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	8	

Abstract	9	

In	this	paper	we	propose	an	updated	bulk	chemical	composition	of	the	Earth	based	10	

on	new	estimates	for	the	composition	of	the	Earth’s	core.	We	present	the	different	11	

cosmochemical	constraints	that	allow	us	to	search	for	the	Earth’s	building	blocks.	12	

Chemical	equilibrium	calculations	of	gas	–	solid	equilibria	in	solar	composition	gas	13	

show	that	at	first	approximation	the	Earth	is	chondritic	for	the	refractory	lithophile	14	

(rock-loving)	elements.	Elemental	and	isotopic	compositions	are	then	used	to	15	

discuss	the	different	possible	types	of	meteoritic	material	(exemplified	by	the	16	

meteorites	in	our	collections)	that	may	represent	the	bulk	Earth	composition.				17	

	18	

Introduction	19	

Consideration	of	Earth’s	building	blocks	requires	knowledge	of	its	bulk	composition	20	

today,	chemistry	in	the	solar	nebula,	and	of	chemical	effects	during	accretion	of	the	21	

Earth	(e.g.,	see	pp.	35-38	of	Lewis	&	Prinn	1984).	The	Earth	is	a	differentiated	planet	22	

consisting	of	five	(physically	distinct)	geochemical	reservoirs	(atmosphere,	23	
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biosphere,	hydrosphere,	lithosphere,	and	core)	with	different	chemical	1	

compositions.	(In	this	paper	we	geochemically	define	lithosphere	as	the	crust	plus	2	

the	entire	mantle	so	it	encompasses	the	entire	silicate	portion	of	the	Earth.	This	is	3	

distinct	from	the	geophysical	definition	of	lithosphere,	which	is	based	on	mechanical	4	

properties	of	rock.)	Thus,	the	lithosphere	is	similar,	but	not	identical	to	the	bulk	5	

silicate	Earth,	which	also	includes	the	atmosphere,	biosphere,	and	hydrosphere	(see	6	

below).	All	accessible	terrestrial	samples	have	been	modified	to	a	greater	or	lesser	7	

extent	from	Earth’s	original	composition.	For	example,	the	atmosphere,	biosphere,	8	

hydrosphere,	and	lithosphere	originated	from	Earth’s	primordial	silicate	portion	9	

after	it	was	depleted	in	siderophile	(metal-loving)	and	chalcophile	(sulfur-loving)	10	

elements	by	core	formation	but	before	it	differentiated	into	crust	plus	mantle	and	11	

outgassed	volatiles	to	form	the	atmosphere	and	oceans.	Thus	the	mass-weighted	12	

chemical	composition	of	the	atmosphere,	biosphere,	hydrosphere,	and	lithosphere	is	13	

that	of	the	bulk	silicate	Earth	(BSE),	also	known	as	Earth’s	primitive	mantle	(PM).	14	

We	use	the	term	BSE	throughout	this	chapter.	Two	major	processes	shaped	the	15	

composition	of	the	BSE:	(1)	gas	–	solid	(and/or	gas	–	melt)	volatility	fractionation	of	16	

Earth	–	forming	materials	in	the	solar	nebula	(including	volatility	effects	on	17	

planetesimals),	and	during	accretion	of	the	Earth,	and	(2)	silicate,	metal,	and	sulfide	18	

elemental	partitioning	during	core	formation	on	the	early	Earth	and	its	planetesimal	19	

precursors.	20	

We	could	also	divide	the	Earth	into	geochemically	different	reservoirs	such	21	

as	undepleted	primitive	mantle	(UPM)	and	depleted	MORB	mantle	(DMM),	but	we	22	

did	not	take	this	approach	for	two	reasons.	First,	the	size	of	the	undepleted	and	23	
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depleted	reservoirs	may	vary	for	each	element	and	isotope	under	consideration,	e.g.,	1	

different	size	reservoirs	for	a	lithophile	and	a	noble	gas.	Second,	the	depleted	and	2	

undepleted	reservoirs	are	model	constructs	that	do	not	necessarily	correspond	to	3	

physically	different	reservoirs	such	as	upper	and	lower	mantle.	For	example	the	4	

entire	mantle	may	be	a	mixture	of	more	and	less	depleted	regions	like	raisins	in	a	5	

cake	(Figure	6	of	Helffrich	&	Wood	2001).	6	

It	is	more	convenient	for	us	to	consider	the	five	physically	distinct	reservoirs	7	

mentioned	above.	In	principle,	Earth’s	bulk	composition	can	be	reconstructed	from	8	

chemical	analyses	of	elements	in	each	of	these	five	reservoirs	combined	together	in	9	

their	relative	mass	fractions.	Thus	the	concentration	C	of	an	element	E	in	the	bulk	10	

Earth	(Bulk)	is	given	by	11	

𝐶!!"#$ = 𝐹!𝐶!! + 𝐹!𝐶!! + 𝐹!𝐶!! + 𝐹!𝐶!! + 𝐹!𝐶!! 	

The	mass	fraction	of	each	reservoir	R	is	FR	and	the	subscripts	denote	the	12	

atmospheric	(A),	biospheric	(B),	hydrospheric	(H),	lithospheric	(L),	and	core	(C)	13	

reservoirs.	Table	1	lists	the	mass	and	mass	fraction	of	each	of	these	reservoirs	and	14	

shows	the	further	subdivision	of	the	lithospheric	and	core	reservoirs.	The	15	

concentration	of	an	element	E	in	each	reservoir	is	𝐶!! .	For	example,	the	bulk	earth	16	

concentration	of	Mg	is	given	by	17	

𝐶!"!"#$ = 𝐹!𝐶!!! + 𝐹!𝐶!"! + 𝐹!𝐶!"! + 𝐹!𝐶!"! + 𝐹!𝐶!"! 	

𝐶!"!"#$ = 8.6×10!! 0% + 1.9×10!! 0.098% + 2.79×10!! 0.128%

+ 0.6748 22.17% + 0.3249 0% 	

𝐶!"!"#$ = 14.96%	
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In	comparison,	Morgan	&	Anders	(1980),	Kargel	&	Lewis	(1993),	and	McDonough	1	

(2003)	give	13.90%,	14.86%,	and	15.4%	Mg,	respectively,	in	the	bulk	Earth.	The	2	

variations	are	due	to	the	different	values	selected	for	the	Mg	percentage	in	Earth’s	3	

mantle.	The	amounts	of	Mg	in	the	atmosphere	(none),	biosphere	(0.098%	in	4	

phytomass),	hydrosphere	(0.128%	in	seawater)	(Lodders	&	Fegley	1998,	2011),	5	

lithosphere	(22.17%,	Table	4	of	Palme	&	O’Neill	2014),	and	core	(none,	McDonough	6	

2003)	are	very	small.	Thus,	the	Mg	concentration	in	the	bulk	Earth	is	effectively	just	7	

the	mass-weighted	Mg	concentration	in	the	lithosphere.		8	

We	can	simply	write	the	mass	balance	equations	by	using	elemental	9	

concentrations	in	the	BSE;	then	a	two-term	equation	results,	e.g.,	the	equation	for	10	

Mg	becomes:	11	

𝐶!"!"#$ = 𝐹!"#𝐶!"!"# + 𝐹!𝐶!"! 	

𝐶!"!"#$ = 0.6751 22.17% + 0.3249 0% = 14.96%	

Other	lithophile	elements	that	are	insoluble	in	water	and	do	not	behave	as	12	

siderophiles	or	chalcophiles	at	core-forming	conditions	(e.g.,	Al,	Ba,	Be,	Ca,	F,	Li,	REE,	13	

Sc,	Sr,	Th,	Ti,	U,	Y,	Zr)	have	similar	mass	balance	equations	comprised	of	only	the	14	

lithospheric	reservoir	term.	(We	defer	discussion	of	Na,	K,	Rb,	and	Cs	to	later.)	15	

	 Several	other	elements	are	concentrated	in	one	reservoir,	but	not	to	the	same	16	

extent	as	the	lithophiles	mentioned	above.	For	example,	most	of	the	iodine	in	the	17	

bulk	silicate	Earth	is	primarily	found	in	organic-rich	marine	sediments	and	marine	18	

organisms	(i.e.,	biospheric	reservoir)	with	~	11%	residing	in	the	lithosphere.	19	

However,	the	core	may	contain	up	to	82%	of	Earth’s	total	iodine	inventory	if	20	
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metal/silicate	partition	coefficients	measured	at	high	pressures	and	temperatures	1	

are	relevant	to	core	formation	on	Earth	(Armytage	et	al.	2013).		2	

	 About	75%	of	Cl	and	Br	in	the	BSE	are	in	the	oceans	(hydrospheric	reservoir)	3	

with	the	remaining	25%	in	the	lithosphere.	Neglecting	any	nitrogen	that	may	be	4	

dissolved	in	the	molten	outer	core,	73.1%	of	Earth’s	nitrogen	is	in	the	atmosphere,	5	

26.5%	is	in	the	crust,	and	0.4%	in	the	oceans	(Lodders	&	Fegley	2011).	Geochemical	6	

modeling	(Allegre	et	al.	1995;		Albarede	1998;	Ballentine	&	Holland	2008)	shows	7	

only	45-50%	of	Earth’s	40Ar	is	in	the	atmosphere.	This	modeling	depends	on	the	8	

amount	of	K	in	the	BSE,	which	is	fairly	well	constrained	at	230	–	280	ppm	by	mass	9	

(260	ppm,	Jagoutz	et	al	1979;	240	ppm,	McDonough	&	Sun	1995;	232	ppm,	Kargel	&	10	

Lewis	1993;	258	ppm,	Hofmann	1988;	231	ppm,	Wänke	et	al	1984;	258	ppm,	Hart	&	11	

Zindler	1986;	280	ppm,	Allègre	et	al.	1995;	and	260	ppm,	Palme	&	O’Neill	2014).	If	12	

the	degassing	efficiency	is	similar	for	other	noble	gases,	the	atmosphere	contains	~	13	

50%	of	Earth’s	36+38Ar,	Kr,	and	Xe	(Fegley	&	Schaefer	2014).	Helium	is	not	14	

considered	in	this	comparison	because	it	is	continually	escaping	to	space	with	an	15	

atmospheric	lifetime	of	0.9–1.8Ma	for	4He	and	0.4–0.8Ma	for	3He	(Torgersen,	1989).	16	

Neon	is	not	considered	because	the	different	isotopic	compositions	of	atmospheric	17	

and	mantle	Ne	suggest	atmospheric	Ne	is	probably	a	mixture	of	Ne	degassed	from	18	

the	mantle	and	from	chondritic	bolides	by	impact	degassing	(Marty	2012;	Moreira	19	

2013;	Zhang	2014).	An	alternative	scenario	is	the	Ne	has	been	lost	by	hydrodynamic	20	

escape	to	space	associated	with	an	isotopic	mass-fractionation	(Pepin	2006).	21	

The	atmospheric	inventory	of	Xe	is	lower	than	it	should	be	by	analogy	with	22	

Ne,	Ar,	and	Kr	–	the	missing	Xe	problem.	Various	solutions	to	the	missing	Xe	23	
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problem	have	been	suggested	over	the	past	50	years,	which	generally	involve	1	

sequestering	the	“missing”	Xe	inside	the	Earth,	e.g.,	in	glacial	ice,	sediments,	or	2	

clathrate	hydrates	(e.g.,	see	Ozima	&	Podosek	2001).	More	recently	Sanloup	et	al.	3	

(2005,	2011)	suggested	that	significant	amounts	of	Xe	are	in	the	lower	mantle	or	in	4	

the	crust	as	XeO2	in	quartz	and	olivine,	which	is	supported	by	the	synthesis	of	XeO2	5	

(Brock	&	Schrobilgen	2011).	A	last	scenario	is	that	Xe	has	been	lost	to	space	through	6	

an	unknown	process	associated	with	an	isotopic	fractionation	(Pujol	et	al.	2011).	7	

Over	the	past	30	years	geoscientists	have	speculated	that	the	“missing”	Xe	is	in	8	

Earth’s	core	(Ozima	&	Podosek	2001).	Their	reasoning	is	that	Xe	becomes	a	metal	9	

with	hexagonal	close	packed	(hcp)	structure	above	120	GPa	and	it	may	alloy	with,	or	10	

dissolve	into	Fe,	which	is	also	a	hcp	metal	at	core	conditions.	However	the	11	

experimental	study	of	Nishio-Hamane	et	al.	(2010)	finds	no	evidence	for	Xe	alloy	12	

formation	with	or	dissolution	into	Fe	at	P,	T	conditions	similar	to	those	in	the	core.	A	13	

more	detailed	discussion	of	noble	gas	geochemistry	is	beyond	our	scope,	but	is	14	

given	by	Zhang	(2014).	15	

As	evident	from	our	discussion	above,	this	simple	mass	balance	approach	is	16	

difficult	in	practice	because	of	our	incomplete	knowledge	of	reservoir	compositions,	17	

e.g.,	the	core,	which	is	~	32.5%	by	mass,	and	the	mantle,	which	is	~	67.5%	by	mass,	18	

of	the	Earth.	For	example,	recent	metal/silicate	partitioning	experiments	indicate	19	

that	Earth’s	core	may	be	a	significant	reservoir	of	helium	(Bouhifd	et	al.	2013a),	20	

iodine	(Armytage	et	al.	2013),	and	lead	(Bouhifd	et	al.	2013b).	The	measured	21	

partition	coefficients	depend	upon	several	variables	(e.g.,	P,	T,	oxygen	fugacity,	22	

sulfur	content	of	the	molten	metal)	and	the	“true”	concentrations	of	these	and	many	23	
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other	elements	in	Earth’s	core	will	be	incredibly	difficult	to	constrain.	Likewise,	the	1	

concentrations	of	several	elements	in	the	mantle	are	not	well	known,	e.g.,	As,	Bi,	Cd,	2	

H,	In,	S,	Sb,	Se,	Te,	Tl.	The	estimate	of	H	in	the	mantle	varies	from	1	–	2	oceans	of	3	

water	(e.g.,	Saal	et	al.	2002,	Hirschmann	&	Dasgupta	2009;	Zhang	2014).	Even	the	4	

crustal	concentrations	of	some	elements	such	as	As,	Bi,	Hg,	Sb,	and	Tl	are	poorly	5	

known	(Palme	&	O’Neill	2014).	6	

Our	knowledge	of	the	compositions	of	the	five	major	geochemical	reservoirs	7	

comes	from	four	principal	types	of	data:	(1)	seismological	observations,	(2)	8	

chemical	and	isotopic	analyses	of	the	atmosphere,	biosphere,	hydrosphere,	and	9	

lithosphere,		(3)	experimental	studies	of	elemental	partitioning	between	coexisting	10	

phases	(e.g.,	metal,	silicate,	sulfide,	melt)	as	a	function	of	temperature,	pressure,	11	

oxygen	and/or	sulfur	fugacity,	(4)	ratios	of	elements	with	very	similar	geochemical	12	

behavior	(e.g.,	Sm/Sn,	K/U,	K/La,	W/Th,	P/Nd,	Rb/Ba,	Nb/Ta)	combined	with	13	

analysis	of	one	element	in	the	pair,	and	(5)	cosmochemical	constraints,	e.g.,	14	

elemental	and	isotopic	abundances	in	meteorites	and	solar	composition	material.	15	

Palme	&	O’Neill	(2014)	describe	in	more	detail	several	of	these	approaches	16	

that	they	use	to	determine	the	composition	of	the	bulk	silicate	Earth.	Thus	we	do	not	17	

repeat	their	discussion	here	but	refer	the	reader	to	their	chapter.	Published	values	18	

for	composition	of	the	BSE	are	in	good	agreement.	For	example,	Table	3	of	Palme	&	19	

O’Neill	(2014)	compares	BSE	major	element	compositions	from	Ringwood	(1979),	20	

Jagoutz	et	al	(1979),	Wänke	et	al	(1984),	Palme	&	Nickel	(1985),	Hart	&	Zindler	21	

(1986),	McDonough	&	Sun	(1995),	and	Allègre	et	al.	(1995).	The	range	for	SiO2	–	the	22	

most	abundant	oxide	in	the	BSE	–	is	only	from	45.0%	(McDonough	&	Sun	1995)	to	23	
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46.2%	(Palme	&	Nickel	1985)	–	and	the	unweighted	mean	value	of	all	seven	1	

compilations	is	45.6	±	0.5%	(1	sigma	error),	identical	within	error	to	the	value	of	2	

45.40	±	0.30%	recommended	by	Palme	&	O’Neill	(2014).	Likewise	the	concentration	3	

range	for	MgO	–	the	2nd	most	abundant	oxide	in	the	BSE	–	is	from	35.5%	(Palme	&	4	

Nickel	1985)	to	38.3%	(Jagoutz	et	al.	1979).	The	unweighted	mean	MgO	5	

concentration	from	all	seven	compilations	is	37.4	±	0.9%	(1	sigma	error),	identical	6	

within	error	to	the	value	of	36.77	±	0.44%	given	by	Palme	&	O’Neill	(2014).	Table	7	

6.9	of	Lodders	&	Fegley	(1998)	compares	ten	BSE	compositions,	and	the	same	8	

conclusion	is	reached	–	that	the	major	element	composition	of	the	BSE	is	well	9	

constrained.	As	we	discuss	later	these	BSE	compositions	assume	that	the	mantle	is	10	

compositionally	uniform.	There	is	good	evidence	for	this	summarized	by	Palme	and	11	

O’Neill	(2014).	12	

More	than	one	line	of	evidence	is	often	used	to	constrain	the	composition	of	13	

the	lithospheric	and	core	reservoirs.	For	example,	seismological	observations	show	14	

the	Earth	is	physically	divided	(to	1st	order)	into	crust,	upper	mantle,	lower	mantle,	15	

and	core,	and	that	Earth’s	core	is	divided	into	a	molten	outer	core	and	a	solid	inner	16	

core.	Seismic	data	and	analyses	of	Fe-Ni	meteorite	metal	show	that	most	of	the	core	17	

is	Fe-Ni	alloy	(Fe/Ni	~	16.5	by	weight	=	Fe	94.3%,	Ni	5.7%	–	this	is	the	solar	18	

composition	value	which	is	found	in	most	iron	meteorites).	However,	the	molten	19	

outer	core	is	~	5-10%	less	dense	and	the	inner	core	is	~	2-3%	less	dense	than	this	20	

alloy	(Badro	et	al.	2014).	One	or	more	light	elements	are	present	in	the	core	(Birch	21	

1952,	1964).	The	identity	of	the	light	element(s)	in	the	molten	outer	core	and	in	the	22	

solid	inner	core	is	not	uniquely	constrained	by	the	seismic	data	alone	but	also	23	
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depends	upon	observed	elemental	abundances	in	Fe-Ni	alloy	in	meteorites,	Fe	–	1	

element	binary	phase	diagrams,	metal/silicate	partition	coefficients,	and	solar	2	

elemental	abundances;	the	plausible	light	elements	include	C,	S,	Si,	O,	N,	P,	and	H.	3	

Molecular	dynamics	simulations	of	density	and	sound	speed	at	plausible	P	&	T	for	4	

the	core	by	Badro	et	al.	(2014)	show	oxygen	is	the	most	abundant	light	element	in	5	

the	core	with	their	best	fit	model	containing	3.7%	O	and	1.9%	Si	by	weight.	The	6	

maximum	light	element	contents	permitted	by	their	modeling	are	5.4%	O,	4.5%	Si,	7	

and	2.4%	S.	8	

Seismic	tomography	shows	the	penetration	of	down-welling	slabs	into	the	9	

lower	mantle,	which	requires	mass	exchange	between	upper	and	lower	mantle.	This	10	

evidence	is	important	because	it	implies	a	generally	well-mixed,	compositionally	11	

uniform	mantle	(Palme	&	O’Neill	2014).	Bina	&	Helffrich	(2014)	computed	density	12	

and	sound	velocity	profiles	along	plausible	lower	mantle	adiabats	for	a	variety	of	13	

compositions	and	concluded	that	lower	mantle	physical	properties	are	consistent	14	

with	a	pyrolite,	i.e.,	upper	mantle,	composition.	Palme	&	O’Neill	(2014)	review	other	15	

lines	of	evidence	supporting	a	homogenous	mantle	composition.		16	

Thus	most	geoscientists	accept	that	analyses	of	relatively	unaltered	upper	17	

mantle	xenoliths	(fertile	peridotites,	spinel	lherzolites,	garnet	lherzolites),	18	

petrological	models	of	peridotite	–	basalt	melting	(e.g.,	Ringwood’s	pyrolite	model),	19	

and	concentration	ratios	of	geochemically	similar	elements	in	basalts,	can	be	used	to	20	

determine	the	composition	of	the	entire	mantle	–	not	just	the	upper	mantle.	But	see	21	

Anderson	(2002)	and	Javoy	et	al.	(2010)	for	arguments	that	the	upper	and	lower	22	
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mantle	has	different	compositions.	The	latter	group	requires	this	in	order	for	their	1	

enstatite	chondrite	model	to	match	the	BSE.	2	

In	this	review	we	focus	on	three	lines	of	evidence–	cosmochemical	3	

constraints	and	geochemical	and	isotopic	analyses–	that	provide	information	about	4	

the	bulk	composition	of	the	Earth	and	its	building	blocks.	5	

	6	

Cosmochemical	constraints	7	

	 We	discuss	meteoritic	constraints	on	Earth’s	composition	and	origin	in	a	8	

subsequent	section.	Here	we	discuss	constraints	from	solar	nebula	chemistry,	but	9	

before	doing	so	we	briefly	summarize	the	different	stages	of	solar	nebula	evolution,	10	

and	planetary	accretion	based	on	Cameron	(1995),	Lodders	&	Fegley	(2011),	and	11	

Chamber	(2014).	12	

	 1st	Stage:	Molecular	cloud	collapse.	During	this	stage,	the	solar	nebula	disk	is	13	

built	up	of	infalling	material	from	a	collapsing	molecular	cloud	core.	This	stage	lasts	14	

for	a	few	times	105	years.	Most	(if	not	all)	of	the	matter	in	the	disk	during	this	stage	15	

ultimately	goes	into	the	proto-Sun.	16	

	 2nd	Stage:	Disk	dissipation.	The	Sun	forms	during	this	stage,	which	lasts	for	17	

about	50,000	years	(i.e.,	the	Sun	accretes	at	approximately	2	×	10-5	solar	masses	per	18	

year).	The	disk	mass	is	less	than	that	of	the	proto-Sun.	Most	matter	falling	onto	the	19	

accretion	disk	is	transported	through	the	disk	into	the	proto-Sun	and	angular	20	

momentum	is	transported	outward	in	the	disk.	The	major	dissipation	(i.e.,	21	

transport)	mechanisms	include	spiral	density	waves,	disk-driven	bipolar	outflows,	22	

and	the	Balbus-Hawley	magnetic	instability.	Cameron	(1995)	discusses	why	23	
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turbulent	viscosity	driven	by	thermal	convection	is	less	important	than	these	other	1	

dissipative	mechanisms,	but	some	other	modelers	continue	to	rely	on	turbulent	2	

viscosity	as	the	main	dissipative	mechanism.	The	amount	of	outward	mass	3	

transport,	that	would	tend	to	“contaminate”	the	outer	nebula	with	products	from	4	

thermochemical	processing	in	the	innermost	few	AU	of	the	nebula,	is	controversial	5	

and	uncertain.	Near	the	end	of	this	stage,	some	disk	material	survived	and	is	6	

preserved	in	meteorites	(e.g.,	26Al-bearing	minerals).	7	

	 3rd	Stage:	Terminal	accumulation	of	the	Sun.	The	final	accumulation	of	the	Sun	8	

occurs	during	this	stage,	which	lasts	for	about	(1-2)	×	106	years.	The	Sun’s	9	

accumulation	rate	decreases	from	about	10-7	to	10-8	solar	masses	per	year.	The	10	

proto-Sun	becomes	a	classical	T	Tauri	star	in	this	phase.	Planetary	accretion	(almost	11	

complete	for	Jupiter	and	Saturn,	and	less	advanced	for	the	other	planets)	occurs	12	

during	this	stage.		13	

	 4th	Stage:	Loss	of	nebular	gas.	The	Sun	becomes	a	weak	line	T	Tauri	star	in	14	

this	stage,	which	lasts	(3-30)	×	106	years,	and	is	no	longer	accreting	material	from	15	

the	disk.	The	T	Tauri	wind	removes	gas	in	the	inner	nebula	and	photo-evaporation	16	

due	mainly	to	UV	radiation	from	the	T	Tauri	wind	removes	gas	in	the	outer	nebula.	17	

Ultraviolet	photochemistry	may	be	important	in	the	outer	nebula,	but	its	18	

importance	depends	on	the	poorly	constrained	and	time	dependent	nebular	column	19	

density.	Nebular	gas	–	solid	thermochemistry	ceases	sometime	(although	not	20	

necessarily	at	the	same	time	everywhere)	during	this	stage.		21	

	 In	Cameron’s	(1995)	model	of	nebular	evolution,	accumulation	of	the	Sun	22	

consumed	essentially	all	of	the	material	accreted	by	the	nebular	disk	during	the	23	
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early	stages	of	its	history.	Planets	and	all	the	other	bodies	in	the	solar	system	were	1	

then	assembled	from	material	accreted	after	the	Sun	had	formed	(i.e.,	during	the	2	

time	from	the	end	of	stage	2	into	stage	4).	Accretion	of	the	terrestrial	planets	3	

proceeded	via	a	multistage	process	of	planetary	embryo	growth	from	nebular	dust	4	

grains	(dust	grains	→	chunks	→	boulders	→	km	size	bodies	→	asteroidal	size	bodies	5	

→	planetary	embyros	→	planets).	The	number	of	objects	decreased	at	each	stage	of	6	

accretion	until	roughly	a	few	hundred	planetary	embryos	of	lunar	to	Mars	size	are	7	

produced.	The	four	terrestrial	planets	formed	by	accretion	of	these	planetary	8	

embryos.	For	example,	the	last	stage	of	Earth	accretion	apparently	involved	collision	9	

of	the	~	0.9	ME	proto-Earth	with	an	~	0.1	ME	Mars-size	body.		10	

	 The	composition	of	the	dust	grains	that	were	the	starting	point	for	11	

planetesimal	growth	and	accretion	was	mainly	determined	by	nebular	12	

thermochemistry;	thus	we	discuss	constraints	on	chemistry	of	nebular	solids	from	13	

chemical	equilibrium	calculations	of	gas	–	solid	equilibria	in	solar	composition	gas.	14	

Prinn	&	Fegley	(1989)	showed	thermochemistry	was	the	dominant	chemical	15	

process	in	the	inner	solar	nebula	where	the	terrestrial	planets	formed.	At	1	AU	they	16	

found	thermochemistry	is	10	times	more	important	than	shock	chemistry,	40,000	17	

times	more	important	than	photochemistry,	and	over	13	million	times	as	important	18	

as	radiochemistry.	For	example,	absorption	of	UV	radiation	by	water	vapor	(the	19	

third	most	abundant	gas	in	the	solar	nebula	after	H2	and	He)	and	scattering	by	dust	20	

dramatically	decreases	the	Ly-α	photon	flux	from	the	proto-Sun	at	1	AU.	Hotter,	21	

denser	conditions	inward	of	1	AU	in	the	solar	nebula	made	thermochemistry	even	22	

more	important	closer	to	the	proto-Sun.	This	is	also	due	in	part	to	increased	23	
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abundances	at	higher	temperatures	of	CO	and	UV	absorbing	gases	of	rock-forming	1	

elements	(e.g.,	SiO,	SiS,	HS,	H2S,	AlOH,	Al2O,	AlS,	AlH,	AlO,	PO,	PN,	PS,	NaCl,	HCl,	KCl,	2	

KOH,	TiO,	and	TiO2)	that	are	thermodynamically	stable	in	the	inner	region	of	the	3	

solar	nebula	(e.g.,	see	Table	2	and	Figures	1-17	of	Schaefer	&	Fegley	2010b).	Some	of	4	

these	gases	absorb	UV	light	at	the	same	wavelengths	as	H2O	and	others	absorb	at	5	

shorter	(e.g.	CO,	SiO)	or	longer	wavelengths	(e.g.,	H2S).	Methane,	CO2,	and	NH3	6	

become	more	abundant	and	contribute	to	UV	opacity	of	the	solar	nebula	at	a	few	7	

hundred	Kelvin	where	the	CO	–	CH4	(625	K	at	10-4	bar	total	pressure)	and	N2	–	NH3	8	

equal	abundance	lines	(345	K	at	10-4	bar	total	pressure)	are	reached	(e.g.,	see	9	

Figures	14-15	in	Schaefer	&	Fegley	2010b).	With	decreasing	temperature	below	the	10	

equal	abundance	lines,	CH4	and	NH3	become	more	important	until	they	are	the	11	

major	C-	and	N-bearing	gases.		The	UV	opacity	due	to	all	of	the	gases	listed	above	12	

vanishes	once	the	respective	elements	condense.	For	example	at	10-4	bar	total	13	

pressure	Si	is	50%	in	the	vapor	as	SiO	and	SiS	and	50%	condensed	as	forsterite	plus	14	

enstatite	at	1310	K.	The	UV	opacity	due	to	H2S	persists	to	much	lower	temperatures	15	

because	sulfur	is	50%	condensed	as	FeS	at	664	K.	The	UV	opacity	due	to	water	16	

vapor	persists	until	low	temperatures	of	~	180	K	(10-4	bar	total	pressure)	where	17	

50%	of	H2O	is	in	the	vapor	and	50%	is	condensed	as	water	ice.	At	10-4	bar	total	18	

pressure,	ammonia	condenses	as	NH4OH	(131	K)	and	CH4	as	CH4	clathrate	hydrate	19	

at	78	K.	Thus	all	of	the	gaseous	UV	opacity	sources	–	except	for	CO	–	should	be	20	

absent	from	the	outermost	solar	nebula.	21	

In	contrast,	chemical	modeling	of	protoplanetary	disks	by	astronomers	(e.g.,	22	

Henning	&	Semenov	2013)	uses	chemical	kinetic	codes	and	focuses	on	lower	23	
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temperature,	lower	density	disk	regions	that	are	“thin”	to	electromagnetic	radiation	1	

(e.g.,	R	≥	10	AU	beyond	the	condensation	fronts	for	molecules	such	as	H2O	that	2	

absorb	UV	radiation).	Indeed,	the	calculations	of	Prinn	&	Fegley	(1989)	showed	that	3	

stellar	UV	photochemistry	is	important	in	these	outer	nebular	regions	(see	pp.	85-4	

92	of	their	paper).	For	example,	the	CO	photochemical	models	of	Lyons	and	Young	5	

(2005)	for	production	of	oxygen	isotopic	anomalies	are	done	at	30	AU	and	require	a	6	

far	UV	flux	about	103	times	larger	than	the	local	interstellar	medium.	But	as	7	

mentioned	earlier,	we	are	interested	in	the	higher	temperature,	higher	density	inner	8	

disk	regions	that	are	opaque	(hence	convective),	where	chemical	equilibrium	is	9	

reached	within	the	disk	lifetime.		10	

In	the	next	10	–	20	years	we	can	expect	quantitative	information	about	the	11	

composition	of	protoplanetary	disks	from	ALMA	(Atacama	Large	Millimeter/	12	

submillimeter	Array),	JWST	(James	Webb	Space	Telescope),	and	other	telescopes.	13	

Ultimately	we	may	have	good	constraints	on	the	composition	of	the	dust	and	gas	as	14	

a	function	of	radial	distance	in	the	solar	nebula	from	astronomical	observations	of	15	

solar	metallicity	protoplanetary	disks,	but	at	the	present	time	we	must	rely	on	16	

chemical	equilibrium	models.	17	

Until	the	discovery	of	planets	and	planetary	systems	around	other	stars		18	

(exoplanets)	it	was	generally	believed	that	the	Earth	formed	at	about	its	present	19	

location	from	the	Sun.	However,	many	of	the	exoplanets	discovered	to	date	are	gas	20	

giant	planets	very	close	to	their	parent	stars	(e.g.,	see	the	catalog	at	exoplanet.eu).	21	

The	accepted	model	for	formation	of	these	extrasolar	gas	giant	planets	involves	22	

formation	at	much	larger	radial	distances	and	radial	migration	inward	to	their	23	
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present	positions	(Perryman	2011).	Thus	it	may	be	possible	that	the	Earth	also	1	

formed	much	farther	outward	of	its	present	position	and	migrated	inward	to	one	2	

astronomical	unit	(AU;	1	AU	=	Earth’s	average	distance	from	the	Sun),	e.g.,	as	in	the	3	

giant	gaseous	protoplanet	models	of	Cameron	and	colleagues	(DeCampli	1978;	4	

DeCampli	&	Cameron	1979;	Slattery	1978).	We	cannot	rule	out	this	model	5	

definitively	but	we	think	it	is	extremely	unlikely	for	two	reasons.	First,	formation	of	6	

the	Earth	from	a	giant	gaseous	protoplanet	that	has	migrated	inward	to	1	AU	7	

involves	the	loss	of	large	amounts	of	H2,	He,	other	noble	gases,	water,	and	C-bearing	8	

compounds.	For	example,	a	solar	composition	giant	gaseous	protoplanetary	Earth	9	

(with	14.96%	Mg	in	the	“rocky	+	metallic”	portion	as	in	the	bulk	Earth)	would	have	10	

to	lose	~	180	Earth	masses	(ME)	of	H2,	~	60	ME	of	He,	and	~	2.7	ME	of	Ne,	H2O,	N-,	11	

and	C-compounds	(~	243	ME	total)	to	get	to	its	present	composition.	Second,	12	

calculations	by	DeCampli	&	Cameron	(1979)	show	that	a	giant	gaseous	protoplanet	13	

rapidly	collapses	to	a	state	where	removal	of	light	elements	(H,	He)	is	impossible	14	

within	the	lifetime	of	the	solar	nebula.	As	a	result	the	formation	of	the	Earth	by	15	

sedimentation	of	condensed	material	within	the	giant	gaseous	protoplanet	leads	16	

instead	to	a	Jovian	planet	rich	in	H	and	He	(Slattery	1978;	Slattery	et	al.	1980).	It	17	

may	be	interesting	to	explore	the	chemistry	of	giant	gaseous	protoplanets	for	18	

application	to	rocky	exoplanets	with	H2-bearing	atmospheres	in	other	planetary	19	

systems.	However	these	models	seem	irrelevant	to	formation	of	the	Earth	and	thus	20	

our	discussion	assumes	the	Earth	formed	at	1	AU	and	accreted	material	at	about	this	21	

location.	22	
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	 Figures	1	and	2	show	the	chemical	equilibrium	calculations	of	Barshay	1	

(1981)	given	as	condensate	abundances	versus	inverse	radial	distance	(1/R)	from	2	

the	proto-Sun	in	astronomical	units.	These	calculations	are	done	for	a	convective	3	

solar	nebula	model	with	an	adiabatic	temperature	–	pressure	profile	with	these	4	

characteristics:	To	=	600	K,	Po	=	10-4	bar,	Ro	=	1	AU.	The	variation	of	temperature	5	

with	radial	distance	and	pressure	with	temperature	in	the	midplane	of	the	nebula	6	

are	given	by	(Lewis	1974)	7	
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To	first	approximation	the	details	of	this	model	are	irrelevant	because	(1)	the	8	

condensation	sequence	is	relatively	insensitive	to	total	pressure	(see	Fig	1	in	Lewis	9	

1974;	Fig	3.8	in	Lodders	&	Fegley	2011)	and	(2)	other	models	of	the	solar	nebula	10	

accretion	disk	give	the	same	basic	result	–	T	and	P	decreasing	with	increasing	radial	11	

distance	from	the	proto-Sun	(e.g.,	Fig	3.5	in	Lodders	and	Fegley	2011).	12	

The	major	conclusion	from	Barshay’s	chemical	equilibrium	calculations	is	13	

that	the	Earth-forming	material	at	1	AU	should	have	chondritic	relative	abundances	14	

of	rock-forming	“metals”	(e.g.,	Mg,	Si,	Fe,	S,	Ni,	Al,	Ca,	Na,	K,	Ti)	because	compounds	15	

of	these	elements	are	fully	condensed	at	higher	temperatures	(smaller	radial	16	

distances)	from	the	proto-Sun	(see	the	discussion	of	accretion	functions	below).	His	17	

calculations	did	not	include	other	minor	and	trace	elements	(e.g.,	Cr,	Mn,	P,	Co,	18	

refractory	lithophiles,	refractory	siderophiles)	that	are	fully	condensed	at	600	K	in	19	

the	solar	nebula	but	based	on	other	calculations	(e.g.,	Larimer	1967;	Grossman	&	20	
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Larimer	1974;	Lewis	1972;	Lodders	2003)	we	know	which	elements	are	fully	1	

condensed	by	600	K,	10-4	bar,	1	AU.	Barshay’s	main	result	thus	agrees	with	2	

arguments	of	other	geoscientists	that	Earth	is	chondritic	to	first	approximation	in	3	

major	element	chemistry	(e.g.,	Wänke	1981;	Kargel	&	Lewis	1993;	Palme	&	O’Neill	4	

2014).	His	results	predict	a	CI	chondritic	Mg/Si	ratio	of	0.90	for	the	Earth	(vs.	0.92	5	

in	our	model	in	Table	2),	which	is	not	the	case	unless	significant	amounts	of	Si	are	6	

dissolved	in	the	core.	7	

It	is	likely	that	the	original	composition	of	solids	condensed	in	the	solar	8	

nebula	was	altered	–	to	a	greater	or	lesser	extent	-	as	accretion	proceeded	and	9	

grains	eventually	grew	into	planetesimal-size	meteorite	parent	bodies.	Aqueous	10	

alteration,	dry	thermal	metamorphism,	and	shock	metamorphism	are	evident	in	11	

various	types	of	chondritic	meteorites.	For	example,	thermal	metamorphism	on	12	

meteorite	parent	bodies	altered	the	chondrites	in	our	meteorite	collections.	13	

Originally,	chondritic	material	was	plausibly	more	volatile-rich	than	even	the	most	14	

volatile-rich	ordinary	chondrite	samples	in	meteorite	collections	today.	The	larger	15	

volatile	abundances	in	the	unequilibrated	ordinary	chondrites	(i.e.,	the	H3,	L3,	LL3	16	

chondrites),	which	are	less	metamorphically	altered	than	the	grade	4–6	ordinary	17	

chondrites,	support	this	argument	(Schaefer	&	Fegley	2007).	However,	it	is	also	18	

known	that	even	the	extensive	aqueous	alteration	on	the	CI	chondrite	parent	body	19	

did	not	alter	their	elemental	abundances	even	though	their	mineralogy	was	changed	20	

(e.g.,	Anders	&	Grevesse	1989;	Lodders	2003).		21	

The	question	of	how	collisions	may	have	altered	planetesimal	compositions	22	

is	important,	but	not	yet	answered.	On	the	one	hand	collisional	mixing	is	evident	in	23	
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our	meteorite	collections	through	the	presence	of	“meteorites	in	meteorites”	–	1	

xenoliths	of	one	type	of	meteorite	enclosed	in	another	(Wilkening	1977).	On	the	2	

other	hand,	the	“meteorite	in	meteorite”	samples	are	the	exception	rather	than	the	3	

rule.	Collisions	between	large	bodies,	such	as	the	lunar	to	Mars	size	planetary	4	

embryos	that	are	believed	to	have	formed	the	terrestrial	planets	are	very	energetic.	5	

For	example,	extensive	melting	and	partial	vaporization	may	have	occurred	on	the	6	

post	Giant	Impact	Earth	(Lupu	et	al.	2014;	Fegley	&	Schaefer	2014),	but	the	amount	7	

of	“volatiles”	lost	from	the	post-impact	Earth	is	poorly	constrained,	and	may	have	8	

been	small	because	of	Earth’s	large	escape	velocity	(e.g.,	see	Genda	&	Abe	2003a,	9	

2005;	Pahlevan	2010;	Lupu	et	al.	2014).	Even	hydrodynamic	escape	of	vapor	from	10	

the	proto-lunar	disk	is	problematic	because	of	the	strong	gravity	field	(Genda	&	Abe	11	

2003b).		12	

Collisional	erosion	is	another	process	suggested	to	alter	composition	of	13	

planetary	embryos	by	loss	of	the	outer	layers,	perhaps	early	formed	crust,	on	the	14	

embryos	(e.g.,	O’Neill	and	Palme	2008).	These	new	models	are	motivated	in	part	by	15	

the	142Nd	excess	in	terrestrial	samples	(e.g.,	Boyet	&	Carlson	2005;	Caro	&	Bourdon	16	

2010)	but	as	argued	by	Huang	et	al.	(2013)	the	observed	excesses	are	within	the	17	

range	of	observed	142Nd	variations	in	chondritic	meteorites.	Another	motivation	is	18	

the	high	metal	to	silicate	ratio	of	the	planet	Mercury.	In	this	case	the	geochemical	19	

analyses	by	the	MESSENGER	spacecraft	support	the	idea	that	much	of	its	silicate	20	

portion	was	lost	by	collisional	erosion	(e.g.,	see	Cameron	et	al.	1988	for	a	discussion	21	

of	alternative	models	for	producing	Mercury’s	high	metal	to	silicate	ratio).	Excluding	22	
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the	planet	Mercury,	we	conclude	that	at	present	we	simply	do	not	know	how	1	

collisions	of	planetary	embryos	altered	their	chemical	compositions.		2	

What	is	clear	is	that	the	terrestrial	planets	accreted	material	formed	over	a	3	

range	of	radial	distances	in	the	solar	nebula.	Barshay	(1981)	modeled	this	process	4	

by	convolving	his	nebular	chemistry	calculations	with	simple	accretion	functions	5	

(e.g.,	square	wave,	triangular,	Gaussian)	with	variable	widths	defined	by	the	full	6	

width	at	half	maximum	(FWHM	=	0.06	–	0.60	AU-1).	This	may	have	been	the	first	7	

attempt	to	combine	a	model	of	solar	nebula	chemistry	with	a	model	of	planetesimal	8	

accretion.	Barshay	(1981)	used	accretion	functions	of	different	geometric	shape	and	9	

size	as	a	proxy	for	planetary	accretion	from	smaller	planetesimals	over	a	range	of	10	

radial	distances	(Figure	3	–	5).	For	example,	if	Earth	collected	material	within	a	11	

Gaussian	accretion	function	centered	at	1	AU-1	with	FWHM	of	0.60	AU-1,	its	feeding	12	

zone	stretched	from	0.625	–	2.50	AU	(i.e.,	inward	of	Venus	at	0.723	AU	to	outward	of	13	

Mars	at	1.52	AU).	The	smaller	width	accretion	functions	simulate	smaller	feeding	14	

zones.	The	narrowest	accretion	functions	studied	correspond	to	a	feeding	zone	of	15	

0.94	–	1.06	AU	for	Earth.	It	is	possible	that	Earth,	Venus,	and	Mars	had	different	size	16	

feeding	zones	and	that	the	size	of	the	feeding	zones	of	each	planet	varied	with	time.		17	

Barshay	compared	the	zero	pressure	density;	mean	atomic	weight,	and	18	

volatile	element	mass	fractions	(for	water,	carbon,	and	sulfur)	for	the	Earth	and	19	

other	terrestrial	planets	for	different	accretion	functions	of	variable	width.	The	zero	20	

pressure	density	is	the	uncompressed	density	of	the	mineralogy	for	each	planet	and	21	

the	mean	atomic	weight	in	atomic	mass	units	(amu)	is	the	atom	fraction	weighted	22	

atomic	weight	of	all	metal	–	and	rock	–	forming	elements,	e.g.,	23	
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𝜇 = 𝐹!𝜇! + 𝐹!"𝜇!" + 𝐹!"𝜇!" + 𝐹!"𝜇!" + 𝐹!𝜇! + 𝐹!"𝜇!" + 𝐹!"𝜇!" +⋯	

The	general	equation	for	computing	the	mean	atomic	weight	is	thus	1	

𝜇 = 𝐹!𝜇!
!

	

The	index	“i”	represents	an	element	and	the	summation	is	carried	out	for	all	2	

elements	in	the	calculations.	For	example,	the	mean	atomic	weight	of	the	bulk	Earth	3	

models	in	Table	2	are	25.2	(MF14),	25.9	(Kargel	&	Lewis	1993),	26.2	(McDonough	4	

2003),	and	26.3	(Morgan	&	Anders	1980).	The	BSE	model	of	Palme	&	O’Neill	(2014)	5	

has	a	mean	atomic	weight	of	21.1	amu.	Figure	5	shows	calculated	mean	atomic	6	

weights	of	~	25.2	to	~	25.7	for	the	widest	to	narrowest	Gaussian	accretion	7	

functions,	respectively.	These	values	fall	within	the	range	of	mean	atomic	weights	8	

for	our	bulk	Earth	model	(MF14)	and	Kargel	&	Lewis	(1993).	Higher	mean	atomic	9	

weights,	like	those	from	the	McDonough	(2003)	and	Morgan	&	Anders	(1980)	bulk	10	

Earth	models,	are	produced	in	the	square	wave	and	triangular	accretion	function	11	

calculations	in	Figures	3	and	4.	12	

	 For	comparison	the	mean	atomic	weights	(in	amu)	of	some	of	the	major	13	

chondrite	groups	are	15.0	(CI),	17.2	(CM),	22.4	(CV),	24.0	(CO),	24.7	(H),	23.3	(L),	14	

22.7	(LL),	and	25.9	(EH).	The	values	for	the	EH	and	H	chondrites	are	closest	to	those	15	

for	the	bulk	Earth	models	in	Table	2	and	in	Figures	3-5.	The	variations	in	the	mean	16	

atomic	weight	of	the	different	chondrite	groups	are	related	to	their	volatile	(water,	17	

C,	N)	content	(e.g.,	compare	CI	vs.	CM,	CV,	CO	chondrites)	and	Fe	content	(e.g.,	18	

compare	H,	L,	LL	chondrites).		19	
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Another	important	conclusion	from	Barshay	(1981)	is	that	the	chemical	1	

compositions	(i.e.,	mean	atomic	weight)	of	the	terrestrial	planets	Venus,	Earth,	and	2	

Mars	are	similar	to	one	another	because	their	accretion	zones	overlapped	one	3	

another	in	the	solar	nebula.	These	results	are	consistent	with	prior	ideas	that	the	4	

Earth	formed	from	a	mixture	of	nebular	materials	(e.g.,	the	two	component	models	5	

of	Ringwood	and	Wänke).	It	would	be	interesting	to	update	his	work	using	more	6	

sophisticated	models	of	planetary	accretion.	7	

B-2.	BSE	and	Bulk	Earth	composition	8	

Similarity	to	chondritic	meteorites	(chondrites)	9	

The	overall	composition	of	the	BSE	(in	particular	see	Table	1	and	Fig	2	in	10	

Palme	&	O’Neill	2014)	and	bulk	Earth	(e.g.,	Larimer	1971;	Kargel	&	Lewis	1993)	is	11	

close	to	chondritic,	i.e.,	the	relative	proportions	of	the	major	rock-forming	elements	12	

(Mg,	Si,	Fe,	S,	Al,	Ca)	are	close	to	those	found	in	chondritic	meteorites	(chondrites).	13	

Before	discussing	this	point	in	more	detail	we	present	some	background	14	

information	about	chondritic	meteorites.	15	

Chondrites	are	the	most	abundant	kind	of	meteorites.	They	are	unmelted	16	

stony	meteorites	that	contain	Fe-Ni	metal	alloy,	silicate,	sulfide,	and	oxide	minerals	17	

in	variable	proportions.	The	chondrites	are	the	oldest	objects	in	the	solar	system	18	

with	ages	up	to	~	4.567	Ga	(e.g.	Amelin	et	al.	2002;	Bouvier	et	al.	2007;	Jacobsen	et	19	

al.	2008).	The	relative	abundance	of	rock-forming	elements	in	chondrites	is	close	to	20	

their	relative	abundances	in	the	solar	photosphere	(e.g.,	Anders	&	Grevessse	1989;	21	

Lodders	2003;	Palme	et	al.	2014;	Suess	&	Urey	1956).	Atmophile	elements	such	as	22	

H,	C,	N,	O,	and	noble	gases	are	depleted	relative	to	solar	composition,	and	the	light	23	
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elements	Li	and	B	are	enriched	relative	to	solar	composition	(because	they	are	1	

destroyed	by	thermonuclear	reactions	in	the	Sun),	but	otherwise	there	is	a	close	2	

match	between	the	composition	of	chondrites	and	that	of	the	Sun.	The	five	CI	3	

carbonaceous	chondrites	(Alais,	Ivuna,	Orgueil,	Revelstoke,	and	Tonk),	all	of	which	4	

are	observed	falls,	are	the	closest	in	composition	to	the	solar	photosphere	(Anders	&	5	

Grevesse	1989;	Lodders	2003;	Palme	et	al.	2014).	6	

The	major	different	classes	of	chondrites,	and	the	major	groups	within	each	7	

class,	are	(1)	carbonaceous	chondrites	(CI,	CM,	CO,	CV,	CK,	CH,	CB),	comprising	3.1%	8	

by	number	of	all	chondrites,	(2)	ordinary	chondrites	(H,	L,	LL),	which	are	96.2%	of	9	

all	known	chondrites,	(3)	enstatite	chondrites	(EH,	EL),	making	up	0.6%	of	all	10	

chondrites,	and	(4)	other	chondritic	classes	(R,	K)	that	are	<0.1%	of	all	chondrites	11	

(Krot	et	al.	2014).	The	different	classes	of	chondrites	are	distinguished	by	different	12	

metal/silicate	abundances,	lithophile	element	ratios	(e.g.,	Mg/Si,	Al/Si,	Na/Si),	redox	13	

state,	and	oxygen	isotopic	(16,	17,	18)	composition.	All	chondrites	have	been	heated	14	

to	varying	extents	and	chondrite	metamorphic	grades	are	distinguished	by	various	15	

chemical	and	petrographic	criteria	such	as	presence	or	absence	of	glass,	16	

homogeneity	of	ferromagnesian	silicates,	abundance	of	volatile	elements	and	17	

presolar	grains	(McSween	et	al.	1988;	Huss	et	al	2006).	18	

As	mentioned	above,	the	chondrites	are	the	most	abundant	kind	of	19	

meteorites,	and	achondrites	(melted	stony	meteorites),	stony	–	iron	meteorites,	and	20	

iron	meteorites	are	less	abundant.	As	of	the	time	of	writing	(June	2014),	there	are	21	

44,332	known	chondritic	meteorites	out	of	47,520	meteorites	of	all	kinds.	Strictly	22	

speaking	these	statistics	only	give	the	abundance	of	meteoritic	material	in	orbits	23	
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that	intersect	the	Earth	and	not	the	abundance	of	meteoritic	material	formed	in	the	1	

solar	nebula	and	early	solar	system	or	existing	in	the	asteroid	belt	today	(e.g.,	2	

Cloutis	et	al.	2014).	We	return	to	this	question	in	the	next	section.		3	

Chondritic	material.	4	

We	emphasize	that	chondrites	are	not	pristine	samples	of	nebular	material	5	

because	the	compositions	of	chondrites	have	been	more	or	less	altered	by	dry	6	

thermal	metamorphism	and/or	aqueous	alteration	on	their	meteorite	parent	bodies	7	

(McSween	et	al.	1988;	Huss	et	al.	2006).	As	discussed	in	the	rest	of	this	chapter	we	8	

are	interested	in	determining	the	type(s)	of	chondritic	material	that	was	(were)	the	9	

building	block(s)	of	the	Earth.	Following	Schaefer	&	Fegley	(2007,	2010)	and	Fegley	10	

&	Schaefer	(2014)	we	use	the	term	“chondritic	material”	to	refer	to	the	pristine	11	

nebular	material	that	formed	chondrites.	Thus	carbonaceous	chondritic	material	12	

was	the	nebular	precursor	to	carbonaceous	chondrites,	ordinary	chondritic	material	13	

was	the	nebular	precursor	to	ordinary	chondrites,	and	enstatite	chondritic	material	14	

was	the	nebular	precursor	to	enstatite	chondrites.	Using	this	nomenclature,	we	do	15	

not	have	samples	of	chondritic	material	in	our	meteorite	collections.	Interplanetary	16	

dust	particles	(IDPs)	are	another	analog	to	the	chondritic	material	that	existed	in	the	17	

solar	nebula,	but	their	bulk	chemical	and	isotopic	compositions	are	not	as	well	18	

known	as	that	of	meteorites.	Perhaps	in	the	future	returned	samples	of	relatively	19	

unaltered	interior	regions	of	comets	will	provide	a	closer	approach	to	the	original	20	

composition	of	some	types	of	chondritic	material.	At	the	present	time	chondritic	21	

meteorites	are	the	best	samples	that	we	have	available;	hence	we	use	them	in	our	22	

discussion.	23	
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Preferred	bulk	Earth	model	1	

Table	2	gives	our	composition	(MF14)	for	the	bulk	Earth	based	on	BSE	and	2	

core	compositions	given	in	the	literature	(e.g.,	Badro	et	al.	2014;	Lodders	&	Fegley	3	

1998,	2011;	McDonough	2003;	Palme	&	O’Neill	2014)	and	from	arguments	in	this	4	

paper.	It	is	calculated	using	equations	analogous	to	the	one	for	the	bulk	earth	5	

concentration	of	Mg,	i.e.,	a	weighted	average	of	BSE	and	core	concentrations	of	each	6	

element.	Our	bulk	Earth	composition	uses	the	best-fit	core	composition	of	Badro	et	7	

al.	(2014),	and	solar	Fe/Ni	and	Fe/Co	ratios	in	the	core.	The	bulk	Earth	oxygen	8	

abundance	is	identical	to	the	arithmetic	mean	value	for	H-chondrites	(within	1σ	9	

uncertainty),	but	the	Mg/Si	ratio	is	much	higher	than	that	for	H-chondrites	(0.82)	10	

and	is	identical	to	that	for	the	more	oxidized	CO	chondrites.		11	

This	may	not	be	unexpected	because	Hart	&	Zindler	(1986)	emphasized	that	12	

“the	Earth	is	not	like	any	chondrite	(in	major	elements)	but	is	composed	of	its	own	13	

blend	of	accretion	products,	with	a	bias	toward	a	higher	proportion	of	the	high	14	

temperature	refractory	components	(or	equivalently,	a	lower	proportion	of	the	15	

volatiles	and	partially	refractory	components).”	16	

Also,	if	Earth	sampled	material	from	a	range	of	radial	distances	in	the	solar	17	

nebula,	as	physical	accretion	models	predict	(e.g.,	see	the	review	by	Chambers	18	

2014),	it	will	contain	material	of	variable	elemental	composition.	For	example,	the	19	

amount	of	oxidized	Fe	(FeSiO3	in	pyroxene,	Fe2SiO4	in	olivine,	and	magnetite)	20	

increases	with	decreasing	temperature	in	the	solar	nebula	(see	Figures	1	and	2).		21	

Badro	et	al.	(2014)	also	found	a	core	model	containing	5.4%	O,	remainder	Fe-22	

Ni	alloy	also	fit	the	seismic	velocity	and	density	data.	In	this	case	we	compute	a	bulk	23	
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Earth	model	with	~	35.3%	O,	14.3%	Si,	29.8%	Fe,	1.68%	Ni,	and	otherwise	identical	1	

to	that	shown	in	Table	2.	The	oxygen	abundance	for	this	model	is	intermediate	2	

between	the	average	values	for	H	(33.86%)	and	L	chondrites	(36.93%),	but	the	3	

Mg/Si	ratio	of	1.05	is	significantly	higher	than	that	of	H	(0.82)	and	L	(0.80)	4	

chondrites	or	any	of	the	major	chondrite	groups.		5	

Chondritic	vs.	Achondritic	Earth	6	

Larimer	(1971)	considered	whether	the	Earth	is	chondritic	or	achondritic	7	

(like	eucrites)	and	concluded	it	is	chondritic	to	first	order.	His	arguments	are	worth	8	

revisiting	because	dating	by	three	relative	chronometers	(182Hf–182W,	26Al–26Mg,	9	

and	53Mn–53Cr)	indicates	that	the	EHD	(eucrite	–	howardite	–	diogenite,	presumably	10	

from	the	asteroid	4-Vesta)	meteorite	parent	body	differentiated	during	the	first	1–11	

10	Ma	of	solar	system	history	(e.g.,	Jacobsen	et	al.,	2008;	Schiller	et	al.,	2011;	12	

Trinquier	et	al.,	2008).	The	EHD	meteorites	are	the	major	kind	of	achondrites	(51%	13	

of	all	achondrites	by	number).	Lead–lead	(207Pb–206Pb),	26Al–26Mg,	and	53Mn–53Cr	14	

dating	also	indicate	that	the	parent	body	of	the	Asuka	881394	basaltic	meteorite	15	

formed	and	differentiated	within	3	Ma	of	solar	system	formation	(Wadhwa	et	al.,	16	

2009).	Consequently,	Earth	may	have	accreted	a	mixture	of	chondritic	and	17	

achondritic	material	during	its	formation.		18	

Table	B-3	compares	abundances	of	volatile	lithophile	elements	in	the	bulk	19	

silicate	Earth,	average	ordinary	chondrites,	and	in	the	silicate	portion	of	the	eucrite	20	

parent	body	–	here	called	bulk	silicate	Vesta	BSV.	(The	bulk	silicate	Vesta	models	are	21	

described	in	the	references	cited.)	Table	B-3	shows	that	the	bulk	silicate	Earth	is	22	

depleted	in	volatile	lithophiles	relative	to	ordinary	chondrites	by	factors	of	0.04	(for	23	
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C	and	N)	to	0.66	for	F.	Zinc,	which	behaves	both	as	a	lithophile	and	chalcophile,	is	1	

not	depleted	relative	to	ordinary	chondrites	in	the	BSE.	The	large	depletions	for	C	2	

and	N	in	the	BSE	may	also	reflect	their	partial	sequestration	in	the	Earth’s	core	as	3	

both	elements	occur	in	meteoritic	metal	and	behave	as	siderophiles	under	some	4	

conditions.	We	do	not	give	H	contents	for	BSV	because	no	reliable	data	are	available.	5	

Sarafian	et	al.	(2013,	2014)	report	analyses	of	OH-bearing	apatite	in	eucrites	but	the	6	

H2O	content	of	the	parental	melts	cannot	be	determined	uniquely	from	apatite	7	

analyses	(Boyce	et	al.	2014).		The	depletions	for	the	alkalis	(Na	0.37,	K	0.30,	Rb	0.29,	8	

Cs	0.30)	are	well	known	(e.g.,	Gast	1960;	Hurley	1968;	Larimer	1971)	although	the	9	

BSE	data	of	Palme	&	O’Neill	(2014)	correspond	to	larger	alkali	abundances	(i.e.,	10	

smaller	depletions)	than	estimated	earlier.	The	explanations	proposed	for	the	11	

observed	alkali	depletions	in	the	BSE	include	(1)	nebular	fractionation	of	proto-12	

Earth	material,	(2)	evaporative	loss	during	accretion,	or	(3)	sequestration	into	13	

Earth’s	core	(e.g.,	see	Palme	&	O’Neill	2014;	Kargel	&	Lewis	1993;	Lodders	2000).	14	

The	first	model	implies	that	all	elements	with	similar	volatility	will	be	equally	15	

fractionated.	This	is	not	the	case	because	Zn	is	much	less	depleted	in	the	BSE	than	16	

Rb	or	Cs,	which	have	similar	50%	condensation	temperatures	(Lodders	2003).	The	17	

second	model	requires	loss	of	vapor	from	Earth’s	gravity	field	either	by	thermal	18	

escape	or	physical	blow-off.	The	third	model	requires	partitioning	into	Earth’s	core	19	

during	its	formation,	and	there	is	little	experimental	evidence	for	this	(e.g.,	Corgne	et	20	

al.	2007).	Whatever	the	cause(s)	for	alkali	depletion	in	the	BSE	may	be,	Table	B-3	21	

shows	that	volatile	lithophile	element	depletions	in	bulk	silicate	Vesta	are	22	

significantly	larger	than	in	the	BSE.	The	volatile	lithophile	depletions	on	Vesta	are	23	
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presumably	either	inherited	from	the	material	accreted	by	Vesta	or	due	to	heating	of	1	

Vesta.	In	any	case,	achondritic	material	like	the	EHD	meteorites	cannot	supply	the	2	

terrestrial	abundances	of	carbon,	nitrogen,	halogens	(Cl,	Br),	Zn,	or	alkalis	(Na,	K,	3	

Rb,	Cs).	Other	types	of	achondrites	are	also	depleted	in	volatile	lithophiles	relative	4	

to	the	BSE,	e.g.,	angrites,	mesosiderites,	pallasites,	and	ureilites.	The	enstatite	5	

achondrites	(aubrites)	contain	more	volatile	lithophiles	than	other	achondrites	and	6	

are	an	exception.	7	

It	is	unlikely	for	at	least	two	reasons	that	the	Earth	accreted	only	achondritic	8	

material	during	its	formation.	First,	if	the	Earth	did	so,	then	its	oxygen	isotopic	9	

composition	would	be	identical	to	that	of	achondritic	material,	e.g,	the	eucrites.	This	10	

is	not	the	case	(e.g.,	see	Figure	1	of	Lodders	&	Fegley	1997).	Second,	chondritic	11	

material	is	significantly	more	abundant	in	our	meteorite	collections	and	in	the	12	

asteroid	belt	than	achondritic	material	(e.g.,	Cloutis	et	al.	2014).	It	would	be	difficult	13	

to	believe	that	the	Earth	accreted	no	chondritic	material.	Instead	it	is	more	plausible	14	

that	Earth	accreted	a	mixture	of	achondritic	and	chondritic	material.	Third,	the	15	

Earth	has	so	many	isotopic	similarities	to	enstatite	chondritic	material	that	it	seems	16	

likely	that	enstatite	chondrites	and	the	Earth	are	somehow	related	to	one	another.	17	

This	could	not	happen	if	the	Earth	formed	solely	from	achondritic	material.	For	18	

example,	oxygen	isotope	mixing	models	(Lodders	1991,	2000;	Lodders	&	Fegley	19	

1997)	predict	that	E-chondritic	material	is	an	important	building	block	of	the	Earth,	20	

Mars,	and	4-Vesta.	21	

It	is	possible	that	accretion	of	volatile	–	poor	achondritic	material	could	be	22	

balanced	by	accretion	of	more	volatile	–	rich	chondritic	material.	In	principle	the	23	
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relative	mass	fractions	of	achondritic	and	chondritic	components	can	be	constrained	1	

by	an	oxygen	isotopic	mixing	model	(e.g.,	Lodders	1991,	2000;	Lodders	&	Fegley	2	

1997),	but	this	is	beyond	the	scope	of	this	review	chapter	because	the	abundances	3	

of	all	natural	elements	–	not	only	volatile	lithophiles	–	need	to	be	considered	4	

simultaneously	in	the	modeling.	5	

Isotopic	arguments:	6	

Until	the	early	1970s,	it	was	assumed	that	the	hot	solar	nebula	was	chemically	7	

and	isotopically	homogeneous;	however,	the	discoveries	of	isotopic	anomalies	in	8	

refractory	inclusions	of	meteorites,	which	cannot	be	explained	by	radioactive	decay,	9	

cosmogenic	effects	or	mass	fractionations,	have	lead	to	revisions	of	this	concept	10	

(Clayton	et	al.	1973).	Planetary	processing	such	as	core	formation	or	magmatic	11	

differentiation	can	only	produce	mass-dependent	isotopic	fractionations	and	12	

therefore	do	not	modify	isotopic	anomalies,	so	terrestrial	surface	samples	can	be	13	

considered	isotopically	representative	of	the	bulk	Earth	for	comparison	with	14	

meteoritic	materials.		15	

Following	the	discovery	of	oxygen	isotopic	variations	among	meteorites	and	16	

planetary	materials,	isotopic	variability	has	been	found	for	other	elements,	and	17	

combining	these	different	isotopic	systems	is	one	of	the	best	tracers	to	determine	18	

the	Earth’s	building	blocks.		19	

Isotopic	variability	between	solar	system	materials	can	be	accounted	for	by	20	

few	mechanisms:	21	

-Stable	isotope	fractionations,	which	originate	from	vibrational	energy	partitioning	22	

between	coexisting	phases	at	equilibrium	or	under	kinetic	conditions	(e.g.	23	
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Bigeleisen	&	Mayer	1947).	At	first	order,	this	process	is	proportional	to	the	mass-1	

difference	between	the	isotopes;	however,	non-mass	dependent	effects	have	been	2	

observed	in	some	systems	(e.g.	Thiemens	1999;	Moynier	et	al.	2013).	3	

-Nuclear	reactions	such	as	the	decay	of	long-lived	(e.g.	87Rb-87Rb)	or	short-lived	(e.g.	4	

26Al-26Mg)	radioactive	isotopes	or	spallation	by	cosmic	rays	or	solar	wind.		5	

-Inheritance	of	isotopic	heterogeneities,	which	originated	from	an	incomplete	6	

mixing	of	nucleosynthetic	products.	These	effects	are	observed	after	correction	of	7	

isotopic	ratios	for	stable	isotope	fractionation,	radioactive	decay,	and	spallation	8	

effects.		9	

	 To	identify	which	group(s)	of	meteorites	(if	any)	represents	the	composition	10	

of	the	Earth,	nucleosynthetic	anomalies,	radiogenic	isotopes	produced	by	short-11	

lived	radioactivity	(e.g.	142Nd)	and	stable	isotope	fractionations	(e.g.	Si	isotopes)	can	12	

be	used.		In	the	following	section	we	will	present	these	different	arguments.	13	

	14	

Applications	of	isotopic	anomalies	15	

	16	
Since	isotopic	anomalies	cannot	be	modified	by	planetary	differentiation	they	17	

are	usually	considered	to	be	very	robust	tracers	of	the	Earth’s	building	blocks.		18	

Among	the	different	meteorite	groups,	the	Enstatite	(E)	chondrites	are	the	closest	to	19	

the	terrestrial	mantle	in	term	of	isotopic	composition	(See	Figure	6).	Isotopic	20	

anomalies	are	either	reported	as	the	deviation	from	the	mass-fractionation	line	in	a	21	

three-isotope	diagram	(the	so-called	Δ notation	(e.g.	Δ17O))	or	using	the	ε−notation	22	

which	represents	the	per	ten	thousand	deviation	of	an	isotopic	ratio	normalized	to	23	



	 30	

another	isotopic	ratio	of	the	same	element.	Therefore,	isotopic	anomalies	can	only	1	

be	investigated	for	elements	with	at	least	three	isotopes.		2	

Elements	for	which	isotopic	anomalies	have	been	found	in	one	or	more	3	

groups	of	meteorites	are:	oxygen	(e.g.	Clayton	1993),	titanium	(Trinquier	et	al.	4	

2009;	Zhang	et	al.	2012),	calcium	(Simon	et	al.	2009;	Moynier	et	al.	2010),	5	

chromium	(e.g.	Trinquier	et	al.	2007;	Qin	et	al.	2010),	nickel	(e.g.	Regelous	et	al.	6	

2008;	Steele	et	al.2012),	strontium	(Moynier	et	al.	2012),	zirconium	(Akram	et	al.	7	

2013),	molybdenum	(e.g.	Dauphas	et	al.	2002;	Yin	et	al.	2002;	Burkhardt	et	al.	8	

2011),	ruthenium	(Chen	et	al.	2010),	barium	(Carlson	et	al.	2007,	Andreasen	and	9	

Sharma	2007,	Ranen	et	al.	2007),	neodymium	(Carlson	et	al.	2007)	and	samarium	10	

(Andreasen	and	Sharma	2007).		The	elements	for	which	all	solar	system	materials	11	

have	similar	isotopic	composition	within	error	are:	zinc	(Moynier	et	al.	2009),	iron	12	

(Wang	et	al.	2011;	Tang	and	Dauphas	2012),	tellurium	(Fehr	et	al.	GCA	2006),	13	

osmium	(Yokoyama	et	al.	2007),	silicon	(Pringle	et	al.	2013),	and	hafnium	(Sprung	14	

et	al.	2010).	The	absence	of	isotopic	anomalies	for	some	elements	but	presence	of	15	

anomalies	for	others	is	not	completely	understood;	to	date	the	best	explanation	16	

suggests	a	decoupling	between	the	phases	carrying	the	elements	with	anomalies	17	

and	those	without,	which	are	homogenized	to	different	degrees.		18	

Most	elements	show	a	similar	isotopic	composition	between	the	Earth	19	

(estimated	by	measurements	of	mantle	rocks)	and	enstatite	chondrites	(EH	and	EL)	20	

(see	figure	6).	This	isotopic	coincidence	has	been	used	to	propose	a	strong	genetic	21	

link	between	the	Earth	and	enstatite	chondrites,	and	in	some	cases	to	use	enstatite	22	

chondrites	as	the	main	building	blocks	for	the	Earth	(Javoy	et	al.	1995;	Javoy	et	al.	23	
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2010;	Jacobsen	et	al.	2012).	The	main	problem	with	making	the	Earth	from	enstatite	1	

chondrites	comes	when	considering	the	chemical	composition	(see	above);	among	2	

other	dissimilarities,	they	have	insufficient	FeO,	low	Mg/Si	ratio,	and	overabundant	3	

volatile	elements.	In	order	to	reconcile	the	chemistry	of	enstatite	chondrites	with	4	

what	we	know	of	the	terrestrial	mantle,	Javoy	et	al.	(2010)	proposed	that	enstatite	5	

chondrites	were	devolatilized	prior	to	accreting	to	form	the	Earth	(to	account	for	6	

the	depletion	of	the	Earth	in	volatile	elements)	and	that	the	Earth	is	chemically	7	

heterogeneous	and	the	remainder	of	the	chemical	differences	are	stored	in	the	8	

lower	mantle.	Alternatively,	Jacobsen	et	al.	(2012)	proposed	that	the	material	that	9	

formed	the	Earth	and	the	E-chondrites	had	a	common	nebular	precursor,	but	a	10	

secondary	event	modified	the	chemical	composition	of	the	enstatite	chondrites	11	

without	altering	the	isotopic	composition.	12	

It	must	be	noted	that	three	recent	studies	have	shown	that	the	terrestrial	13	

isotopic	composition	of	Mo	(Burkhardt	et	al.	2011),	Ti	(Zhang	et	al.	2012)	and	O	14	

(Herwartz	et	al.	2014)	do	not	exactly	match	E-chondrites	and	the	Earth.	While	15	

Zhang	et	al.	(2012)	do	not	discuss	this	possible	difference	in	Ti	isotopes	between	E-16	

chondrites	and	the	Earth,	Burkhardt	et	al.	(2011)	propose	that	no	known	type	of	17	

chondrites	are	representative	of	the	bulk	Earth	for	Mo	isotopes.	However,	when	the	18	

analytical	errors	are	taken	into	account	(see	Figure	6)	EH	are	similar	to	Earth	for	19	

both	Ti	and	Mo	isotopes,	while	EL	are	slightly	different.	In	addition,	only	one	EH	and	20	

one	EL	have	been	analyzed	for	Mo	isotopic	composition,	and	more	data	are	needed	21	

to	resolve	this	issue.		22	
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On	the	other	hand,	the	recent	high	precision	oxygen	isotopes	of	Herwartz	et	1	

al.	2014	show	a	clear	Δ17O	difference	between	the	Earth,	the	Moon	(12ppm	heavier	2	

than	Earth)	and	the	E-chondrites	(60	ppm	heavier	than	Earth).	This	represent	a	3	

major	observation	which	suggests	that	the	Earth	cannot	be	formed	from	E-4	

chondrites	alone	as	developed	above	based	on	major	element	composition	and	as	5	

we	will	developed	below	based	on	isotope	ratio.		6	

	 Another	line	of	interpretation	of	the	isotopic	anomalies	is	that	the	Earth	7	

represents	a	mixing	between	different	types	of	chondrites	(Lodders	2000,	Warren	et	8	

al.	2011).	Lodders	(2000)	used	O	isotopic	compositions	to	calculate	the	best	mixing	9	

model	in	order	to	account	for	the	composition	of	the	Earth	and	obtained	70%	EH,	10	

21%	H,	5%	CV,	and	4%	CI.	Following	the	same	logic,	Fitoussi	and	Bourdon	(2012)	11	

expanded	this	work	by	combining	multiple	isotopic	systems	(O,	Cr,	and	Ni	isotopes).	12	

They	found	that	a	good	mixing	relation	would	involve	63%	LL,	16%	CI	and	23%	CO.		13	

Mixing	different	types	of	chondrites	can	clearly	reproduce	the	isotopic	14	

composition	of	the	Earth,	the	very	close	proximity	between	E-chondrites	and	the	15	

Earth	suggest	that	these	meteorites	may	have	close	connection	to	the	Earth	in	terms	16	

of	their	isotopic	composition	but	does	not	simply	prove	that	the	Earth	has	been	17	

made	of	E-chondrite	materials.		18	

	19	

Radiogenic	isotopes	20	

	 The	discovery	of	a	20ppm	excess	of	the	142Nd/144Nd	in	terrestrial	rocks	21	

compared	to	any	chondrite	group	had	fundamental	consequences	on	our	22	

understanding	of	the	Earth’s	mantle	(Boyet	and	Carlson	2005).	142Nd	is	produced	by	23	
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the	radioactive	decay	of	146Sm	(half	life	of	103	Ma).	This	is	a	short-lived	radioactive	1	

system	that	can	only	record	Sm/Nd	fractionation	that	occurred	during	the	first	2	

500Ma	of	Earth’s	history.	This	terrestrial	excess	in	142Nd	has	been	interpreted	as	the	3	

result	of	the	decay	of	146Sm	in	a	suprachondritic	Sm/Nd	reservoir,	which	formed	by	4	

partial	melting	of	the	Earth’s	primitive	mantle	and	is	referred	to	as	the	early-5	

depleted	reservoir	(see	Carlson	et	al.	this	volume).	Its	counterpart,	the	early	6	

enriched	reservoir,	with	a	low	Sm/Nd	ratio	and	a	depletion	in	142Nd	(compared	to	7	

chondrites),	would	have	been	either	incorporated	within	the	Earth’s	mantle	and	not	8	

recorded	in	geological	samples	(a	hidden	reservoir,	Boyet	and	Carlson	2005)	or	lost	9	

to	space	following	an	asteroid	impact	(impact	erosion,	e.g.	O’Neill	and	Palme	2008;	10	

Caro	and	Bourdon	2010).	A	hidden	reservoir	would	mean	that	the	Earth’s	mantle	11	

has	a	chondritic	composition	for	the	refractory	lithophile	elements,	whereas	an	12	

impact	erosion	loss	of	an	early-enriched	reservoir	would	imply	that	the	bulk	silicate	13	

Earth	does	not	have	a	chondritic	abundance	of	lithophile	elements.	14	

	15	

Stable	isotope	fractionation	16	

Stable	mass-dependent	isotopic	variations	between	meteorites	and	planetary	17	

bodies	are	attributable	to	processes	that	fractionated	isotopes	during	nebular	18	

events	(e.g.	Luck	et	al.	2003)	or	during	planetary	events	such	as	core	formation	(e.g.	19	

Georg	et	al.,	2007;	Moynier	et	al.,	2011).	Among	the	major	elements,	only	O,	Si,	and	20	

Ca	show	mass-dependent	isotopic	fractionation	between	different	chondrite	groups	21	

and	can	potentially	be	used	as	tracers	of	the	Earth’s	building	blocks	(e.g.	Clayton	et	22	

al.	1993;	Fitoussi	et	al.	2011;	Valdes	et	al.	2014).		Other	multi-isotopic	major	23	
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elements	such	as	Mg	(e.g.	Teng	et	al.	2007)	and	Fe	(e.g.	Poitrasson	et	al.	2004)	do	not	1	

show	any	mass-dependent	isotopic	variations	between	chondrite	groups	and	2	

therefore	are	not	useful	to	investigate	the	Earth’s	building	blocks	and	will	not	be	3	

discussed	here.		4	

A	small	heavy	Si	 isotopic	enrichment	 in	Bulk	Silicate	Earth	(BSE)	compared	5	

to	chondrites	has	been	interpreted	as	evidence	for	the	incorporation	of	~4-7	wt.%		6	

silicon	 as	 a	 light	 element	 into	 the	 Earth’s	 core	 (Georg	 et	 al.,	 2007;	 Fitoussi	 et	 al.,	7	

2009;	Savage	and	Moynier	2013;	Armytage	et	al.,	2011).	Fitoussi	and	Bourdon	8	

(2012)	used	the	observation	that	enstatite	chondrites	are	significantly	lighter	than	9	

Earth	in	Si	isotope	compositions	to	argue	that	the	BSE	cannot	consist	of	more	than	10	

15%	of	enstatite	chondrite	precursor	material.	Their	logic	was	that	since	the	BSE	11	

has	a	30Si/28Si	ratio	~0.30	permil	heavier	than	the	E-chondrites,	unrealistically	large	12	

amounts	of	Si	(>20	wt.%)	would	need	to	have	entered	the	Earth’s	core	if	the	bulk	13	

Earth	had	E-chondritic	Si	isotope	compositions;	therefore,	the	density	constraints	14	

placed	on	the	amount	of	light	elements	in	the	Earth’s	core	coupled	with	the	fact	that	15	

E-chondrites	are	Si-rich	significantly	limits	the	amount	of	E-chondritic	material	as	16	

building	blocks	of	Earth.	On	the	other	hand,	Savage	and	Moynier	(2013)	have	shown	17	

that	the	light	Si	isotopic	composition	of	the	E-chondrites	is	carried	by	the	metal	18	

phases,	and	enstatite	minerals	have	a	similar	Si	isotopic	composition	to	the	19	

carbonaceous	chondrites.	They	argued	that	E-chondrites	could	not	be	the	building	20	

blocks	of	the	Earth,	but	materials	enriched	in	refractory	siderophile	elements	that	21	

condensed	in	the	same	region	as	the	E-chondrites	could	be	a	major	component	of	22	

the	Earth.		23	



	 35	

Calcium	isotopes	are	potentially	very	useful	tracers	of	the	Earth’s	building	1	

blocks,	but	until	recently	there	were	no	high	precision	Ca	isotope	data	available	2	

(Simon	and	DePaolo	2011,	showed	that	different	chondrite	groups	have	unique	3	

stable	Ca	isotopic	compositions	(see	Figure	7):		the	carbonaceous	chondrites	are	4	

isotopically	lighter	and	the	E-chondrites	are	heavier	than	BSE.		On	the	other	hand,	5	

the	ordinary	chondrites	were	isotopically	similar	to	BSE.	This	led	Simon	and	6	

Depaolo	to	exclude	E-chondrites	and	C-chondrites	as	representative	building	blocks	7	

for	the	Earth.	However,	a	more	recent	study	has	shown	that	although	most	C-8	

chondrite	groups	are	isotopically	lighter	than	the	Earth,	the	CO	chondrites	are	9	

similar	to	Earth	in	Ca	isotopes	(Valdes	et	al.	2014,	see	figure	7).	In	addition,	this	new	10	

study	has	shown	that	the	E-chondrites	are	similar	to	the	Earth,	and	therefore	it	is	11	

not	possible	to	exclude	the	E-	chondrites	as	building	blocks	of	Earth	based	on	Ca	12	

isotopes	(Valdes	et	al.	20014;	Huang	et	al.	2012).		13	

In	conclusion,	stable	isotopes	are	not	as	powerful	tracers	for	the	Earth’s	building	14	

block	as	nucleosynthetic	anomalies	since	their	abundances	can	be	modified	by	15	

planetary	processes.	However,	it	seems	clear	that	based	on	Si	isotopes,	it	is	16	

improbable	to	form	the	Earth	from	pure	E-chondrites	since	this	would	require	17	

amounts	of	Si	in	the	core	in	excess	of	20	wt.%.	It	should	be	noted	that	a	recent	18	

theoretical	study	(Huang	et	al.	2014),	has	shown	that	Si	isotopes	might	be	19	

fractionated	within	the	mantle.	Due	to	the	large	difference	in	pressure	within	the	20	

Earth’s	mantle,	high-pressure	minerals	containing	Si	(e.g.	perovskite-structured	21	

silicate)	have	a	different	structure	than	those	at	lower	pressure	(e.g.	olivine	or	22	

ringwoodite).	This	phenomenon	is	known	as	a	phase	transition	and	results	in	a	23	
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change	in	atomic	bonding,	or	coordination;	the	calculations	of	Huang	et	al.	(2014)	1	

indicate	that	Si	isotopes	may	be	fractionated	between	silicate	minerals	with	2	

different	coordinations	of	Si.	If	these	results	are	correct,	they	could	have	important	3	

implications	for	the	composition	of	the	core	and	the	conditions	of	formation	of	the	4	

Earth.	Specifically,	even	a	small	fractionation	of	Si	isotopes	in	the	mantle	could	5	

drastically	decrease	the	need	for	large	quantities	of	Si	in	the	Earth’s	core	to	account	6	

for	the	difference	between	the	measurable	upper	mantle	and	chondrites	in	Si	7	

isotope	composition.	This	would	change	the	conclusions	regarding	the	building	8	

blocks	of	the	Earth	based	on	the	Si	isotopes.	Since	these	isotopic	fractionation	9	

results	are	only	theoretical,	this	effect	must	be	tested	experimentally	before	strong	10	

conclusions	can	be	made.	In	addition,	Pringle	et	al.	(2014)	have	found	that	angrite	11	

meteorites,	which	are	highly	oxidized	achondrites,	have	the	same	Si	isotopic	12	

composition	as	the	Earth	and	therefore	different	from	chondrites.	Since	these	13	

meteorites	are	oxidized	it	is	very	unlikely	that	the	core	of	the	angrite	parent	body	is	14	

very	rich	in	Si.	These	results	suggest	that	other	mechanisms	of	isotopic	fractionation	15	

(e.g.	volatilization)	may	fractionate	Si	isotopes	in	the	early	solar	system,	and	that	Si	16	

isotopes	might	not	be	such	a	strong	argument	to	exclude	enstatite	chondrites	from	17	

the	Earth’s	building	blocks.	18	

	19	

Conclusions	20	

In	this	review	paper	we	propose	a	new	estimate	for	the	bulk	chemical	composition	21	

of	the	Earth	by	combining	seismological	observations,	chemical	analyses	of	the	22	

atmosphere,	biosphere,	hydrosphere,	crust,	and	mantle,	experimental	results	of	23	
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elemental	partitioning,	ratios	of	elements	with	very	similar	geochemical	behavior	1	

and	recent	theoretical	estimates	of	the	core	composition	by	molecular	dynamics	2	

simulations	of	density	and	sound	speed	(Table	2).	High-precision	isotopic	studies	3	

are	fundamental	in	establishing	compositional	relationships	between	meteorites	4	

and	the	Earth.	We	show	that	non-mass-dependent	isotopic	variations,	which	are	not	5	

modified	by	planetary	processes,	are	the	best	tracers	to	search	for	the	genetic	origin	6	

of	the	Earth	since	crustal	rocks	can	be	directly	compared	to	meteorites.	Enstatite	7	

chondrites	are	the	meteorites	isotopically	closest	to	Earth.	However,	they	are	8	

chemically	very	different	from	the	estimate	of	the	bulk	Earth	composition	(See	Table	9	

2),	which	suggests	that	either	(1)	the	Earth	is	not	made	of	any	known	meteorites	or	10	

from	the	mixing	of	different	groups	of	meteorites	in	proportions	that	would	fit	the	11	

isotopic	composition	of	the	Earth	or	(2)	the	Earth	and	enstatite	chondrites	share	a	12	

common	ancestor	but	their	chemical	evolution	diverged	early	in	the	Solar	System	13	

history.		14	
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Figure	captions	19	

Figure	1.	Chemical	equilibrium	abundances	of	stable	condensates	in	the	solar	nebula	20	

as	a	function	of	inverse	radial	distance	(AU-1)	along	an	adiabatic	P	–	T	profile.	The	21	

condensate	abundances	are	the	logarithm	of	each	condensate	partial	pressure	(in	22	

bar)	if	the	condensate	were	vaporized	to	a	molecular	gas	of	the	same	composition	23	

(see	the	mineral/formula	key).	The	average	orbital	distances	of	the	terrestrial	24	
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planets	Mercury,	Venus,	Earth,	and	Mars	are	indicated	by	their	astrological	symbols	1	

along	the	bottom	of	the	figure.	This	figure	shows	the	higher	temperature	region	and	2	

Figure	2	shows	the	lower	temperature	region	of	the	inner	solar	nebula.	Reproduced	3	

from	Barshay	(1981)	with	the	permission	of	Dr.	Barshay.	4	

	5	

Figure	2.	Chemical	equilibrium	abundances	of	stable	condensates	in	the	solar	nebula	6	

as	a	function	of	inverse	radial	distance	(AU-1)	along	an	adiabatic	P	–	T	profile.	The	7	

abbreviation	F/N	is	used	where	the	abundances	of	feldspar	and	nepheline	are	8	

subequal.	The	total	pressure	curve	gives	10-4	times	the	total	pressure	at	any	9	

temperature,	e.g.,	10-4	bar	at	600	K.	Reproduced	from	Barshay	(1981)	with	the	10	

permission	of	Dr.	Barshay.	11	

	12	

Figure	3.	The	computed	mean	atomic	mass	(amu)	as	a	function	of	inverse	radial	13	

distance	(AU-1)	for	square	wave	accretion	functions	of	variable	width	(see	text).	The	14	

shape	of	the	square	wave	accretion	function	used	to	generate	each	curve	is	drawn	to	15	

scale	and	its	width	is	given.	The	present	orbits	of	the	terrestrial	planets	Mercury,	16	

Venus,	Earth,	and	Mars	are	marked	with	their	astrological	symbols	along	the	17	

horizontal	scale.	Reproduced	from	Barshay	(1981)	with	Dr.	Barshay’s	permission.	18	

	19	

Figure	4.	The	computed	mean	atomic	mass	(amu)	as	a	function	of	inverse	radial	20	

distance	(AU-1)	for	triangular	accretion	functions	of	variable	width	(see	text).	The	21	

shape	of	the	triangular	accretion	function	used	to	generate	each	curve	is	drawn	to	22	

scale	and	its	full	width	at	half	maximum	(FWHM)	is	given.	The	present	orbits	of	the	23	
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terrestrial	planets	Mercury,	Venus,	Earth,	and	Mars	are	marked	with	their	1	

astrological	symbols	along	the	horizontal	scale.	Reproduced	from	Barshay	(1981)	2	

with	Dr.	Barshay’s	permission.	3	

	4	

Figure	5.	The	computed	mean	atomic	mass	(amu)	as	a	function	of	inverse	radial	5	

distance	(AU-1)	for	Gaussian	accretion	functions	of	variable	width	(see	text).	The	6	

shape	of	the	triangular	accretion	function	used	to	generate	each	curve	is	drawn	to	7	

scale	and	its	full	width	at	half	maximum	(FWHM)	is	given.	The	wings	of	the	Gaussian	8	

accretion	functions	are	drawn	out	as	far	as	the	distance	at	which	~	0.1%	of	the	9	

available	mass	is	accreted	into	the	planet.	The	present	orbits	of	the	terrestrial	10	

planets	Mercury,	Venus,	Earth,	and	Mars	are	marked	with	their	astrological	symbols	11	

along	the	horizontal	scale.	Reproduced	from	Barshay	(1981)	with	Dr.	Barshay’s	12	

permission.	13	

	14	

	15	

	16	

	17	

Figure	6.	Isotopic	anomalies	for	elements	which	show	difference	between	different	18	

meteorite	groups.	Δ17O=δ17O-0.52δ18O.	The	εaXb/c	corresponds	to	the	per	ten	19	

thousand	deviation	of	the	ratio	aX/cX	internally	normalized	to	the	cX/cX	ratio	(see	20	

main	text	for	details).	Data	are	from	Clayton	and	Mayeda	(1996,	1999),		Clayton	and	21	

Mayeda	(1991),	Burkhardt	et	al.	(2011),	Chen	et	al.	(2010),	Zhang	et	al.	(2012),	22	

Trinquier	et	al.	(2009),	Moynier	et	al.	(2012),	Steele	et	al.	(2012).	23	
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	1	

Figure	7.	Ca	isotope	composition	of	various	group	of	meteorites	measured	by	2	

different	groups.	The	data	are	reported	as	the	permil	deviation	of	the	44Ca/40Ca	ratio	3	

compared	to	the	SRM914a	standard.	Contrary	to	previously	proposed,	E	chondrites	4	

have	very	similar	Ca	isotope	composition	with	terrestrial	rocks	(such	are	ordinary	5	

chondrites,	and	CO	chondrites).	Data	are	from	Valdes	et	al.	(2014),	Simon	and	6	

DePaolo	(2010),	Schiller	et	al.	(2012)	and	Huang	and	Jacobsen	(2011,	2012).		7	
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Table 1 Earth’s geochemical reservoirsa  
  Mass Fractions 

Reservoir Mass (kg) of Bulk Silicate Earthb of Total Earth 
Total Atmosphere 5.137×1018 1.27×10-6 8.60×10-7 

Troposphere 4.22×1018 1.05×10-6 7.06×10-7 
Stratosphere 0.906×1018 2.25×10-7 1.52×10-7 

Upper Atmosphere 4×1015 9.9×10-10 6.7×10-10 
    

Biosphere 1.148×1016 2.85×10-9 1.92×10-9 
    

Hydrosphere 1.664×1021 4.13×10-4 2.79×10-4 
    

Total petrospherec 4.031×1024 0.9995 0.6748 
Continental Crust 1.522×1022 3.77×10-3 2.55×10-3 

Oceanic Crust 0.845×1022 2.10×10-3 1.41×10-3 
Total Crust 2.367×1022 5.87×10-3 3.96×10-3 

    
Upper Mantle 1.068×1024 0.2648 0.1788 
Lower Mantle 2.939×1024 0.7287 0.4920 

Total Mantle 4.007×1024 0.9936 0.6708 
    

Total Core 1.941×1024 – 0.3249 
Outer Core 1.839×1024 – 0.3078 
Inner Core 0.102×1024 – 0.0171 

    
Entire Earth 5.9736×1024  1.0000 

aModified from K. Lodders and B. Fegley “The Planetary Scientist’s Companion,” Oxford, New 
York, NY, 1998. 
bTotal mass of the bulk silicate Earth (BSE) is 4.033×1024 kg. 
cWe define lithosphere as the silicate portion of the BSE, i.e., crust + entire mantle.  
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Table 3 Volatile elements in bulk silicate Earth, bulk silicate Vesta, and ordinary chondrites 
Element BSV (ppm)a BSE (ppm)b BSV/BSE Chondritesd BSE/chondrites 

H ? 120 ? 470 0.26 
Cc 10 – 30 100 0.1 – 0.3  2570 0.04 
Nc 0.05 – 1.3 2 0.025 – 0.65 54 0.04 
Zn 0.36 53.5 0.0067 53.2 1.0 
Na 757 2590 0.29 6950 0.37 
K 66 260 0.25 860 0.30 
Rb 0.06 0.605 0.10 2.1 0.29 
Cs 0.002 0.018 0.11 0.06 0.30 
F 4.8 25 0.19 38 0.66 
Cl 4.6 30 0.15 93 0.32 
Br 0.03 0.075 0.40 0.5 0.15 

aBSV values are mainly from Dreibus & Wanke (1980) and Dreibus et al. (1997) 

bBSE values are from Palme & O’Neill (2014) 

cCarbon and nitrogen values for BSV are eucrite data from Grady & Wright (2003) 

dAverage ordinary chondrite data are from Schaefer & Fegley (2007, 2010) 
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