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Outline	
u 		The	element	abundance	paFern	itself	

Ø What	is	the	element	abundance	pa4ern	and	where	is	it	
measured	?	

Ø The	importance	of	meteorite	data,	what	is	a	primiAve	sample	?		
Ø Asteroids	and	comets	
Ø The	main	features	observed	on	the	abundance		pa4ern	
	

u 		Beyond	the	average	element	abundance	paFern		
Ø Pre-solar	grains.	How	do	we	find	them	?	What	do	they	look	like	?		
Ø The	origin	of	pre-solar	grains	?	Open	issues	
Ø Short-lived	radio-nuclei	and	the	context	of	the	solar	system	birth		
Ø The	amount	of	short-lived	radio-nuclei	in	the	protoplanetary	disk	
Ø Why	is	it	such	a	problem	?	Is	the	solar	system	generic	?		
Ø Their	importance	for	planetary	science	

EJC	2016	“Origin	of	Nuclei	in	the	Universe	»	



 

atomic number, Z
0 10 20 30 40 50 60 70 80 90

so
la

r s
ys

te
m

 a
bu

nd
an

ce
 b

y 
nu

m
be

r, 
S

i =
 1

06  a
to

m
s

10-2

10-1

100

101

102

103

104

105

106

107

108

109

1010

1011

H

He.

Li

Be

B

C

N

O

F

Ne

Na

Mg

Al

Si

P

S

Cl

Ar

K

Ca

Sc

Ti

V

CrMn

Fe

Co

Ni

Cu
Zn

Ga

Ge

As

Se

Br

Kr

Rb

Sr

Y
Zr

Nb

MoRu

Rh

Pd
Ag

Cd

In

Sn

Sb

Te

I

Xe

Cs

Ba

La
Ce

Pr

Nd

Sm
Eu

Gd

Tb

Dy

Ho
Er

Tm

Yb

Lu

Hf

Ta

W
Re

OsIr
Pt

Au
Hg

Tl

Pb

Bi

Th

U

mainly neutron capture 
on rapid and slow time scales

(R and S process)
nu

cle
ar

 st
ati

sti
ca

l e
qu

ilib
riu

m

ox
yg

en
 bu

rn
ing

he
liu

m bu
rn

ing
sil

ico
n b

ur
nin

g

H bu
rn

ing

ca
rb

on
 bu

rn
ing

BB

BB
X

The	elements	abundance	in	the	Sun	

99.9	%	of	the	mass	



The	cycle	of	maFer	in	the	Inter-Stellar	Medium	(ISM)	

The	ISM		is	composed	of		
gas	(99%)	and	dust	(1%).			

	
Stellar	formaAon	yield	:		

3-10	M☉/year	
(Mgalaxy	≈	1012	M☉)		M☉= Solar mass 

The	stellar	formaAon	yield	is	about	5	Ames	
that	of	stellar	ejecAon	(mainly	in	gaseous	

form).		



Where	do	we	measure	this	abundance	paFern?	
the	chondrite	connexion	

Orgueil	meteorite	
a	CI	chondrite	



It is the starting composition in high Z elements of 
 the Local Inter-Stellar Medium 4.5 Gyrs ago 

Orgueil (CI) 

The abundance of most elements in Orgueil (CI) meteorite is  
that of the Sun, over almost 9 orders of magnitudes 



Stars	are	forming	in	dense	molecular	clouds	
An	emblemaAc	example		

	
The	Eagle	nebula	

	
Distance	6500	LY	(2	kpc)	

	
Size	of	the	clouds	:		

	1	LY,	~50	kAU,	~	0.3	pc	



Before	the	main	sequence	
Different	Tme	scales	
•  Class	0	&	I	:	

–  The	proto-star	is	
embedded		

–  High	accreAon	rate	
–  T	~	104-105	years	
–  Mstar	=	0.5	→		0.8	M¤	

•  Class	II	&	III	:	
–  Disc	of	gas	and	dust	then	

debris		
–  Lower	accreAon	rate	
–  T	~	106-107	years	
–  Mstar	=	0.8	→		1	M¤	

HH	30	
HST	



The	final	solar	system	architecture	

•  M	Soleil	(M☉)	:		1.99	1030	kg	
•  M	Terre	(M⊕)	:			5.97	1024	kg		
•  M	Jupiter	(M♃	)	:	1.90	1027	kg	(317	M⊕,	0.1%	M☉) 

There	a	spectacular	dichotomy	between		
the	inner	(rocky)	and	outer	(gaseous/icy)	solar	system	



Abundance	of	elements	on	Earth	



What	is	a	primiTve	sample	?		
the	key	role	of	small-bodies	

Kring,	D.	(2006),	Astronomy	



The	solar	system	small	bodies	
•  The asteroids 

•  between Mars and Jupiter 

•  The  Kuiper belt object (KBO) 
•  between 30 et 50 AU 

•  The comets 
•  Jupiter-type  
•  Oort-cloud Comets (> 5 000 AU) 

(25143)	Itokawa	Asteroid		

67P/Churyumov–Gerasimenko		
ESA	Rose4a	mission	



A	major	goal	for	the	futur	space	missions	

Analysing	the	solid	component	of	small	bodies	provides	unique	informaAon	on		
the	composiAon	of	the	proto-solar	nebulae	and	the	context	of	the	solar	system	birth	

Hayabusa	II	

ROSETTA	

STARDUST	

OSIRIS-Rex		

1999	JU3		

Deep	Impact	



200 
AU 

The	different	types	of	meteorites		



Within	a	Chondrite	:	chondrules,	CAIs,	and	the	matrix	

The matrix CAIs 

Ca-Al oxides and silicates 

10 mm 

The Chondrules 

100 mm 

Mg, Fe silicates 

Presolar	grains	are	
in	the	matrix	

In	refractory	phase	we	found	exTnct	
radioacTviTes	



For	6	<	Z	<	20	

α nuclei  
 12C, 16O (He burning) 

12C+12C → 20Ne + α  (C burning) 
20Ne(γ, α )16O 

20Ne(α , γ)24Mg  
16O+16O → 28Si+α  (O burning) 

N=Z nuclei are more abundant 
 

24Mg(12,12) >> 26Mg(12,14)  
28Si(14,14) >> 30Si(14,16) 

40Ca (20,20) >> 42Ca 



The	odd-even	staggering			

•  Stable odd-odd nuclei are rare : D, 6Li, 10Be et 14N  
•  The masses of even-even nuclei and odd-odd nuclei are separated by 2 MeV 
•  The ground state spin and parity of all even-even nuclei is always Jp = 0+ 

•  The energy of the first excited state in an even-even nucleus is always higher than 
that of the odd-even.  

 
All these features are due to the paring energy  



The	iron	peak	



Reminder	on	nuclear	physics	B(A)	

•  The strong interaction has a short range :  B(A) ≈ cst + corrections (see liquid drop 
model) 

•  The B(A) general behavior results from the combined effects of coulomb repulsion, 
surface and symmetry energy.  It produces a maximum at A ~ 60.  



Above	the	iron	peak	

Before Ge : neutron poor isotopes are more abundant  
After Ge : neutron rich nuclei are more abundant 
The coulomb barrier gets high, the neutron capture takes over 



The	s	process	peaks		

88Sr	(Z=38,	N=50),	138Ba(Z=56,	N=82),	208Pb(Z=82,N=126)	



The	spherical	shell	model	magic	numbers		
2,	8,	20,	28,	50,	82,	126,	168		

Reminders	on	nuclear	structure,	
the	independent-parAcle	model	



Neutron	capture	cross	secAons		

The	neutron	binding	energy	is	maximal		



At	even	higher	mass	A=140-210	

Again,	a	large	structure	around	A=195	and	a	thin	one	around	A=208.		



To	summarize	

•  The	rapid	(r)	and	slow	(s)	peaks	are	due	to	nuclear	structure	shells	effects	



Beyong	the	average	abundance	pa4ern,		
the	quest	for	star	dust	

A	part	of	elements	produced	in	stars	are	locked	in	solids	and	travel	
trough	ISM	as	interstellar	dust…	where	are	they	gone	?		

Infrared	image	of	Andromeda	Galaxy	(dust)		
24.0	µm	Spitzer	MIPS		



“Xenology”	in	chondrites		

•  The	survival	of	presolar	phases	
was	first	demonstrated	by	
Renolds	et	al	(1964)	using	the	
isotopic	composiAon	of	noble	
gases	in	a	carbonaceous	
chondrite	(Renazzo)	

•  The	Xe	isotopic	data	show	various	
components	with	relaAve	raAos	
strongly	different	from	the	solar	
average	values		

•  Two	main	component	:	
–  Xe-HL	(Heavy-Light)		
–  Xe-S	

28	



The	Xe-HL	component		
Xe-HL	(Heavy-Light)	holds	the	
signature	of	:	
• 		p-process	(124Xe,	126Xe)		
• 		r-process	(134Xe,	136Xe)	

p	

r	

124,126Xe	:	p	nuclei	
	
128,130Xe	:	pure	s	nuclei	
	
134,136Xe	:	r	nuclei	

29	



Xe-S	bulk	component	

RelaAve	overabundance	of	2	
pure	s-nuclei	

128Xe	and	130Xe		
Xe-S	holds	the			

s-process	signature		

Is	it	possible	to	idenAfy		
the	carriers	of	these	isotopic	anomalies	?	

30	



The	Xe-S	component	is	carried	by	SiC	

•  It	took	25	years	to	idenAfy	the	carrier	of	these	anomalies	
•  The	size	of	these	grains	is	1-10	mm		
•  Thousands	are	analyzed	so	far	

31	



Presolar	grains	are	extracted	from	the	matrix	of	
carbonaceous	chondrites	

The	matrix	of	chondrites	contains	small	mineral	
phases	(SiC,	Graphites,	nano-diamants	…	<	10	μm)	

directly	inherited	from	stellar	envelopes	of	
generaAons	prior	the	Sun.	

Météorite	d’Allende	

	In-situ	secondary	ion	mass	image	(P.	Hoppe	et	al)	Larry	Ni4ler,	
Carnegie	InsAtuAon	of	Washington		



Presolar	grains	abondance	in	chondrites	

Is	it	possible	to	idenAfy	the	nucleosyntheAc	sites	of	these	grains	?	
Ni4ler	EPSL	2003	

SiC		

Spinel	

Graphite	
TEM	thin	secAon	
Graphite	&	

TiC	

Planetary	
nebulae		
NGC	6751	

HST	

Remnant	of		
SN	Cas	A	

33	



Clues	on	the	astrophysical	sites	of	presolar	grains	

•  Pre-solar	grains	are	vapor	phase	condensate	in	stellar	envelopes	
•  Presolar	grains	are	refractory,	Tcond	=	1300-300	K°	
•  Their	condensaAon	sequence	strongly	on	the	composiAon	of	the	

stellar	gas,	mainly	on	the	C/O	raAo	:	
	

–  if	C/O	<	1	all	the	carbon	is	locked	in	the	CO	molecule	in	the	
gas	phase	(stable	even	at	high	T°)		

è condensaAon	of	oxides	and	silicates	
	
–  If	C/O	>1,	a	large	fracAon	of	the	carbon	is	available	for	solid	
phases	

è 				condensaAon	of	graphites	and	carbides	

34	



IdenAficaAon	of	the	astrophysical	site	of	SiC	

•  The	average	solar	C/O	is	<1,	(C/O)sun	=	0.4	
–  in	meteorites	most	of	SiC	are	presolar		
	

•  SiC	condense	in	a	C	rich	environement:	C/O>1	
•  Massive	stars	are	not	good	candidates	(they	produce	more	O	than	C,	

C/O	<1)		
	

•  SiC	contain	s-process	nuclei	(Xe-s	carriers)	

SiC	condense	in	C-rich	stars		
that	are	rich	in	s-process	nuclei		

à	AGBs	 35	



Mainstream	SiC	are	coming	from	AGB	

Arguments	:	
	
•  The	12C/13C	raAo	distribuAon	is	
similar	to	that	observed	in	C-
stars	

•  AGB	are	the	main	producers	of	
C-rich	dust		

•  SiC	are	seen	in	AGBs	envelopes	
(emission	line	@	11.2	mm,	Speck	et	al	1997)	

•  SiC	contain	s-process	elements		
•  The	isotopic	signatures	in		C	&	
N	are	that	expected	from	AGB	

C	isotopic	raAos	in	C2	bands	in	
C-stars	and	in	SiC	

36	



The	stellar	evoluAon	in	AGBs	

The	internal	structure	of	a	3	M	AGB	

M Lugaro 2005  

End	of	H	core-burning	

He-core	contracAon		
Envelop	expansion	

He	core-burning	

H	and	He		
shell-burning	

37	



AGB	stars,	a	carbonaceous	dust	factory	

•  He-shell	burning	produces	C		
•  H	&	He	shell	burning	

–  He	burning	on	the	aches	of	the	CNO	cycle	(14N)	
–  14N(α,γ)18O(α,γ)22Ne	
–  Stars	rich	in	22Ne	

38	



Reminders	on	the	CNO	cycle	

•  12C(p,γ)13N	(β+)13C(p,γ)14N(p,γ)15O	(β+)	15N(p,α)12C		
•  14N(p,γ)	is	week	
•  The	CN	cycle	favors	13C	and	14N		

C/N	=	3	→	0.01	
	
12C/13C=	89	→	3	
	
14N/15N	=	272	→	>>10	000	

	
	

39	



SiC	compared	to	the	CNO	end-member	

40	



Ne-H	in	SiC	

•  The	Ne	concentraAon	must	be	
compared	to	other	gases	
(here	He)	because	it	is	
included	by	implantaAon	and	
not	condensaAon.		

•  SiC	are	enriched	by	a	factor	of	
100	in	22Ne	compared	to	solar	
composiAon.	

•  In	He	shell	burning,	large	
amount	of		22Ne	is	produced	
by	:		14N(α,γ)18O(α,γ)22Ne		

•  The	linear	correlaAon	comes	
from	a	mixing	between	:	
–  The	solar	end-member	
–  The	22Ne	AGB	end-member.	

The	solar	end-member	:	
4He/22Ne=2114	
20Ne/22Ne=12.4	

M Lugaro 2005  

41	



Si	isotopic	composiAon	of	SiC	
Different	populaTons	:	
	
•  Mainstream	SiC	

grains	do	not	
exhibit	large	
differences	
compared	to	
solar	values		

•  SiC	X	grains	are	
highly	enriched	
in	28Si,	they	
originate	from	
massive	stars	

29
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2930

30

1 1000sample

Si
SiSi

SiSi
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M Lugaro 2005  
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The	chemical	evoluTon	of	the	galaxy	

•  28Si	is	a	primary	nucleus	(produced	
directly	from	iniTal	H	and	He)		

•  29,30Si	are	secondary	nuclei,	their	
producTon	depends	on	the	star	
metallicity	

•  The	chemical	evoluTon	of	the	galaxy	
(CEG)	gradually	enriches	the	galaxy	in	
heavy	isotopes	(29,30Si)	

	
•  However	a	quesTon	is	sTll	pending,	

why	do	the	grains	appears	to	be	
younger	than	the	solar	system	itself	?!	 P.	Hoppe	2007	

43	



Heavy	elements	in	SiC		
•  Z	>	26	elements	are	rare	(traces,	~100	ppm)	
•  S-process	elements	are	overabundant	in	MS	SiC			 		

–  Zr,	Ba	:	30	Ames	more	abundant	than	solar	

•  They	exhibit	isotopic	signatures	of	the	s-process			
•  The	precision	on	the	isotopic	raAos	(be4er	than	a	few	%)	
provides	unique	constraints	on	stellar	nucleosynthesis	
models	

•  Large	diversity	of	isotopic	composiAons:		
–  different	stellar	condiAons	
–  the	incorporaAon	mechanism	varies	depending	on	the	volaAlity	of	
the	element	(vapor	phase	condensaAon,	implantaAon	…)		

44	



Neutrons	sources	in	AGBs	

•  Two	neutron	
sources:		
–  13C(α,n)16O	is	energeAcally	

favored,	acAve	first	when	T	
>	0.9	108	K	

–  22Ne(α,n)25Mg	(a	lot	of	
22Ne)	acAve	for	T	>	3	108	K	

•  The	s-process	takes	place	
in	the		He-rich	inter-shell	
(HeIS)	between	the		H-
burning	shell	and	the		He-
burning	shell		In	the	HeIS,	the	medium	is	

dominated	by	a	resulAng	from	
the	H-shell	(a=70	at%)	 45	



S-process	signature	

The	SiC	are	the	carriers		of	the	Xe-S	component		
that	exhibit	excess	of	128Xe	et	130Xe	

128Xe	et	130Xe	are	s-only	nuclei		

46	



Zr	isotopes	in	SiC	

91,92,94Zr	nuclei	are	relaAvely	more	abundant	than	96Zr	

Nicolussi	et	al	1997	

( )
( )
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96
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1 1000

i
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i
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d	units	represent	per	mil	deviaAons	from	the	
“solar”	composiAon	(‰)	
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Ru	isotopes	in	SiC	

Excess	in	100Ru	(s-only	nucleus)	

Savina	et	al.	Science	2004	

p-nucleus	

r-nucleus	

48	



Ba	isotopes	in	SiC	

Enrichments	in	134Ba	and	136Ba	(s-only	nuclei)		 49	



	s-only	nuclei	vs.	p-only	(or	r-only)	nuclei	

•  Mixing	between	a	solar	end-member	(i.e.	the	star’s	envelope)	and	a	pure	s-process	end-
member		

•  96Mo	is	produced	in	the	SiC	producing	stars	(AGB)	but	not	100Mo	nor	92Mo		
•  The	grains	are	very	enriched	in	96Mo	(s-only)	compared	to	solar		
•  Models	taking	into	accounts	various	neutron	fluxes	(13C	pocket)	for	two	stellar	masses	(1.5	

and	3	M☉)	can	account	for	the	data.	The	large	symbols	show	when	the	condensaAon	is	
possible	(C/O>1)	

s	process	pure	96Mo	

Solar	composiAon	(i.e.	starAng	composiAon)	

Mo	isotopic	composiTon	in	SiC	
	

M Lugaro 2005  
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Short-lived	radionuclei,		
something	is	wrong	in	the	abundance	of		

radioacAve	nuclei	in	solar	system	protoplanetary	disk	

CAIs 

Ca-Al oxides and silicates 

10 mm 

Chondrules 

100 mm 

Mg, Fe silicates 

Refractory	phase	where	exTnct	
radioacTviTes	are	observed	



CAI	MRS6	(Leoville,	CV3)	(BSE image)	
DataTon	de	la	cristallisaTon	4.567	Ga	

Mel 

An 
Melilite 
Anorthite 
Spinel 
Pyroxene 

Sp 

Px 

Short-lived	radio-nuclei	and	the	solar	system	birth		



26Mg	is	linearly	correlated	to	Al		

26Al	(b+)→	26	Mg,	T1/2	=	0.716	Myr	

26Al/27Al	=	5	10-5	

Lee, Wasserburg and Papanastassiou (1976) 

alive	26Al	was	present	in	the	early	solar	system	



A	bi-modal	distribuTon	

MacPherson,	Davis,	Zinner	(1995)	

The	canonical	value	26Al/27Al	(t=0)	=	5	10-5		



Before	the	main	sequence	
Different	Tme	scales	
•  Class	0	&	I	:	

–  The	proto-star	is	
embedded		

–  High	accreAon	rate	
–  T	~	104-105	years	
–  Mstar	=	0.5	→		0.8	M¤	

•  Class	II	&	III	:	
–  Disc	of	gas	and	dust	then	

debris		
–  Lower	accreAon	rate	
–  T	~	106-107	years	
–  Mstar	=	0.8	→		1	M¤	

HH	30	
HST	



•  An	metamorphic	episode	
•  Reset	et	redistribute	the	Mg	
isotopes	a	few	Myrs	a�er	
crystallizaAon		

•  Difficult	since	some	CAIs	have	no	
26Al	but	other	isotopic	anomalies	
that	should	also	be	reset	(50Ti…)	

•  A	chronological	interpretaTon		
•  Some	refractory	phases	formed	
when	26Al	was	not	present	

Some	CAIs	have	26Al/27Al	~	0	

Goswami & Sahjipal, ApJ 1998 

SAll	an	open	quesAon		



What	was	the	total	amount	of	short	lived	nuclei		
in	the	proto-planetary	disk?	

•  Very	few	observaAonal	constraints		
•  Importance	for	planetary	evoluAon:	

26Al	et	60Fe	are	efficient	heat	
sources		for	planetary	
differenAaAon	

•  Consequences	on	:	
–  The	origin	of	theses	isotopes	
–  The	possibility	to	built	an	isotopic	
chronology	

Latoure4e	et	al	1998	



SLR	are	crucial	to	built	an	isotopic	chronology	

•  The	26Al/27Al	raAons	in	chondrules	are	systemaAcally	lower	than	in	
CAIs		

•  Chronological	interpretaAon	:	DT	=	1-3	Myrs	between	the	CAIs	and	
chondrules	formaAon.		

Kita	et	al	2005,	Connelly	et	al.	ApJ	2008	



41Ca,	a	challenging	case		

	
41K	signal:	1-10	c/s	Background		40Ca	(108	c/s),		40CaH		
(105c/s),		(40Ca-42Ca)++		

Ireland	LPI	1999	

60Fe,	the	smoking	gun		

Mostefaoui	et	al	2004,	Tang	&	Dauphas	2012,	…	

41Ca	→	41K,	T1/2	=	0.1	Myr		



Non-thermal	nucleosynthesys	

10Be	(β-)	→	10B,	T1/2	=	1.4	Myr	

10Be is produced by spallation reactions on CNO, 
Irradiation induced by light particles accelerated by the young Sun ? 

McKeegan	et	al		Nature	2001	

SAll	uncertain	:		
7Be	(T1/2	=	53	days)	→	7Li,	7Be/9Be	=	6	10-3	?		
	

M.	Chaussidon	et	al	2006	



Irradia9on	in	the	early	solar	system	?	

Shu	et	al.	Science	1996,	Shu	et	al	ApJ	2001,	Lee	et	al	ApJ	1998	

“CAI	and	Chondrules	are	formed	at	close	distance	from	the	star	(the	reconnecTon	ring	:	
R=0.06	AU)	then	transported	at	several	AU	over	the	disk	by	the	x-wind…”	

HH	30,	Hubble	image	



The	abundance	of	many	short-lived	nuclei	are	not	compaAble	
with	the	chemical	evoluAon	of	the	Galaxy.		

Wasserburg	et	al	Nucl.	Phys;	A	2006	

Meyer	&	Clayton	SSR	2000	

TaAscheff	et	al	ApJ	2010	

•  Is	the	astrophysical	context	of	the	Sun	birth	
peculiar	?	(see	Gounelle	&	Meynet	2012,	Young	2014…)	

•  Was	the	solar	system	nebulae	polluted	by	the	
aches	of	a	massive	star	?		

•  What	was	the	magnitude	of	irradiaAon-induced	
(i.e	non-thermal)	nucleosynthesis.	

HH30,	HST,	(©Burrows,	STSci/ESA,	WFPC2,	NASA	


