Early Solar System chronology

present by Bill McDonough

All slides are from

e Rich Walker, Thorsten Kleine, Herbert Palme, Lars Borg, Rick
Carlson, Qing-Zhu Yin --- thank you to these generous scientists!

Take away message:

- CAlformed at 4568 Ma (i.e., t,.,,)
-  Chondrules formed from 0.5 to ~5 Ma after t

Zero

- Cores and Mantles of small planets (10 to 1000 km)
formed betweent, +05Matot, +~5Ma

Zero zZero

- Earth & Moon fm between t.. +~30and t.._+~150 Ma

Zero Zero
- Accretion models, consider rapid planetary growth




Constraints on 2" & 39 stages
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new sequence
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From H. Palme, 2013 source of chondrites



Start of
collapse a5 0 protostar

Vo Oldest chondrules are as old as
Chondrules from a single
0 Myr ~0.7 Myr ~3 Myr

meteorite seem to have formed
over more than a million years.

- Brief epoch of CAl condensation and melting
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High Chronological Resolution

35 Solar System/CAIl Ages
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Al-Mg systematics for calcium-aluminum-rich inclusions from various
carbonaceous chondrites (Thrane et al., Astrophys. J., 2006) provide a

potential age precision of £ 9000 years. Accuracy, however, 1s of the
order 1 Ma due to remaining questions of extinct nuclide calibrations.

From R. Carlson, 2015




Volatile Depletion occurred early in Solar System

data-point error crosses are 2o
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from Q. Z. Yin, 2015



Step 4: Planetesimals get
Big Enough to Retain
Enough Heat to Melt —
Separate Cores and Form
Crusts

From R. Carlson, 2015

The D’ Orbigny Angrite

Age:

U-Pb=45634+04 Ma
(Brenneka&Wadhwa, 2012)

Mn-Cr =4562.9 + 0.6 Ma (Glavin et al., 2004)
Hf-W =4562 .4 + 1.5 Ma (Markowski+, 2007)
Al-Mg =4562.8 + 0.5 Ma

(Spivack-Birndorf et al., 2005)




Small planet growth in just a few Myr)
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0 5 10
- 1 1 L
Campo — 1}
del Cielo 4;'
MG < Canyon
Diablo *
| Landes T}
o
Sombrerete = WX~
(sHL) =
Toluca S 20
sLL
Goose Lake <O
Persimmon S
Creek (sLM) g @
ALHA80104 CO
(sHH)I PR — — P
-380 -340 -300 -260
u182w

Emily Worsham’s unpublished
data (UMd Ph.D. student)

Magmatic irons

Kruijer et al. 2014 Science
-@- IVB
@ IVA
@ IIIAB
@—1ID
@ |IAB
2 s 6

Age Relative to CAIl (Ma)
W isotope constrain

these ages

from R. Walker 2015



Advances in Measurement Techniques

Pt & Os dosimeters of neutron fluence

A 32 T N Ny
. L IIAB iron meteorites:
-Cfm - £'%2Woro_exposure = =3.40£0.03
ae :“[]'§ slope = =1.40+0.11 (95% cont.)
Harper et al. (1991) F O ’ : \ MSWD =0.80,n=8
s | Siknote AT B
] Mt. Joy Kruijer et al.
< I 2014 Science
Touboul et al. (2007) —O— 5] : !
W 44} !
d '
Advances |
|
Touboul & Walker (2012) ¢ sk 1 . é\lrﬁw_orth
1 X
I M 1L M 1 " 1 " L . \\
0 0.2 0.4 0.6 08 1.0 1.2
196
.. e 7Pt (8/5)
: T Al initial value an
fromR. Walker =~ — = - C tial value and age
1 L I L 1 L
2015 Js2w a) CAI - bulk data
4 |- slope = 1.41+0.06 - -
N — g182W, = —3.47+0.12 (95% conf.)
12 | Combined CAl isochron:5 Burkhardt et al. A [ i =| — l
= (9.72+0.44) x 10° ] N .
10 im= -3(‘2810.12 ) 2008 GCA ] —~ 2 Kruijer et al. 2014 Science =]
MSWD = 0.6 ] Ny [
8 t=4568.30.7 Ma 3 © I
] _ B [ -
= 6 - = I
S ] S Of I 7.— -
w4 -1 — : i Fine-grained CAL:
2 , 3 k2 - I J/ Il Allende (this study) 4
o ~ 3 : - @ Allende 'A-zH-5'[1,6]
’y 2 } ] -2 : Coarse-grained CAL: u
2 F A3 5 -~ ) E I = O Allende (this study)
AP il 1 T T = | /\ NWA 6717 / 6870 (this study)
0 2 4 6 8 10 12 14 _4 -y . A . . -
0 2 4 6



Lithophile (Hf) —Siderophile (W)
System

182Hf — 182\\/ + B
t, =8.9x 10°yr

Hf (ppb) W (ppb) Hf/W ui8eWwW

Chondrites 200 180 1.2 -200
Mantle 280 15 19 0
Core 0 470 0 -220

u'®2W is the deviation in parts per million of 82W/184\W ratio from

standards.
from R. Walker 2015
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from H. Palme 2015



When Did Earth’ s Core Form?

If core formation were simple

from R. Carlson
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formation or 4.534 Ga
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Hf-W chronology determines core-mantle differentiation
time or equilibration degree?

Debated ever since Yin et al (2002) & Kleine et al (2002)
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This study
Ref. 5
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When Did the Giant Impact Occur?

Because the Age of the
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When/How Did the Lunar Crust Form? CARNEGIE
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from L. Borg, 2015
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Oldest lunar rocks

Age of Earth & Moon
(best estimate)

Earliest possible age of Moon
—

Earliest possible age of Earth
—

Proto-Earth substantially formed (~50 %)

Aqueous alteration (Cl chondrites)

Peak metamorphism (ordinary chondrites)

Basaltic magmatism Crustal metamorphism (eucrites)

Chondrule formation

Iron meteorite parent bodies accreted and differentiated

0.1 1 10 100
Time (My after solar system formation)

from T. Kleine, 2015



