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Formation of the Solar System
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The Solar System “HOTTEST” Phases

Hibonite "HAL
(CaAl,,0,,) (¢~ 1mm)
(¢ ~ 20-80 um)

Allende "fluffy* type CAL
Sample 4820-1, FTA3,
Layers of different CazgAl-rich
minerals condensed ﬁjequem e.
> ™ The object was néver mélted.

b . .

Ca-Al-rich Inclusion (CAl)
(¢~ 0.5-10 mm)
S e Oldest “datable” solid =

Chondrule (¢ ~ 0.5-20 mm) 4.568 Gyr

Amoeboid olivine
aggregate (AOA)
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Condensate Recrystallized solid
PLAty-hibonite Crystal (PLAC)
Spinel-HIEonite Spherule (SHIE)

Edlds
silicate

20um

BIue—Aggregate (BAG)

Perovskite
(CaTiO;)

Hibonite

Hibonite

Liu et al. (2009)



Condensate

Ca-Al-

Recrystallized solid

Type B CAl E36

CTACAILEL0S

Krot et al. (2009)

composite X-ray map



Chondrules are all igneous




Dust (0.1-10 um)

Fractal agglomeration,
compaction

Collisional growth,
gravitational instability

H Orderly, runaway, and
oligarchic growths
How long did it take?

Dauphas N, Chaussidon M. 2011.
Annu. Rev. Earth Planet. Sci. 39:351-86

Chaotic growth




Cosmochemists’ telescopes

Inductively Coupled Plasma Mass Spectrometer

Thermal lonization Mass Spectrometer
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Isochrons

Long-lived: Short-lived (t;,, < 100 Myr):

slope = \%
(26A1/27Al),

A

*Extinct isotopes can provide relative dates with high-resolution

- time following a chemical (parent-daughter) fractionation from an initially
iIsotopically homogeneous reservoir

- requires cogenetic mineral assemblage - isotopic closure

- to infer relative time, requires initially uniform abundance of radionuclide



Absolute Pb-Pb ages of first solids

Primordial Pb

ALLENDE CHONDRULES

. 238 = 206Pp (1, , = 4.5 Gy)

’ 235 =» 207Pp (tl/Z =703 MY)

b | S « CAls and chondrules
formed ~2-3 Myr apart

« Temporal resolution
with Pb-Pb dating ~
0.5-1 Myr

Connelly et al. A(2008)
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26 Al in the Solar Nebula
« 26A| — 26Mg (t;,, = 0.73 My)
* |nitial 2°Al/%7Al = 5.2x10> (e.g., Lee et al. 1977)

— Determined in many CAls - Homogeneity of %Al in disk
— c.f. galactic 2°Al/%7Al ~ 8x10-° (Diehl et al 2006)

« Last-minute input required for high solar system abundance,
most likely from a star

26A1/77Al = (5.23 £ 0.13) x 10°°

5*°Mg*; = -0.040 = 0.029
MSWD = 1.5

# __ AMS5-63 RI-1
"0 4 8

Bulk CAls Al Mg

MC-ICPMS data
+ MC-SIMS data

30

Internal minerals ~ Zar**mg
Jacobsen et al. (2008) MacPherson et al. (2010)



Condensation of 1-10-um dust from nebular gas Leoville 35361 7 - N
o northite-; Spinel-Rich

Internal isochron of a fine-grained CAI

Bulk isochron of CAls
(MacPherson et al. 2010a)

(Jacobsen et al. 2008)

Accretionary Rim —r

(Forsterite)

Melilite-Rich

625Mg* (%o0)
825Mg* (%o)

1 mm

20 30 40
27A|/24Mg

Agglomeration into mm-cm-sized objects
o o

Q

0
i o
l Type B CAl E36

Melting and crystallization

Internal isochron of an igneous CAI
(MacPherson et al. 2010b)

526Mg* (%)

12
27p1/2*Mg

Dauphas N, Chaussidon M. 2011. T a
Annu. Rev. Earth Planet. Sci. 39:351-86
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Melted

FTA, FGI

CTA F4 Type C

QOA (re-melted) A

C

w

Initial 2°Al/27Al (x 107°)
NN

MacPherson et al. (2012)



in Chondrules

(26Al/27Al)g = 8.916 (+0.906) X 1076
826Mg*o = -0.0024 (= 0.0075) %o

MSWD = 0.72

Villeneuve

Sem-Ch114

8 12
27Al/24Mg

et al. (2009)

526Mg"* (%)

(26Al1/27Al)g = 1.619 (0.167) X 107°
826Mg*o = -0.0185 (+ 0.0140) %o

MSWD = 0.65

27Al/24Mg

Sem-Ch138




Protracted Chondrule Formation

¢ Al-rich ®O Type | m0 Type Il

Semarkona (LL3.0)| Y-81020 (CO3.0) |Acfer 094

CC chorlwdrules
n= 43)

Kita et al. (2012)

'A]Hﬂ

Chondrule formation
appears to have started
~1-2 Myr aftert =0
(defined by CAls) and
lasted for 2-3 Myrs

Probability densit

this study
(n = 14)

E

1075
(26A1/27Al),

Villeneuve et al. (2009)



Anything formed before
t =0 defined by CAIs?
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26 A] in Corundum and Hibonite

Corundum

5Mg* (%o)

Orgueil #02-01
CSAVPAl) = (4.7£1.0)x10°*

Orgueil #01-10
CSAVPAL = (1.1£3.7)x1077

100000 150000 200000
YA1/4Mg
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Terrestrial Fractionation Line
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Makide et al. (2011)

Hibonite

50

700
27p124Mg

Murchison

Liu et al. (2012)




Makide et al. (2011)

Frequency

Corundum

(c) M *Al-rich (N=33,4=40.2%)
[ Intermediate (N=6, 4=7.3%)
[ 6Al-poor (N=43, 4=52.4%)

7 6 5 4
(SAI7Al),

corundum from UOCs (

corundum from UOCs + CCs

4 3 2 1 0

corundum from CCs

corundum-bearing CAls

—» | «—canonical (2°AI27Al),

8

7 6 4 2 1 0

5 3
(CSAIRTAD, x10°5

Krot et al. (2012)

Hibonite

Total Number = 34

Relative Probability

Errors 16

Apparent “Al/#7 Al

Liu et al. (2012)




Corundum

Terrestrial Fracuonaton Line

i canonical (*°*Al/*"Al), = (5.23+0.13)x1073 1
:( ] | ! | I | I | ! | ]
5 4 3 2 1 0 x1079
CSAIAl),

~100 26 27 28 29
Liu et al. (2009) Mass number

Hibonite condensates are
probably older than (condensed
and igneous) CAls and
recrystallized hibonite grains




A Heterogeneous Disk

- Mixing by chaotic fluid motions in a
marginally gravitationally unstable disk
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CMAX= 0.1000 CONDIF= .0050 R= 0.30E+15

Boss (2007)



Synthesis

26A1/27Al (x10-5)

U1
N

Stellar 2°Al

Solar System
26| /27 A

Time



Chronology of Solid Formation

- High-T phases in
chondrites formed in
the gas-rich disk

- Solar nebula should
have been present for
a few Myr

- Such a timescale is o
consistent with that | i
inferred from
observations of YSOs
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Wyatt (2008)



Link to any specific stage?

- Which stage in the formation of the
Sun does “cosmochemical time zero”
correspond to?

ssssssssss

~~~~~

d melting

Can we observe active [
dust formation at high
temperatures in other
YSOs?

= ALMA will tell us

11111

Connelly.l.(201 2)
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