast quantities of carbon dioxide, perhaps

from Martian polar caps or underground

reserves, to create an enhanced greenhouse

effect and raise temperatures sufficiently for
liquid water to exist on the surface. Then,

much as on the early Earth, bacteria could
be put to work to start producing an oxygen

atmosphere. lt might take millions of years,

but it would give us a second home.

Bombardment There is a real potential threat from asteroid in-ipacrs.
But, unlike the dinosaurs, humans have powerful telescopes and a space

programme. The Spaceguard project is a collection of several international
programmes set up to identify any large object that might come close ro
the Earth. They have so far catalogued more than 1,000 objects larger
than 200 metres (656 {t) in size that might come within a range 20 times
the distance of the Moon to Earth. On 8 November, 201 1, one of them,
a dark object 400 metres (1,312 fr) across called YU55, passed safely,
as predicted, 324,900 kilometres (201,884 miles) frorn Earth. The hrst
believed to pose a rhreat is a 1-kilometre (0.62 mile) object heading for
Earth in 2880, by which time there should be a good srrarcgy fcrr deflecting
it (see box: Deflecting Arrnagecldon).

Cosmic threats Threats from beyond our solar system :rrc hirrder rrr
predict. It takes the Sun about 240 million years ro orbit rhe g:rlaxy, during
which tirne it passes through the galaxy's spiral arms. Thar might stir up
long-period comets and increase the risk of bombardment, bur it does not
seem to cclrrelate with mass extinctions of the past.

Another risk could come frorn :r nearby exploding st:rr. When stars rnuch
tnore tnassive than our own Sun run out of nuclear fuel tl-rey co1lapse,

triggering a sLrpernova explosion. The burst of radiation from onc neirrby
might darnage the Earth's ozone layer, but there woulci be little other



darnage. Morc scrious might bc ir ncarby hypernor':r - a stellar explosion
so big th:rt it crcirtes a blirck holc u'here the star once was irnd procluces

an intensc jet of gamrna r:rys. \Vere such a jet directed towards the
Earth, thc ir-ritial blast might ciruse severe r:ldi:rtion clarnage :rcross the
hernisphcre of our planet exposed to it. As thc Earth c()ntinued to
rotate, it might bc roasted in ritrliirtion like n chicken on a spit. But such
a hypernov:r is cxtrernely rare in an evolved galaxy such as our o\\,r'r.

The expanding Sun Thc most real and incvit:rble threirt to lifc
on Earth comes from our ()wn Sun. Eventu:rl1y, the Sun will run out
of nuclear fuel at its core. It is too small to explode as a supern()va,
but it will start to expirnd :rncl form a red giant star. The bloated mass

of incandesccnt giis will expilnl to cngulf Mercury :rnd Venus. It
probably won't reach the Earth, but its heat and a gale of chargecl parricles
streaming from it wiil strip :lwrry our atmosphere antl boil the oceans dry.
The horne planet will be left as a burnt-out cinder. The good news is that
thrs is not likely to happen for :rnother fcrur to live billion years.

In search of other worlds In rhe last decade or s(), asrronomers
have begun to detect the presence ofother solar systems. By the end
of 201i nearly 2,000 had been c:rtalogued. Most are revealed by giant
planets (like Jupiter or bigger) rugging on their central star, bur there is

evidence for a handful of Earth-likc planets ar disranccs thirt would rnake
the presence of iiquid water possible. Some may aire ady sLrpporr life, be ir
bacteria or civilization. Some rnay be available for cokrnization.

Such is the v:rstness of space that, unless some faster-than-light warp drive
is invented, it may take thousands of years to reach a new home. Perhaps
the colonists will be transported in hibernation. Perhaps generarions will
be born in transit. Perhaps our descendants will have achieved some sort
of immortality in body or machine. But once estabiished, intelligence is

not going to give up its hold on the galaxy easily.

6Civitization
e:*ictc by
geologteal
@onserlt,
subjeet
to change
udthout
notiee.?

WillDunanl, rggs

the sond.enssd" idea
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Glossary

Accretion The process by which
.mall particlc' merge togcrher lnt,,
larger particles, eventually building
up into planets.

Asthenosphere This is the softest
layer of the mantle, just beneath the
lithosphere. Though mostly solid,
it moves with mantle convecticur,
carrying the tectonic plates with it.
Becau.e it rs hlt anJ 'r 'ft, sci.mic wrve*
travel through it at krw velocities.

Basalt Fine-grainetl, dark-coloured
volcanic lava created by partial
melting in the upper mantle. lt r:

the most common volcanic rock and
makes up most of the ocean crust and
the outpourings of shield volcanms.

Continent One of the seven large

land masses on the Earth's surface,

made up of rocks that are thicker
and less dense than those of thc
ocean crust.

Crust The thin skin of rock that
covers the Earth's surface. The occan
crust is on averirge 7 kilometres
(4% miles) rhick, bur continenral crust
can be between 20 and 60 kilunerres
(12V2 and 377+ miles) thick.

Earthquake The sometimes
violent shaking of the ground due to
movement along a fault. Earthquakes
are most frequent close to the
boundaries of tectonic plates.

Epicentre The point on the Earth's
surface directly above an earthquake's
hypocentre or focus, where the ground
fractures.

Erosion The process by which rocks
wear away either physically, often due
to water, wind or ice, or chemically,
often due to water acidified by
dissolved carbon dioxide.

Fault A crack in the Earth's crust
acro:: whreh thcrt i: relrtive mrrtirrn
of the rocks, usually in an e:rrthquake.
The motion can be horizontal
(a strike-slip fault) or largely vertical
(a dip-slip fault). The fault plane
can he angled to the vertical such that,
undcr extension, it is the overlving
bkrck that moves downwards
(a normal fault). Or, under
comprcssion, the upper block can
move upwards (a reverse fault).
A reverse fault :rt an angle of less than
45 degrees is known as a thrust fault.

Fold An unJulatrnq Jcf()nlliril,)n
in layereJ r, 'ck Juc t, r muvementi irl
the Earth's crust. A fold that is arched
upwards is known as an anticline;
a basin-shapetl fold is a syncline.
ln regions of high deforrnation such
as the Alps, over-folds or n:rppes

can develop.

Fossil The traces of prehistoric plants
or animals preserved within rocks.
Fossils can contain material ftnr
the original organism, or material
can be replaced by minerals. Trace
fossils include marks such as burrows
anJ f,rorprinr. left hy thc organism
during life.

Fossil fuel A carhon-rich fuel
produced by the decay, burial and
fossilization of organic remains. Fossil

fuels include coal, oil and natural gas.

They take millions of years to form but
are now being used up within decades.

Ga Billions of years.

Gondwana fo*nb
Gon&ttanaland) The great sourhern
continent that resulted from ttre
break-up of a supercontinent about
540 million years ago. It included
present-day Antarctica, Australia,
lndia, South America and Africa.
Tw.' hundreJ million yeer' later, rt
merged with northern land masses to
form the supercontinent of Pangaea.

Granite An abundant igneous rtrk
formed by rnelting deep within a

continent. Granife can rise thKrugh
the crust to form large, domecl

structures called batholiths. lt ctxrls
slowly and as a result contains large
rrystals uffelJ.prr. qurrrtz an.l mtca.

Greenhouse eflect The warming of
a planetary surface due to gases such
as water vapour, carbon dioxide anil
methane, which allow sunlight in hut
prevent heat from escaping. Without
the greenhouse effect the Earth would
be frozen over, but increasing levels
, rf qrcenh, rus( grse\ rre n,,s cau\rng
excess warming.

Igneous rocks Rocks formed from
m, rltgn p ,tat, Therc rrrc twr, main
types: extrusive igneous rocks, which
spew out onto the surface of the Earth
through lissures and volcanoes; and
intru.ivc igncilu. rr Ik\ ruch a: granttr,
which push up beneath other layers.

Isotope Atoms of the same element
but with different atomic weighrs
due to having different numbers
of neutrons in their nuclei. Some
isotopes are radioactive and decay with
well-known lifetimes. Modern urass
\fecrromete15 can mc3{urc the ntio.
of Jifferent isrrtrrpsr y11h r.rt .*
accuracy, using them to date rocks or
reveaI the processes involved in their
formation.

ka Thousands of years.

Laurasia The northern component
of the supercontinent of Pangaea. lt
seprrared from thc srrul|."rn continenl
of Gondwana about 200 million
years ago. It included Europe, North
America and most of Asia-

Lava Magma that has erupted on the
surface of the Earth.

Lithosphere The h.rrJ, hrirtlc region
that includes the Earthi crust and
the top ofthe mantle. Together, these
form lithospheric slabs or plates, the
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principal players in continentrl drifr.
The lithosphere is no thicker than
the crust along mid-ocean ritlges, but
older ocean lithosphere can bc
100 kiklnetrcs (62 rniles) thick.
Beneath continenrs, the lithosphere
can reach thicknesses of more thirn
200 kilornetres ( 124 rniles).

Ma Millions of years.

Magma Molten rock clerived,
normally, from partial rnelting in the
rrppcr m:rntlr'. )r rnrt.rirne. it rcm.rin.
within magmir chambers underground,
but it can also erupt on thc surface, in
which case it is callecl lava.

Magnetosphere The m:rgnt r i.
envclope produced by the Enrth's
magnctic 6.lJ anJ rcaching l.rr int,,
space. lt traps the Van Allcn rircliation
belts above the Earth, but shields the
planet from thc strearn of charged
particles blrwing out from the Sun.

Mantle The region of the Earth from
the base of the crust to the top of the
core , 2,900 kilometres (1,800 miles)
tlown. lt is composed of high-density
forms of silicate rock. Thcrc is ir clear
bouncl:rry about 670 kilometres
(416 miles) down hetween thc upper
ancl lower mantle. This may rcpresent
r Jifferencc in c.mn,'ritirrn,'rjusr tn
density. Convection in the mantle
drives plate tectonics.

Mantle plume A column of krw-
density hot rock slowly rising through
the Earth's mantle. A mantle plume
may reach all the way down r() thc
core mantle boundary and represcnts
the principal route for heat to convect
from the Earth'.s interior. The top of
a mantle plume is often marked by
volcanic activity.

Metamorphic rocks Rocks thirt
have been transformed hy heat or
pressure. They can form from both
sedimentary and igneous rocks and
vary from lightly metamorphosecl
pilrtc. t,t extremell altcred gneis.es.

Mid-ocean ridge A systcm of ridges
running down the ccntres of oceans,

along which ner' ocean crust is

forming. The ridge is normirlly bisected
hy rr rift uithin whi.h nrw cru.r i.
created. Sometimes the ridge is offset
by transfrrrm irults perpenclicLrlar to it.

Moho or Mohoroviii6
discontinuity A distinct layer that
rnarks thc base of the Earth's crust.
Although the mantle lithosphere
hcncdth i.,rll part ,'f rhe \amc t(.!l()niL'
plate, compositional differences mcan
that the Moho rellects seismic waves.

El Nffio, La Nifia El Nifro is the
name given to the warm ocean curent
in the Pacific that sornetimes flows east
t,'warJ. the e,'a5l r)f qr)urh Arncric.r
around Christmas, disrupting fisheries
and bringing storms and floods to the
Americas but drought to the Westcrn
Pacific. lt is sometimes followed a year
later by La Nina, a cold current with
opposite effects.

Pangaea The most recent sul)er-

e(\ntincnl cornplereJ rr5 i,rmation
about 320 rnillion years ago in the
Carboniferous period. It split apart
again about 200 million yeirrs ago. The
continents may come together once
again to form Pangaea Ultima
in another 200 million years or so.

Plate tectonics The nechanism by
which slahs or plates of the Earth's
lithosphere can move relative to
one another in a process that
combines seafloor spreading and
continental drift.

Seafloor spreading The process by
which new ocean crust is formed and
moves outwards at mid-ocean ridges.

Sedirnentary rocks Rocks
composed of material that has heen
physically or chemically eroded from
other rocks. They can be deposited at
land or sea, but most are marine and
built up in layers.

Seismic waves Vihr.rti{'n. rrrnrrin!
through lrcks, they can takc the form
of shear wllves or prcssure rvaves and
are reflected or refractcd by different
layers within thc Earth rnuch as light
is hy a lcns. They are produced by
earthquakes or by artificial explosions
and :rre used by geologists t() prospect
for oil or probe the cleep structure of
the Earth.

Subduction The process by whlch
old colcl ocean lithosphere sinks
back clown into the Earth's mantle
in an ocean trcnch or beneath a

\onlin(ntrl tn,rrgin. I hc pr,te.: i.
often accompanied by earthquakes and
volcanic:rctivity.

Tsunami An ocean wave created by
a submarine earthquake or lanclslide.
Gunamis clln cross an entire oce iur,
builcling up into a destructive wall of
water as they approach a coastline and
shallow water.

Unconformity A boundary betwecn
layers, usually of sedimentary rock,
that marks a break in deposition.
Sometimes, the older layers bencath
will have been tilted or folded and
eroded before fresh layers frrrm above
lhe unc,'nformit y. Unclnfi'rmit ics
helped James Hutton to unclerstand
the cleep time of geology.

Volcano An eruptr,'n,,f extrurirr
igneous rocks onto the Earth'.s surface.
It might he no more than a fissure, or
ir c.'uld builJ int,r a hrgh mounlAin
ropp.J hy an rLtive cratcr. Somet imc:
after an eruption a volcano will subside
back to firrm a circular caldera.
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