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238U → 206Pb*（t1/2=4468 Ma) 
235U → 207Pb*（t1/2=704 Ma) 

 
  207Pb*      238U      (eλ235t – 1) 
  206Pb*      235U      (eλ238t – 1) 

=            x	



Par. →	  Dau.　　T1/2               Carrier 　 

26Al → 26Mg       717 Kyr       Pl-Olv,Px 
60Fe →	  60Ni        1.5 Myr       Px,FeS-Mt 
53Mn →	  53Cr      3.74 Myr    Olv-Chr 
182Hf →	  182W      8.9 Myr      Px-metal 

Short-lived Isotope Systems	

Amelin GCA ’09	



This Study




Chondrites


From http://slideplayer.com/slide/9706596/	



Condensation Sequence


Krot+ GCA ’09 after Davis & Richter ‘03	

CAIs:	  
Ca-‐Al-‐rich	  
Refractory	  
Inclusions	



  207Pb*      238U      (eλ235t – 1) 
  206Pb*      235U      (eλ238t – 1) 

=            x	

Used to be assumed 137.88, BUT large 
variations have been found. 

CAI Ages


Amelin, Kaltenbach, Iizuka+ EPSL ‘10 

Brennecka+ Science ‘10 

CV	  Allende	  CAI	



Chondrules


Krot+ GCA ‘09	

Johansen+ Sci. Ad. ’15 

Skeletal	  chondrule	

Relict	  chondrule	



Chondrule Ages


Bollard+ Sci. Ad. ’17  
Connelly+ Science ‘12 
 

Chondrules	

Porphyri<c	  chondrule	



Oldest Achondrite: A-881394

5	  mm	  across	5	  mm	  across	

Nyquist+ EPSL ‘09	Courtesy of Amelin	
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Px	

Age	  =	  4565.6	  ±	  0.5	  Ma	  
MSWD	  =	  2.6	

Koefoed+ LPSC ’15 
After Wadhwa+ GCA ‘09 



Primitive Achondrite: NWA6704


3 mm across 

Pl 

Px Olv 

NWA6704	

After Hibiya+ GCA under review 



Pyroxene distribution 

Pyroxene morphology 
inside NWA6704 

5 mm	

・ X-ray beam @ 130kV, 120 µA 
・ Voxels: 0.127 µm  

Primitive Achondrite: NWA6704




Primitive Achondrite: NAW6704
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Non-carbonaceous meteorites	

Hibiya+ GCA under review 

204Pb/206Pb	  

Age	  =	  4562.8	  ±	  0.5	  Ma	  
MSWD	  =	  0.77	
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Timescales for 
asteroid accretion 
& differentiation


204Pb/206Pb	  

Age	  =	  4562.8	  ±	  0.5	  Ma	  
MSWD	  =	  0.77	

Iizuka+ LPSC ‘13  
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on the parameters a, b and c in Eq. (20) as listed in Table 6.
In Fig. 6b–e the same relationships are shown as in Fig. 6a,
except that log D uncertainty envelopes are included for
each element. In each figure, results for Ru, Rh, Re and
Pt respectively are plotted together with extrapolated parti-
tion coefficients for Ir (the most siderophile element) and Pd
(the least siderophile element). Including uncertainties, the
pressure range where the Pd mantle concentration could
have been produced by metal–silicate equilibration is 30–
45 GPa. Total uncertainties are largest for Ir, because its
concentration in the silicate melt was below the detection
limit in several samples and fewer data were available for
regression (Table 6). But even at the lower limit of uncer-
tainty, the Ir mantle concentration could only have been
achieved at pressures of P53 GPa, based on the (unlikely)
assumption of oxidising redox conditions throughout accre-
tion. Similarly, the Pt and Rh partition coefficients could
only have the required D core

mantle values at pressures of 50–
80 GPa and 50–100 GPa respectively if the oxygen fugacity
remained at a constant value of IW -2. The latter value is
inconsistent with the observed depletions of moderately sid-
erophile elements (especially V and Cr) which require that
core formation initially occurred under highly-reducing
conditions, such as IW -4 (Wade and Wood, 2005; Rubie
et al., 2011). In the case of Ru and Re, at IW -2 even con-
ditions of 75 and 85 GPa respectively could not have de-
creased their partition coefficients sufficiently (Figs. 6b, d).
At lower oxygen fugacities, the trends for all elements in
Fig. 6 would shift to even higher pressures such that at
60 GPa the partition coefficients of Ru, Rh, Re, Ir and Pt
still would have been P103. The resulting mantle concen-
trations (normalized to CI chondrite) of Re, Ir, Ru, Pt,
Rh and Pd based on partition coefficients calculated for
conditions of the peridotite liquidus at 5, 20, 40 and
60 GPa and IW -3 respectively, are plotted in Fig. 7. This
shows clearly that, except for Pd, the HSEs considered in
this study would have been strongly depleted by core for-
mation even at 60 GPa. Thus the observed mantle concen-
trations could not have been produced by metal–silicate
segregation. Additionally, any such conditions would have
left a strongly fractionated HSE abundance pattern. This is
further supported by the recent results of Brenan and
McDonough (2009) on the partitioning behaviour of Ir
and two HSEs, Au and Os, not considered in the present
work. At 2 GPa, 2173–2588 K, the partition coefficients of
Ir and Os differ by 1 order of magnitude and both are about
4–5 orders of magnitude higher than that of Au, which
would lead to very different degrees of depletion for these
HSEs.

We therefore conclude that the major process that
caused the observed near-chondritic HSE abundances of
the Earth’s mantle cannot be high-pressure, high-tempera-
ture metal–silicate equilibration during core formation.
The most likley alternative explanation is the late accretion
theory, first suggested by Kimura et al. (1974) and Chou
(1978), and later established as the ‘late veneer’ stage in
the core formation model of O’Neill (1991). According to
this hypothesis, the HSEs were almost entirely removed
from a planetary mantle as long as metal–silicate segrega-
tion was occurring, but were replenished by the late

accretion of small amounts (e.g. for the Earth 0.09–0.5%
of its mass) of some type of primitive meteoritic material
after core formation had ceased. The late veneer is addi-
tionally discussed as a potential source of planetary water,
carbon and other highly volatile elements. Although many
details of the late veneer are poorly understood, it provides
a plausible explanation for the enigmatic presence and rel-
ative proportions of the HSEs in the silicate portions of the
Earth, Moon and Mars (see Walker (2009) for a recent
review).

Models have also been proposed that combine late
accretion and high-pressure equilibration. Based on parti-
tioning data for Pd, Au (Danielson et al., 2005) and Pt
(Cottrell and Walker, 2006), Righter et al. (2008) proposed
that mantle concentrations of these HSEs could have been
established at high pressure and temperatures in a magma
ocean, while the extremely siderophile elements Ir, Os, Ru
and Rh would have been depleted from the mantle during
this equilibration period. Afterwards, a late veneer would
have delivered material with about chondritic proportions
of HSEs that overprinted the previously set signature by
introducing Ir, Os, Ru and Rh and slightly increasing the
concentrations of Pd and possibly Au. This would provide
an explanation for the somewhat suprachondritic concen-
trations of Pd and the enstatite chondrite like Au/Ir (e.g.
Fischer-Gödde et al., 2011). Our data support a partial
retention of Pd during high pressure equilibration and its
subsequent supplement by material of the late veneer such
that the suprachondritic Pd/Ir mantle ratio could be ex-
plained. However, at all P–T conditions our data designate
Ru as the second most siderophile element among the

Fig. 7. Highly siderophile element concentrations, normalised to
CI chondrite (Fischer-Gödde et al., 2010), predicted for the
primitive upper mantle (PUM, data from Becker et al., 2006; Rh
from Fischer-Gödde et al., 2011) as a result of metal–silicate
parititoning at various P–T conditions in a magma ocean. Partition
coefficients were calculated at the pressures indicated and at the the
respective peridotite liquidus temperatures (Herzberg and Zhang,
1996; Zerr et al., 1998) and at an oxygen fugacity of IW -3, using
Eqs. (19) and (20) together with the regression coefficients from
Table 6. From these partition coefficients the magma ocean
concentrations were calculated employing a mass balance equation
and assuming a chondritic bulk composition for the Proto-Earth
and a constant molar proportion of 16.6% for the core (all data
employed are based on molar proportions).

610 U. Mann et al. / Geochimica et Cosmochimica Acta 84 (2012) 593–613
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Vesicular Achondrites 

Vesicles	

Iizuka+ ’16	

1cm	
From http://www.meteorites.com.au/features/	
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From http://imca.cc/insights/2008/IMCA-Insights06.htm	
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Vesicular Achondrite Ages


4563.37	  ±	  0.25	  Ma	

Amelin GCA ’08 	Iizuka+ GCA ’14 	



GI Fragment Re-accretion


After Genda, Iizuka+ EPSL ‘17 
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