
	THE	ORIGIN	AND	EARLY	HISTORY	OF	THE	UNIVERSE	

1)	the	elemental	abundances	in	
the	early	solar	system	are	a	

func5on	of	its	se6ng	within	the	
galaxy	and	this	“cosmic	
geography”	ul5mately	

determines	the	“raw	materials”	
of	the	terrestrial	planets.	

2)	a	planetary	view	of	the	Earth	provides	insight	into	the	
ul5mate	Earth	system,	in	which	there	was	profound,	

dynamic	interac5on	between	what	are	now	the	different	
components	of	the	modern	Earth	system.	



The	Big	Bang	theory	
	
The	prevailing	theory	of	the	
origin	and	evolu5on	of	the	

Universe	is	the	Big	Bang	theory.	
According	to	this	theory,	about	

14	billion	years	ago	the	
Universe	expanded	to	its	

present	enormous	volume	from	
an	ini5al	volume,	which	was	

effec5vely	zero.	

Three	sets	of	observa5ons	have	profoundly	shaped	the	way	 in	which	we	think	about	
our	Universe	and	led	to	the	Big	Bang	theory:	
	
1)  First	was	the	discovery	that	our	Universe	is	expanding.		
2)  Second,	there	were	predic5ons	about	the	abundances	of	the	light	elements	H,	He,	

and	Li	in	the	Universe,	
3)	 	 third	was	 the	discovery	made	by	Penzias	 and	Wilson	 (1965)	 that	our	part	 of	 the	
Universe	is	filled	with	microwave	radia5on.	



Evidence	for	the	Big	Bang	theory	
	
An	expanding	Universe	
	
Hubble	(1929)	discovered	that	there	is	a	simple,	linear	rela5onship	between	
the	distance	to	a	remote	galaxy	and	the	cosmological	redshiW	–	the	redshiW	in	
the	spectral	lines	from	that	galaxy	(Hubble,	1929).		

Hubble’s	 observa5ons	 showed	 that	 the	
greater	the	distance	to	a	galaxy,	the	greater	
the	 redshiW	 in	 its	 spectral	 lines.	 These	
measurements	 strongly	 indicated	 that	
galaxies	appear	to	be	moving	away	from	us	
with	speeds	propor5onal	to	their	distance.	
	
The	net	effect	of	this	mo5on	is	that,	as	5me	
goes	on,	the	galaxies	are	ge6ng	further	and	
further	apart.	A	very	important	consequence	
of	 these	observa5ons	 is	 that	 at	 some	point	
in	 the	 past	 all	 ma[er	 must	 have	 been	
concentrated	 in	 one	 place.	 Astronomers	
define	this	point	in	5me	as	the	beginning	of	
the	Universe.	At	
this	5me	all	the	ma[er	of	the	Universe	was	
concentrated	 in	 an	 infinitely	 small	 volume	
with	a	state	of	infinite	density.	
	



The	Big	Bang	theory	predicts	that	the	early	universe	was	very	hot.	 In	the	early	stages	of	
the	forma5on	of	the	Universe	the	light	elements	H	(and	its	isotope	deuterium),	He,	and	Li	
were	formed	during	the	“Big	Bang	nucleosynthesis.”	
	
The	 deuterium	 found	 today	 in	 the	 interstellar	 medium	 could	 only	 have	 formed	 at	 the	
beginning	of	the	Universe	(Songaila	et	al.,	1994).	Calcula5ons	based	upon	the	ini5al	ra5o	
of	protons	and	neutrons	suggest	that	if	the	Big	Bang	theory	is	correct	then	about	24%	of	
the	ordinary	ma[er	in	the	Universe	will	be	He	and	the	rest	hydrogen	(Schramm	&	Turner,	
1998).	 This	 value	 is	 in	 good	agreement	with	 recent	observa5ons	 indica5ng	 that	 the	Big	
Bang	theory	passes	one	of	its	key	“tests.”	

The	abundance	of	the	light	elements	



If	the	early	Universe	was	extremely	hot,	it	is	possible	that,	even	today,	the	remnants	of	
this	 ini5al	 fireball	 might	 be	 detected.	 Support	 for	 this	 hypothesis	 came	 from	 the	
discovery	 by	 Penzias	 and	 Wilson	 (1965)	 of	 what	 came	 to	 be	 known	 as	 the	 Cosmic	
Microwave	Background.	
	

The	Cosmic	Microwave	Background	

This	 discovery	 coincided	
w i t h	 t h e	 w o r k	 o f	
theore5cal	 physicists	
who	 showed	 that	 if	 the	
Universe	 began	 with	 a	
hot	 Big	 Bang,	 then	 the	
Universe	should	be	filled	
with	 electromagne5c	
radia5on	 cooled	 from	
the	 early	 fireball	 to	 a	
temperature	of	around	a	
few	Kelvin.		

In	 subsequent	 years	 a	 large	 number	 of	 direct	 measurements	 of	 the	 Cosmic	
Microwave	Background	at	different	wavelengths	yielded	an	intensity–	wavelength	
plot	which	 had	 the	 characteris5cs	 of	 black	 body	 radia5on	 at	 2.73	 K.	 This	 is	 the	
remnant	of	the	ini5al	fireball	of	the	Big	Bang.	

Wilkinson	microwave	anisotropy	probe	(WMAP)	was	
launched	to	map	the	fine	detail	of	the	Cosmic	Microwave	

Background.	





An	ini5al	singularity.	At	the	beginning	of	the	
Universe,	13.7	billion	years	ago,	all	ma[er	
was	in	one	place	at	a	single	instant;	this	

event	in	cosmological	parlance	is	known	as	
a	“singularity.”	This	term	describes	the	

inference	that	an	infinitely	large	amount	of	
ma[er	is	gathered	at	a	single	point	in	

space-5me.	

The	Big	Bang.	At	the	Big	
Bang	there	was	a	huge	
expansion	of	ma[er,	an	
expansion	that	has	

con5nued	ever	since.	

Infla5on.	Between	1050	and	1030	s	aWer	the	
Big	Bang	there	was	a	par5cularly	rapid	

expansion	of	the	Universe.	This	process	is	
known	as	the	infla5on	of	the	Universe	and	
represents	the	first	burst	of	growth	of	the	
Universe.	During	infla5on	the	part	of	the	
Universe	that	we	see	today	expanded	by	a	

factor	of	1060.	

An	opaque	Universe.	An	almost	uniform	
plasma	of	electrons,	hydrogen,	and	

helium	ions	filled	the	Universe.	At	this	
5me	the	free	electrons	acted	as	a	block	
to	photons	–	generated	from	the	light	
energy	generated	in	the	Big	Bang,	

and	prevented	them	escaping,	rendering	
the	early	Universe	opaque.	



A	 transparent	 Universe.	 AWer	 300,000	 yr	 temperatures	 dropped	 to	 4,500	 K	 and	
gave	rise	 to	 the	 forma5on	of	atomic	ma[er,	and	atoms	of	hydrogen,	helium,	and	
deuterium	 were	 formed.	 Because	 electrons	 were	 removed	 from	 the	 plasma	
through	the	forma5on	of	atoms,	radia5on	streamed	out	and	the	Universe	became	
transparent.	 Ini5ally	 the	Universe	contained	abundant	ultraviolet	and	X-rays,	now	
cooled	 down	 to	microwave	 wavelengths.	 This	 is	 what	 is	 recorded	 as	 the	 Cosmic	
Background	radia5on.	

The	present	Universe.	As	the	universe	
con5nues	to	expand	the	ini5al	radia5on	will	
appear	to	be	derived	from	a	much	cooler	
body.	Hence	today	the	Cosmic	Background	

radia5on	is	2.73	degrees	above	absolute	zero.	



	STAR		FORMATION	

As	cosmologists	began	to	accumulate	measurements	of	the	Cosmic	Background	radia5on	
at	 the	 edge	 of	 the	 Universe	 they	 were	 impressed	 by	 the	 uniformity	 of	 the	 results.	
However,	 many	 theorists	 predicted	 that	 in	 detail	 the	 results	 should	 not	 be	 uniform,	
leading	to	a	search	for	microscale	variability	in	the	cosmic	background	radia5on.	This	was	
first	discovered	using	a	differen5al	microwave	radiometer	on	the	COBE	space	probe	and	
demonstrated	that	the	Cosmic	Microwave	background	was	very	slightly	variable	on	the	
scale	of	one	part	in	100,000.	

The	significance	of	this	varia5on	in	the	intensity	of	the	Cosmic	Microwave	Background	
is	 that	 it	 shows	how	ma[er	and	energy	were	distributed	when	 the	Universe	was	 s5ll	
very	young.	It	is	thought	that	these	early	inhomogenei5es	subsequently	developed	into	
the	regions	in	the	present	Universe	where	there	is	ma[er,	that	is,	galaxies	and	galaxy	
clusters,	 and	 those	 regions	 from	 which	 ma[er	 is,	 absent	 –	 space.	 The	 early	
inhomogeneous	distribu5on	of	ma[er	also	 reflects	an	 inhomogeneous	distribu5on	of	
density,	and	 it	 is	 these	 ini5al	density	differences	that	gave	rise	to	small	differences	 in	
gravita5onal	forces	which	began	to	draw	ma[er	together.	



Primordial	 gas	 clouds,	 composed	 of	 hydrogen	 and	 helium,	 are	 thought	 to	 be	 the	
beginnings	 of	 galaxies	 and	 represent	 the	 first	 large-scale	 structures	 to	 form	 in	 the	
evolving	Universe.	
	
These	huge	gas	clouds	with	masses	1015–1016	greater	than	that	of	the	sun	(that	is,	
104–105	 5mes	 greater	 than	 our	 own	 galaxy,	 the	 Milky	 Way),	 formed	 due	 to	
gravita5onal	forces	working	against	the	expansion	of	the	Universe.	



The	process	of	star	forma5on	
	
As	large	molecular	clouds	fragment	and	collapse,	
star	 forma5on	 can	 take	 place.	 This	 process	 is	
triggered	by	 density	 inhomogenei5es	 in	 the	 gas	
cloud,	 producing	 regions	 which	 become	
gravita5onally	unstable	and	contract.	







The	Elephant’s	Trunk	nebula	
in	 the	 Milky	 Way	 galaxy,	
seen	 here	 in	 false-color	
infrared	 light	 by	 the	 Spitzer	
Space-Telescope.	The	nebula	
is	 a	 stellar	 nursery	 in	 which	
several	 young	 stars	 glowed	
brightly	 when	 the	 light	 was	
emi[ed	 about	 2450	 years	
ago .	 Th i s	 nebu la	 a l so	
contained	dust	par5cles	and	
molecules	 of	 hydrogen	 and	
o f	 comp lex	 po l ycyc l i c	
aroma5c	 hydrocarbons	
(PAHs).	 (Courtesy	 of	 NASA/
JPL-Caltech/W.	 Reach	 (SSC	
C a l t e c h ) . 	 (
h[p://ipac.jpl .nasa.gov/
m e d i a _ i m a g e s /	
ssc2003-06b1.jpg)	



Cosmological	nucleosynthesis.	The	elements	H,	and	its	isotope	D,	He,	and	Li	were	created	
in	the	first	few	moments	of	the	Big	Bang.	These	are	the	essen5al	ingredients	of	the	cosmos	
and	 the	 star5ng	 composi5on	 for	 all	 other	 elements.	 The	 ra5o	 of	 He/H,	 in	 terms	 of	 the	
number	 of	 atoms,	 is	 about	 25%	 as	 a	 consequence	 of	 this	 event,	 and	 although	 some	
addi5onal	 He	 has	 been	 created	 in	 stellar	 nucleosynthesis	 (see	 below)	 the	 ra5o	 in	 the	
Universe	as	a	whole	has	remained	essen5ally	unchanged	since	the	beginning	of	5me.	

Stellar	 nucleosynthesis.	 Elements	 with	 atomic	 masses	 up	 to	 that	 of	 iron	 (56Fe)	 are	
created	in	stars	through	a	variety	of	different	reac5ons,	taking	place	over	a	wide	range	of	
temperatures.	

Hydrogen	burning	and	helium	producLon.	Hydrogen	burns	in	the	core	of	a	star	to	form	
4He	through	either	the	proton–proton	chain	reac5on,	which	takes	place	at	5x106	K	or	at	
higher	 temperatures	 (	 20x106	 K)	 through	 the	 carbon	 cycle	 (the	 C–N–O	 cycle)	 in	which	
carbon	acts	as	a	nuclear	catalyst	 in	the	produc5on	of	He.	This	process	 is	also	known	as	
the	quiescent	burning	phase	of	a	star	and	is	a	slow	process	which	takes	billions	of	years	
and	covers	much	of	the	life	of	a	star.	Our	sun	is	currently	in	this	phase.	

Helium	burning	to	form	carbon	and	oxygen.	As	the	hydrogen	in	a	star	is	used	up,	the	star	
contracts	and	its	temperature	rises	to	greater	than	108	K.	At	this	stage	nuclear	reac5ons	
take	place	which	permit	the	synthesis	of	the	elements	carbon,	nitrogen,	and	oxygen,	from	
helium.	12C	forms	from	4He,	through	what	is	known	as	the	triple	alpha	reac5on,	and	when	
sufficient	12C	is	present,	further	reac5on	leads	to	the	forma5on	of	16O.	



The	most	energe5c	fusion	
reac5on	is	hydrogen	burning;	

	
a	lesser	amount	of	energy	is	
produced	by	He-burning,	

even	less	from	C	and	O,	and	
progressively	less	un5l	Fe	is	
reached	at	which	point	no	
energy	is	released	at	all.	











A	geochemical	classificaLon	of	trace	elements	according	to	their	
posiLon	in	the	periodic	table	



A	geochemical	classificaLon	of	trace	elements	according	to	their	behavior	during	parLal	
melLng	



A	geochemical	classificaLon	of	trace	elements	according	to	their	ionic	charge	and	size	
raLo	

MRFE	=	mantle	rock	
forming	elements)	







A	 rather	 different	 approach	 to	 understanding	 the	 condensa5on	 of	 the	 solar	 nebula	 came	 from	 the	 work	 of	 the	
geochemist	V.M.	Goldschmidt	carried	out	 in	the	1920s.	Goldschmidt	proposed,	what	has	now	become,	a	widely	used	
geochemical	 classifica5on	 of	 the	 elements.	 This	 work	 was	 in	 part	 based	 upon	 the	 study	 of	 meteorites,	 and	 so	 his	
classifica5on	is	very	relevant	to	the	understanding	of	planetary	processes.	Chemical	elements	display	different	chemical	
affini5es,	explained	largely	by	their	differing	electronega5vi5es,	and	may	be	classified	into	 lithophile	elements	–	those	
with	an	affinity	for	silicates	and	oxygen,	chalcophile	elements	–	those	with	an	affinity	for	sulfur,	siderophile	elements	–	
those	with	an	affinity	 for	metallic	 iron,	and	atmophile	elements	–	those	with	an	affinity	 for	 the	gaseous	atmosphere.	
Ini5ally	Goldschmidt’s	 classifica5on	of	 the	 elements	was	 helpful	 in	 understanding	 two	 rather	 different	 subjects	 –	 the	
differences	between	the	major	meteorite	groups	and	the	differen5a5on	of	the	Earth.	
	
However,	Goldschmidt’s	scheme	only	relates	to	the	condensa5on	of	major	elements	into	mineral	phases.	




