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Maten Earth

“The big six elements each of which s .
inescapatie consaquence of the evlution of
explodingstarsand teresril planats, sxe
a1 responsibe for Earth's most dbundant
socks Theie distinctivechemmical bhaviors
st ourplaneton an rrversible courseof
transformation o the world e inhatit
today But befor rocks could form, Earth had
toconl.

Imagine once agin th vilent yeszs
Solowingthe Moon forming mpsct.For.
few days o weeks,what would become Earth
nt wht would become the Moon e tll.
being sorted out. Neither Earth no the Moon
inthose early pos Thela dayshad anysalid
surface Theseconlescing companion glabes
wers both bounded by an encircing magma
ocean, riling and incandescent red, pelted

byanincandescent moltenslicate ainat

temperstures of thousands of degres.

Asth s clared of Thiss et

s plast
Fumsce ke st rdisted rom Excth nto

the cold vacuum of space, inexorably cool-

ingthe planets auter shel Even 50 cosmic
events conspired tokeep Earths surface
‘malten a while longer. Foronething,big
asterids kept poundin the lanst Esch
Colliion sdded more thermalenergy, -
perheating the mpact are, thwarting any
attempts o form  stable st Tntense
rsvityinduced tdes rom the earby Moon.
Al helped tomaintan Earth liguid state,
a0 equatorial bulgs of turlent magma
Swept around the planet very v hours,
Fragmenting the organization of any thin,
ol veneer Eaths ample store ofhighly
radiosctiveslements—both the short ived,
hest.genersting stopesof aluminum and
‘tungston and the long I radionctve so-
topes of ursnum, thoium, and potassium
—continued to3dd aven more hest.And
young and growing atmosphere, fucled by
the elcante release of apors ich n casbon
aoxide and water, may have amplied these
effctsiyinducing asuper reentiouse”
Foran unknown length oftime,perhaps.
hundred years r a undred thousand

years— geclogiea blnk—the malten state
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‘Given Eaxth's prodigious heat loss to space,
the formation o a ocky crust was inevitable.
‘Someuhere probatly near oneof Earthisless
tally strossad poes, the malten susface
cooled fust enoughfor th fis cysalsto

form. But cosling snd erystallizing s far
from 3 simple event, Many everydsy b
tanceshave s well defined emperature st

whicha codting liguid becomes soid—the

Familia reesing poin. Liguid water freees

2132 dogrees, sivery mercury metalat 38
degreesand ethanc (the common alcohel
imbocae)at 170 degrees Farenhett. But
magmais different, t s s cusostyof magms.
that it doest have one ingle frcsing point
(@ithough rczing point i the context of
‘magma st more than 2,500 degrees e
heitseems something of an oxymron).
Letsbegin withthe immediate post-
Theianferno 45 bilon yeas ago, atime.
when Exrth and it Hoon shared a rsdisnt
siicate vaporatmosphere st temperatures
10,000 degrees ahrenhei. That hellish
rock gascodled rapilyand eventuallycon-
densed nto dropets and

ined magmacnto

the new twin worlds a it nexorablycocled

tobelow 5,000 degrees, then 4,000 degrees,
then3,000 degrees That' when the fst
erysatsstartd toform.

‘Such storesof Exets first rocks s the
ientifis domain o the experimentsl
petrologists,women and men who devise
novel1abtechniques tobake and squeeze
socksin onde o mimic conditions of Escths
deep nteror The quest to dscover rockor-
insfaces two technical chllenges Ficst you
need o control ncredibly high temperatures

ofthousandsof degrees

ehotte thansay
oven fumace n you home. o doso, scien-
st craf platinum i into meticulously
spaced cols, through which they delver
highalectricalcurronts o chieve tem-
persture extremes Even morechallengin,
these temperstures st bespplied while
samples are sufected o crushing pressures
tensor hundrsdsof thousands of times that
ofthe atmesphere. Fo this exacing task re-

soarchersent

 massive hydraule rms and
giant viselikspresses.

Formore thana century the Carnegie -
stitutions Geophysical Labortory my scien-
ifc ome, has been et or thess hroic
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‘questsfor Earth's deep truths. Fora short
while before s untimely death by hospita,
Ihad the chance towork i by sice with
Hatten' Yoder I one f the ploneersof
experimentalpetrology and the worlds
foremost xpert o the oriins of asalt. I
‘posing,dymamic,enthusiastic and sttertive,
Yoder wasliterally a towering Sgure inthe

el A vl officerin World Was T e

Pr——

with igantc mets

hardue

Inthe 1950, heoined the Geo-
Physcal Laboratory and used navalsurplus
gun barrels and armor plating sl panted.
battleship gra to bull the high-pressurelab
that would frame not us s hal century.
career bt our comprehension of the ground
e standon

The centerpieceof ToderS device wasa
“bomntr—s massive st cstinder afot
ameter, wenty nches long with an inch-
iameterbore. Oneend ofthe bomb s
connacted toa sriesof gas pumps,compres-
s, and intensifers that could generste
staggering twelv thousand atmospheresf
gas prossure—the pressure found twenty-

v milesbenesth et susfuce —with s

‘pent-up energy equivalent to the explosive

powerafa stikof dynamite i the appas

tuseverfiled cat

srophically.The bombs
other open end accepted a oot dong rock
sample assembiy and  giant hexagonal nut,
ixinchesin dismeter We sesled the device
bytightening the nut witha three-foot long,
twenty-pound wrench.

The beautyof Hat Yodert app

that we could load powderedrock nd min-
eral samples intolitte gold tubes, pack the
tubes intoa cylindrical heate, and secure
the entireassembly nside the bombis pres-
surechamber, Pump up the pressure, turm on
the lectic eater and the bomb id sl the
work Each experimental run held up tosix
smal god tubes;each run lasted froma fow
minutes toa few days Hat Yoders remark-
bl nvention wasideally suited tostudy.
howsocksevivein Erth' crustand upper
mantle.

Wt Ht Yo and iscoleagues found.
s that an incandescent el rih i the
bigixelements will ypicallybegin toso-
iy by forming crystals ofthe magnestum
iicate livin s it cools below st 2,700
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degrees Fshrenheit. On both Earth and the
Hoon, Gurin that long g cosing period,
beautiful iny green cystals began to gow
inthe magma asmicroscopic seeds which
expanded totheszeof 885, peas, grspes But
livinesypically denser than theliguid in
wich it grows, s thosefirst crystlsbegan
tosink,faster and st a the ey

isgrew
arger and lager, accumulating huge deep
masses of ety pure cystals—forming .

stunning green ock called durite. On Eaeth
this ockis relaively are today ppearing
atthe surface nlyon thespecial cceasions
when mountain bulding activitesof uplift
and erosion expose the distinctve dense,

deep-formed aivine cum

The continuous sinking ofclivine cystals
ersdualyitesed cooling magmasnside
Earth and the Moon, The remining hot
meltschanged compositon;asthey became
progressively depleted in magnestum, they.
became corrspondingly more concentrated
incleium and luminum. On the Moon,
asthe magma ocean continued tocool
second minersl stasted toform. Anorthite,

afeldspar made o alchum auminum il

cate,began tocry

e slonside olivine,
forming pale ock. Uniike livine, anerthite
itess dens thanits host lguid soit tends
tofloa.On the Hoen, immense quantites
of anorthite popped tothe surface of the
‘magma ocean toforma vast crust of oating.
feldspar mountain rangesrisng as much a5
Sour miles o the mlten surace. These
whitish gray masses which stll dominate
65 percent of the Moon'sreflective sivery.
face s clle the Lunsr Highlands Risng.
asthey a1 diectly from the magmaccean,
theyare theoldest knewn formationson the
Hoon. Apollo amplesreeal a range o an-
clontagasfor these distnctive anorthosites
from as young as 3. billion years ol
most 45 bilon years,shotly aferthe Big
Thuacle

On Eart, withtswtter composition,
deeper magma oceans and correspondingly
greaternternal temperatures and pressures,
 somewhat ciffeent senasiountolded. A
amal smount ofancrtite bty crytal
lized earlyin Earh history i some near sur
face o preseussenvironments bt it was s

rsther minor minersl Instesd, msgneiurn-
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rich pyrevene, the commonest of the chain
siicate minerals appered in sbundance,
tocommingle withaliane ina thick eyt
ush. Essits arliet rocks ths predorsi-
nantly festured divine and pyreaene ins
e, gxsenish sk rockcalled peridatite.
Vieties of pesidoits began tocysallize
throsghot Earthi cuter ity miles, probsbly
commencing more than 4.5 billion years ag0
and contining for many hundredsof mil-
lonsofyears.

Inspite oftsearly shundance,perdotite,
too s elativly rare a Earts surfacetoday.
Byone persuasivescenarie, rfts of pri-
otitehardened and cosled toform s
st tansiont rgid sucface. But coling pert
aotit ke s dunie predecessor,Is g
Cantly denses than the hot magma cesnin
which it formed. The peridotitesurface ayer
thuscracked, buckied, and sank backintothe
mantl, o displsce more magms that caced.
toform more peridotte. Over & span ofhun
redsof millonsof yeas the mantl telf
owiy soldified,riding  ind o perdotice
Comeyor bt that perated in Earths outer
iy miles Thesatioof dene slid pridotite

tomagmaincreased, untl the upper mantle

wrasmoslysolid civine-pyravens rock.

o Truths

‘Desperin the mantl, By totwo hundzed
miles baneath the crus, colingsnd crye
tallzation must hve proceeded in  similar
Fashion, ateit more sty Detals o the
Process emsin uncertain—the next gener-
ationofhigh pressure, hghtemperature
apparatus mustbe rought tobear to st ut
the complexites bt separationof crystls
from melts by sinkingand fosting proby
Played asignifican ol as they did inthe
nesre surface emsonment.

Huch of what we know of those hidden,
deep domains comes rom thesience of
efsmology the study of sound wavesspeed:
ingthrough Eerits deep intericr Eacth s

constanlyringing ke a el

ing tides,
rurmbling trucks, and arthauales boh bg
and small all conspiretoshae Eaxthand.
propagate seismic waves. And lkesound
waves nasteep-walled canyon, seismic

waves echo when they bump intoa surface.
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‘Seismic waves reveal that Earth's interiorisa.
complexlylayered place.

At the ot basicanatomicaleve, Escth
striplylayered it hasa thin, lower density
crustatthesurface, athick igher density
mantle n the midcle,and  thicke, el
dense metsllic cors i the center Eachof
those thres domsin contains furtherayer
ing The mantl, for example, s divided into
three sublayers—upper mantle, ransition
2ane,and ower mantle. The peridtite dom-
inated upper mantl extends down perhaps
250 miles, at which depth pressure forces
the atomsin livine to packintoa denser

siicate eystal formeal

duadsiegite the
Gominant minersl o the mantle trensition
aone. The lower mantle, 150 mile fcther
doun, estures am even denser ssembisge
of magnesium slicates The pressurein
the lower mantle s sohigh—hundreds
ofthousands of times the surfsce pressuce
—thatslicon oxygen bondsadopt an even
denser more effcient pacdng arrangament
ofatoms called perovsite.

Seiemic stuciesdosument the nature

nd extent o each of these minerslogically

distinet mantle ayers, and by and large the
transitions from one othe next srenest
andtidy. The exact depthsof th tranitions
vary sighty by ten o twenty mlesfrom
Place toplace—beneath the continents

versus the oceans,fo example—but each

boundary appears tobe relativly smooth
and well behaved. By contras, sefsmology
provides tantalizing evidence to suggest that
the core-mantle boundary s an especialy
complicated zone, ather ifferent from the
Clesn mantle mantle trnitons Toa it
approximation the core-mantle boundazy

rociuces the expected strong echo Indeac,

the density contrast between slicate mantle
nd metal core i 0 extreme s tocreste s
Physcalboundary as sharp a that between
airand water—producing thestrongest
refected selmic signal from Earths deep
inteior More than  century go, hat dvide
wrasone o the et idcen fstures f Eaths
deep nteror that sesmologists dscovered.
A pertactly smooth and egulas boundscy
would produce asharp focused seismic
reflection—an echoing response that could

be recorded s distinetive spike on s
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‘mometer. But selsmic signals relecting of dense minerals resting on the core-mantle.

of the cors-mntis boundary e often boundary where they chastically defect
messy, smeared out, brokenup. Theresextra  selie signal.
tructuredownthers ks il ups Surprsinlythere may sicobe big core-
orpilesof debris Geophysicists whoarenot  mantle boundary puddles and pendsaf.
alvays kmown for employing the catchiest unusually dense sicate liquid, perhaps ich
terminology callthis lumpy chaotic onethe  inthe slements shuminum snd caleiumas
D" (D double prime)layer (Astophysicits, il aza slew of incompstise slements'
whocoined such imaginativetermsasbrown  that ssemtobe missng from nventariesof
avarf,rod gant, dark energy, and bk ole, Eartsouter layrs We have noeasy wayto
arerather more succesfulat th sientific e sure, but sefsmalogiss point todeep, o-
name game) callzed “ultralow elocty zones? n the D
The complexityof thisdeep D" feature  layerjust above the core-mantle boundary;
i partthesesul of the sharp censity s sfemic wavestravel sbout 10 pescent
contrastbetween thecores homogeneous owerthan they doin adscent rocks Slow
rom metalsnd the mantlesvaried xggen iemic waves s often a tlltale signof i
i minsrals Allmastle minerals fost uid.Such deep liquid lakes an ponds could
the dense core ke corks on water ut these  alsoprovide neat solution o that iggling
ivesse minesslcan iffer widely i their missng element protlem:juststickall he
densitiesInthe primordial magrma ocean, incompatible lements in the naccessbie D
some silicates sank and some floated. Asa ** laye, whre they areforeer squestered
rosul big hunksofthecatiest crstalizzd  Inthat enlgmatie, hterogensous one o
ollds ank through the mantle all the way minerslogical punk.
down, o float e rafs on the metalcore. And what of thecor tself? When Earth
Some seismalogists envison three hundred  asvery youn,the dens,ison-ich core,

milehigh “mountains”with iregularpiles  morsthan 2,000 milesin dismeter had fully
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formed and was probably entirely melten eicanic ot spotssuch a Haval and Yel

(unlketoday,when the inner core ppears Towstone Remarkabl thefed locationsof
tobe rowing allof sl roncryetals 750 these plumesonthe suface may be dictsted
miles in diameter) Temperaturesat that by deep topography: The thre hundred-
harp core mante dividingline my e miletall mountaingof the D ayes may
exceedsd 10,000 degrees Fibvenheit,while  act asthermal banketsying o the ot ore,
pressures exceeded a millon times that of ot possble that hotspots oiginate st
our modern stmosphere. the despest, hestrelessing valeysbtuveen
The hotcorewssfrom the outt ndre. thossepie, Nidden mountains.

‘mainstothis day, dymamic placeof viling

lquid meta currents. One important con-

coquence of thess currnts was the ey Basalt

generaton o Earts magnetic feld—the P —
magnetosphers Hich ke an mmense ona precrdained succession of ok ypes,
electromagne. Magnetic el bend the B
pathsof tectricallycharged partcis, s0 ety ot pres g s
Fartemagnetosphere providesa ind of st peridoitecrust wasacritcal but leet-
ot dotacoc g osesotemeton: -0 E R T
posdment of larind and SRS g e Wenit ultimatelycoled and
parmer hatlspertaps AprUSKE OFRE e, i proved too dens toremain sny-
crleinsand surleriite s ness the suface snd thus sank back

The core i sl animportant sousceof into Bartsdepths. Another oss dense rock
hestenergy that el o diive convection was equiredto gidiethe lobe That rock
inthe mantle Even today plumes f ot ..

magmafrom the core mantleboundary e Blackbas dominstes the nesr surface

Almosttwothousend milestothe surfc in
sockeof every teszetsal planet. The sster-
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oidsareed xterio of Mercuy s mostly

basal. o arethe scorched, mosntainous
curface of Vess snd the vesthersé red

curface o M The Moo dscky spltched.
mares (soa), which contrast sovdly with

the paer gray anorthositehigh

hardend remins o immense Hack bsaltic
ke And on Earth 70 percent ofthe sur-
face nchudingal the floors fall the oceans,
isunderlain by basltcrus.
Basltcomesina varity of flavrs bt two
essentil sicate minerals domminate them
a1 Oe oy mineral i plagiclas feldspas,
by farthe most impertant aluminumbear.
ing mineralin errestralplanets and moons
nd Essits commanest crustal minersl. My
T professor Dave Wones nce advised me
thatifwas ever shown amystery rockand
quized astoits mineralogy, should just say
“plagiclase”and 14 b right 90 prcent of
the time. The sssond esential minerslogicsl
ingredient of aslt s pyronene, the comman.
hain sicate sl found in periotit.
Pyroeneiscne of ahandful of common min-
eralsthat can ncorporateall of the bigsix

elements(and many moreless common sle-

ments aswall.
Tounderstand the exgins o plagioclase
and pyrosene, the two essential mineral.
ingredientsof basait, considr thestange.
freeing and meting haisof rocks. Four
nd  halfillion yese o, a Eathis msgms
ocean cocled lvin formed fst thens
Lt it of anorthite, snd finalyalotof

pyoxene. The esultng magnestum

rock was perdotie, which formed muchof
the upper mantle. Asmassesof peridotte
formed and ank, they werereheated and
partially remelted.

Our everyday experience with melting

suggests that the change from solid toliquid
takesplace ot one specifc temperature,
Waterce meltsat 32 degrees most huse
hold candle waxst sbout 130 degrees, and.
dense metalleadat 621 degrees et
Butrock melting st sosimple; most rocks
dont melt entirely at one temperature. It
youhest peridotie tosbout 2,000 degrees

Fabronhett, the fst el i

-
il appeas soonerfthe peridotte i ich in
clatile water and carbon diexde) The com-

positon of those frt microscopic roplets
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differs dramatically from that of the bulk
of pridotterock The il et hasalot
s caleium snd sl &t more
om snd sicon, and a ot lessmagnesiur.

T intial i 5alsoa ot ess dense than
s peridotte host Consequenty,evena 5

percent meltingof peridtite n the mantle
generstesa ot of magma that gathers slong
minera grain boundarie, cllects n ssures
and pockats, and rises toward th susface—

magma that il eventually become sl

Overtillions of ye

£ of Escthhisory the
partial meltingof peridtite has generated
hundrad of millions of cutic miles of sl
magma

Holten bas comes o planetary surfaces
intwo complementary ways The mere
spectacularisthrough vocanic eruptions
ke those i Hawssnd Ksland, with sy
‘magma ountains and ivertilsflows. Such
aramati eruptionsareaconseguence of
wter and other wlailes which remain
Tockad inthe silicate liguid at th high pres-
ures morsthan & il down, bt which
transformexplosiely togas nea th surface.

Such explosive vleaniam can fct sh and.

toxic gases high into the stratosphere and.
an hulcorsize wleanie ‘ombs”more than
mile cutware to smush the suszounding.
countryside

Layer by laye, these basal eruptionsof
v snd s com bl mountsing sversl
mile tall and cover thousands of square
mile in black rck. This typeofbasaliclava
flow and ash s extremely e grained and
richin las,the consequence o liuid cool-
ingsorapidly that crysalsdan' v tme to
form. The resul s festursless blckrust
of hadensd lav, Other distinctive divine
basats which occur nly when peridotite
s partially melted a elatielyshallow
epth af lssthan twenty mile,contiin
afewlustrouslivinecrystal tht formed
underground inthe fst stage of elt sl
fcation. The green crysals decorat the ath
erviss band black ok

I takesalot ofexplosiv force for magma.
tobreakthrough tothe surface s0a sig-
nifcant fraction of it magema never
maes it sboveground. Rather, these rd ot
lquids are stk far underground, where
they conl mresowly and form nch long.
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1athe shaped feldspar and pyrovene crystals

inmckscal

4 aabase o gabtro.Sometimes
the magma s infected nto near-vertical
rachsin subeusface socks o form smosth-
faced dikes Ifthe host ockis ot and eodes
avay millonsofyear later, the reslt can.

e along straight diabase wall that can ook
uncanily ke & crumbling srhssologial
site Alterativly fthe magmasinjcted
betuen fatying lsyrsf secimentary.
rocks it can form a thick blanketlile L The
Palssdes clifs o the Hudson River, pro
inent fust upstream from New YorkCityon

the westen shore of the Hisdzon Rive,

the result of one of s srin of st sills

that ip gentlytothe westtoform parallel

highlands and some of the most expensive
realestate i northern Nevw Jerseyand
outhern New York Stll other times the iz
uid sits and cosls inrrogular magrma cham-
bersthat can form milesundesgaound snd.
that streteh fo il erose. But whtever
heirulimate geometry, dabase and gatbro
areselly exctlylie baal.

Wit theinevitaie formtionofthe

basatic crus, Earth for the st time en-

oyed asturdy, solid surface that could flat.
o the crus,when msgm snd peri-
otitealone defined the planets surface, o
topographic festusecould e forlong tos
significan height dbove the mean slevaton.
Red ot peridotite mush snot nearly strong.
enoughtosupport a mauntain. But tough
basalt with s elatielylow densit, s
iffesent story. The svessge densityof baslt
s than 10 percent owerthan that of
peridatite. That mesns a osting massf
basat ton miles thick wilprofect morethan
amileahovethe magma ocean Rapidly ac
cumulting elcanic cones could rise ven
higher,perhaps more than two mils dbove
the mean Asa consequence, Eartis blem-
shed suface bogan to develop some real
charscter.

Hostile Word

Seen from space—from the safedistance
ofthe young Moon, for eample—Eerth's
basatic veneer appeared decp Hack with,
arcuste red cracks and ocal bright points

‘whereimmense fountainng wlcances roke
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the surface Jetsof dirty white ashaden

team cbscured some of the most vol

rich wicanie cones and adacent porionsof

the globe

Imagine yourselfback morethan 4.4 b
lon yesrsin time tothe newly minted Hack
curface o tht Hadesn Eath. Yo could.

ot havesurvived long i the harsh, allen
Iandscape. Heteors incessantly bombard the
surfac, cracking the thinbitle ack crust,
howering shattered ock and b o magma
across the plans Countless volcanic cones
rse, growing steadilyto heights of many.
thonssndsof et thei immense magms
fountsins powered by the explosie elesse
of steam and otherwlatle that wil e
fine day conl enough tobecomethe oceans

xgenistobe found.On this unforgiving.

young Earth, your nosrls re assaulted by
foul smellng sulfurous compounds,your
in sealded by ventingstesm, s eyes
burmed by the noxious hot gases. Yourexcru-
ciating death agones wil b biefon such
hostile world.

The receding Moon continued toplaya

‘majr ol n shaping the crus. Globe-span-
ning tidesof rock and mgms, though s
extseme than n the i centuris folos-
ing Theia's demise epestedly cracked and
buckid the surface cpening ssures that
omad red-hot rcky mush and thwarted

the formation of  sid surface. The Moris
uncomfortabe prosimityalso perpetuated
Earts insanely rapid rotation—fe-Hour
days persisted,accompanied by megastorms
nd ltrstormadoss s more severstha any-
thing hyped on today’s Weather Channel.
Bt benesththat westched urface, Erths
inexersbl evlution o Lving vord had
begun. The well mised, moltennterior
begantoseparate o elumes of distintive
compesitions —matte that would become

the continents and deepsea crust thea

‘mospheresand oceans,plants and animals.

Hestingsnd cosling and cry

crysatseparation by et

gand foating,
accumulationof perdatite, pastial mlting
—these processes shaped Earth throughits

infancy 4.5 bilon years ago, and they persist
evenuntothe prsent day:

Earievast ressrviof intermal st the
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centraltheme of this chapr, continuesto
Playthe dominant, transformative rle
shaping our lanetary home. Todsy the most
tvious mnifetations o thisdesp, ot
sesim s ermittent volcances, it their
fery magma fountains and red-hot svers of
malten rck Erupting geyers and sulfurous
hot springs alshint at a helih hidden sub-
suface ralm. Throughout Earth's .567-bil-

Ton yearhistory a hat nesorably worked

s way outieardfrom the incandescent
centertothe rsctured cruct snd thence
intothe coldnessof space, the suface has
borme the brunt, Buffted by the swirling.
comuecion o the mantle and tresed by

the Moon'sincessant pulthe crust has ent

nd buckiedcrsched snd st Conti-
nents have constantly shuttled across the
slobs,ripping spart calding,and srsping.
past one another n the ongolng heat drven
dance of the tectonic lates Every day o our
v, Bt nner et evrks the mockson
which we v, recyeles the water we dink,
nd altersthe s we bresthe.

Because of hest,Excth was destined fora
breftme tob s black word, lszed with s

thin basatic venser But that brie fuvenile

Phase could ot st ong, A new elcano-
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Black Earth

The First Basal: Crust

Ears Age: 50 0 100 million years

o~ Earth has uffred more thana few
transformative event ntslong history. The
Big Thwackwassuelythe most dsruptive
and inthe consequent formationcf the
Hoon, had perhaps the most farreaching
effcts But such anoutcoma—a lsrge ol

tary Moon oritingaplanet full o vt

isbynomeans n neuitabl sutcomef the
1w of chermisry and physics Had detalls
ofthat sncient interscion betuveen Esith
and Theia unfoldd with only sight vris
tons,the Moon forming epsode could have
turned outvery differet. Had the impact

‘been better aimed, head-on and dead cen-

e, more o Theiss mase vould v
wound up s art of Earth. Inall kelhood,
e would not have  saellit, s Theis and.
Earth would have merged intoone larger
mosnless word, Or had Theis st mised
Eath, ts rtit might have been s

ered s
tobe flungineard toward Venusor cutward
toward Mars, perhaps toleav Earts ngh-
borhond orever. A had the impact been
more glancin,the distribution o scattered
debrs might hav produced multiple, it
much small moons o grace Eathsnight
.

Chance lays a significant ol throughout

urdynamic cosmic nlghborhood. Our Sclar

Systems history e s itany of thuescks and.
nesrmisees The ssterid that helped to
L ofthe dinosaurs might ust as well have
beenoffthe mark saving Tyrannosaurus
and it descendants tosvelvs fo tensof

millions mareye

s Perhaps g
bindseould have become intlligent fying.
toolmaters Ferhaps the runty mammals
ofthat extended Mesassc Exa would have
never smounted tomuch, With only s litle

tweak here o there, Earth would have taken
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adiffcent st

Butsome aspectsof the cosmosare
inevitti, deterministic. The production
of huge numbers o protons and electzons,
and of corresponding amountsof hydrogen
and helium, was ardwized st ur universe:
from the nstant of the B Bang.The forma-
ton o stars was an inescapable consequence
ofthe production o huge amountsofby-
rogen and htium. Thesynthesisof allthe
other lements by uclea fusion esctions
and by supernovas wasequally preordained.
by the formation of ydrogen-ih sars. And
the accrtionof sl srts f interesting plsn-
ets—Earth e, Mars ke Jupiter ke nd
domans more ypesthatare oy now being.
aiscovered rbiing istant sars—ollowed.
with certanty from thesynthesi ofall thse
Chemicallements.

Solt was that post Thla Earthsttled into
aturbulent ime of coo

T —
o, What was that nsscent world ik? Geal-
ogistshave dubbed Earths st fve hundred
millonyears the Hadean Eon inrecogaiton
ofthe hllish conditionsthat must have

previild. Informed spect

spectacular pictursof Eartis Hadean Eon:

Elowing lava, and a steady borbardment of
Asterid and comats ncessanty disrupted.
Eartis sustace. We s neverthslesesversly
Challonged toknow Earths st few hundeed
millionyears inany detal, for wearecom
Pletely lsckingin tangiis svidence.

OF Eartis rign,we have the rich ecord
ofthe SolarSstem—the Sun and the
myiad ojecs bound toit by gravity. Tensf
thousandsof meteories provide the most
intimate nterior limpseso the age of plan-
etesimals Detailofthe Hosrizcrigin re
found in every Moon rock and sl But .

ingatall survives rom Earthis ealest days,
atleastnothing know on Earth el Nt a
fragment of rocknora grain of mineral.
Remariatiy such evidence mightstll xist
intheform of metecrites that e ected
from Esstiseasiet susfuce dusing glant im-
pacts bilonsofyears agoand subsequently
Ianded backon Essthoronthe nearty oo,
Such specimens must xist, perhapsinsbun-
dance,some virtallyunaltered inall that
time.Indeed, the quest for Earts earlest
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relics hasbeen cited asone of many scientific
rationales for going back o the Moon. Exact-
inggeciogicalsurveys ofthe lun surface
might bs lucky enough o find errant Hadean
onesand thus sevesl ruths sbout Earthe
inascessblepast.

Bt asnice asit would beto hold a piece
of Eaths st hardend surface, we sentt
completelystymiad.Forwhile Eareh has
changed ove and over again the lawsof
Chemistryand physis havenot Fourand a
halebilion years go, those aws o chemistry
and physics prevated, as they aways o, bt
without any mere really big thwacks o other

Planet sizs complications.

Elemental Inevitabilty

The earty evelution of Erth was a comse
quence o two ntestwined chemical el
tesicomochemistry (making elements) and.
petrochemistry (mking rocks),Fsst came
cosmoshemistryand theselar preduction
of sl the heavierelements everything inthe
periodictabe beyond hydrogen and helium,

which sce elements o snd twoin th st

‘Tow. In our universe, several of those chemi-
allements were destined to become dorn
nant:cayges, slicon, sluminum, magnesium,
Calcum, and iron for outweigh sl ather
heavyelements,particulay n the rocky
terrestrial planets Thosesx elements make
up 98 percentof Exrths mass s they dothe
mass f Earts Moo snd of Mereury, Vens,
andbars

Eachaf these bigsix” clements hasa
aistinetiv chemicalstorytotell. Each in
tsown way helped make Earh the way it
would inevitably beafer the Bg Trwack.
‘The ey s chemicalbonding Recellthat
stom sttach tossch oher when theisfuzy
slectron clouds nteract and shufletoform
morestable arrangements—notablyatoms
it the magic numbers of twoor tencr
eighteen electrons Forthis Kind of exchange
towerk some stoms e togive swsy sl
troms while cthers have tosccept them.

(Oxygenis Earths master lectron aceptor
Everycaygen stom hasight positively
Charged protons n s nucleus, which are
electricallyblanced by ight negatively

Charged stectrons. But oxyzenis alvays ook
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ing fortwo extraelectrons to makethe magic

mberoftenelctrons. That incessent o

quisitive urge mates cxygen one of the most
reactive corrosive gases n ature. It really
rathernastystot

Host of us think of cxygen, et and fore-
mst, s an esentia part ofthe stmosphers

(the 21 percent o othat eepe us sive).

Butthat happy atmospheri development
isarelatively recent changein Eath history.
For arthis it wobil

nyearsstless the
atmesphere wasuttety devoid o cygen.
Eventodysl

st ll of st cxygen—
999909 percent oft—islocked ntorocks
and minerals When you hike up a mafestic,
rugged mountainor walkona windswept,
rocky utrop, most of theatoms beneath
yous eetarecxygen. When youlieona sandy
besch, simost o i three of the stomsthat
“uppertyour weight s caygen.
Foraxygen toplay thiscritcal chemical
ol aslectron acceptortherealsohave to
belotsofatoms that can give away orshare

theislectrons Th most pro

cslectron
donoris slicon, which accountsfo almost

one in every four atoms in Earths crust

‘and mantle.Silicon has fourteen positivly
Charged protons n s nucleus, which are
nominally alanced by fourtsen negatively
harged sisctrons. iicon commanly gives
up four elctrons o achieve the magie
mberoften elctrons, becoming il
conton with a positie slectica charge. In
Earti rocky crust and mantle, those four
seinguichad elctrons e slmostsvays ob-
bled up by two oxygenatoms,which become
negatvely charged ons Consequently strong
iicon oxygen bonds ae found n lmost
every ek, most notably in quartz, or S0,
ometoturomixture o silicon snd cayges
atom. Tog, transucent quartz grans last
alomg time. They accumlate by the untald
ilons along shorelines an are by fa the
Commonest minersof besch ssnd. Yove
also prosatiy seen thebeautiful sharply
faceted, ransparent crystallie specimens
of quartzsold n New Age stores as“power
crystals” When you hld sucha treasurein

yourhand, o hi

5 of what you're hding
isaygen.
Costals with iicon-oxygen bonds,col-

Jectively called silicates,are Earth's most
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‘common minerals, with more than thir-
teen hundred diffesent o species and.
more added almest every montr). They are
richly varied inthr atomie structures and.
properties because of the versatility f the
iicon-oxygen connection, whether n the
hessty westhar esistant structuse of quartz
and feldspar, o the cluster arrangements

of gmmy green clvine and red gamet (the
cemipreciousbinthstones of Augest and Jan-
way,espectivel), o the necdlelie cha-
iicate haite o som notorious formeof
asbasto, o the thin st shests of minersls
ke mics cnce used 553 chesp sbetita for
window lass.

‘Though lessabundant than silicon,the
clementscalcium, magnesium, and alu-
minumal play ey structural rles n the
st common slicae rocks theoughout
Eartscrustsnd mantle.Aspositive fons,

[r——

on cousin, they
occasionally bon with oxygen slane o
ingthe alcium oxide that w secogaizs s¢

the lawn chemic

‘magnestum oxide,and (when trace amuts

ofthe rare slements chromium o ttsnium

‘are incorporated into aluminum oxide) the
prised gamstones by or sspphie.

isthe sixth o the bigsx elements, iron,
thatisbyfar the most versatile Eachof
the otherfve—oxygen, slicon, dlumium,
‘magnestum, and caleium—assumes one

Gominant chemical persons

5 Oxjeenal
st sy scts s s sccsptar of sl
troms,iiconalmst awaysacts s donor o
four electrons,aluminum asa donor ofthree
electrons, and magnesium and caleiumas
domorsof o, Bt on, lement twenty s,
plays thee quit istnct chemicaloles
rom's versatilty s underscored by Earts
Iaered structue, About one n ten atoms
Earts xygen dominated crust and mantle

siron,whereas Earehs me

than 90 percent con. This sharp contrsst
e from the fact that this elamant's
twenty.sixelectrons are  pretty far ery from
eighteen,the nearest magie number making
ronadonr par excellence Theresnoway
ron can give awaysight electzons (noane.
atom will ccept that masy) 20t hastomake
owith whatever acceptors appentobe

present.
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‘Sometimes ron acts ust ike magnesium
and gives up ewo lectroms tobecome  +2.
o oon i this divslent statelend  dising-
e gseniah or b colos tomany miner.
alsand other chemicals The charsctesstc
reen coorf the gemstone peridot (anron-
bearing ivine) and the buish green calorof
g starved blood n ous velnsaretll
e signsof ivalent o Inthis guis, ran
bondstocmygenin one-to-one atio.And
because magnestum and ironatoms are -
larin sz, these elements ften subtitute
Frelyforeach ther in commen minerals
of Eanthiscrust snd mantle Some of Eaths
most abundant mineral including v,
gamet, pyrosene,and mics, have variants
that dsplaypretty much any magnesiumto-
ron st from coloese versionswith 100
percent magnestumto dark hued varities
with 100 percent dvalent eon

on e not restricted tothe +2 state,
hewever I the presence of o ofalectron
acceptorsit eadiy ivs up a third electron
tobasome s +3 ion. This trivlent form of
ron lendsa charscteritc ek e color o

s ost.Rod rust red ol red i, and

g ich red blood owe ther vivd hues

. Like lumimum, which also
adoptsthe 3 state vl

two-o-three ratio with oxygen o form 0,

conbondsing

8 commen minersl nsmed hemtit,for
tsbloodred colorJus asmagnesium often

prosiesor

rons dvalent form, aluminum

commonlyreplaces ronis vt variant

The minerals garmet, amphibole, and mica
aisplayevery imaginabl aluminum to-fron
sstio with th o ich varities presenting
s rtherthan g,

Sowiththe extremely usefl trckof
switching back and fort from the +2 tothe
3 state (vl come back tothis remarkable
ity s couple billion yesrs,when e fist
comes.n thescene) romntsdivalent and
ivlent guies acts e the other mermbers
ofthe bigsixBut wait—iron hasone more
crtial ot toplayin Eath it can rather eas-
iy formametal

Allthe typesef chemical bonds
introduced oo mlve an exchange
ofeectrons, reslting i ons.Silicon,
aluminum, magnestum, calcium, and iron

iveth electrons; oxygen taketh them away:




