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Planet Formation 
Step 1: Planetesimals  
are formed in a disk of  
gas and dust. 
 
Step 2. Collisional evolution  
of planetesimal leads to  
growth of a new class of  
objects called planetary  
embryos – an intermediate  
stage between  
planetesimals and planets. 
 
Step 3. After disappearance  
of gas from the disk the  
embryo orbits become  
unstable and they mutually  
collide  giving rise to a  
small number of large  
planets or the terrestrial  
planets. 
Morbidelli et al. 2012  

(Smith and Pun, 2006) 



• Vesta is a type example of planetary embryo – and represents a 
surviving member of a family of ~ 102 km sized planetary bodies 
which were aggregated to form terrestrial planets. 
 

• Vesta is the largest asteroid which has basaltic crust indicative 
of a silicate volcanic and plutonic processes. Observations of 
surface spectra, its size and mass, provide evidence for a 
differentiated interior with an ultra-mafic mantle and a metallic 
core.   Zuber et al. (2011) 

 
Can Vesta give us clues about the complex process of  
terrestrial planet formation? 
• Requires understanding of timescales of accretion, 

differentiation, bulk composition, chemical reservoirs (crust, 
mantle, core), geological and geodynamical aspects of evolution. 

4 Vesta 



~4 mm 

Chondritic Texture & Constituents 

Adrar 003 (LL3) 

          Kivesvaara (CM2) Allende matrix 

• Chondrules 
• CAI’s or Refractory 

inclusions 
• Fragments of the above 
• Matrix 
• Opaques: Fe-Ni, FeS 
• Pre-solar grains 



Meteorite Properties as Constraints on Planetesimal Formation 

(1) Dominance by aerodynamically well-sorted mineral particles of sub-
millimetre size;  

(2) Class-to-class variation in well defined physical, chemical, and 
isotopic properties;  

(3) Spread of 1 Myr or so between the formation times of the oldest and 
youngest objects found in the same meteorite;  

(4) Spread of 1 to 3 Myr in the radiometric ages of different meteorite 
types; and 

(5) Dearth of differentiated asteroids.  
     Model results for even some melted asteroids that imply Myr delays 

in formation relative to ancient minerals. [ Scott and  Krot 2005] 
 
Evidence from iron meteorites suggests very early planetesimal  
formation. This implies that primary accretion started early and  
continued for several million years; thus, it was fairly inefficient and did  
not run quickly to completion.  
[Cuzzi et al. 2008] 



Growth of Planetesimals from Dust Grains  
 
(1) Incremental growth - where large 
particles sweep up smaller ones by 
inelastic collisions involving porous 
surfaces, and growth proceeds 
hierarchically; or  
 
(2) Instability - where physical 
sticking is irrelevant and collective 
effects drive collapse to sizes of 
kilometers or larger on very short 
timescales.  Cuzzi & Weidenschilling 
2006; Dominik et al. 2007 

( 

Models of incremental accretion in non-turbulent nebulae - are 
very efficient such that large planetesimals grow in only 104 to 
105 yr throughout the asteroid belt region. (Weidenschilling 
2000). A short time that is difficult to reconcile with constraints.  



Growth of Km –sized Planetesimals 

Problems  
 
Cm –sized objects are too big to stick together by 
electrostatic forces and too small for gravity to play a 
role.  
 
Grains are subject gas drag which makes them drift 
towards the central star (Weidenschilling 1977). 
 
The drift speed is dependent on object size. It is 
maximum for meter sized objects – and therefore this 
is called the meter-sized barrier. Fragmentation due to 
collision because of high relative velocities also plays 
a role.  



Planetsimal Formation via Collective Gravity of a Swarm of Particles  

Alternative View 
 
• Planetesimal formation  is a result of collective gravity of a 

massive swarm of small particles, concentrated at some 
locations by the turbulence of the disk (Cuzzi et al. 2008, 
Johansen et al. 2007). 
 

• These Gravo-turbulent models can explain formation of ~ 
100km sized planetesimals without going through the 
intermediate size – overcoming the meter barrier. The 
formation of planetesimals is very rapid. 
 

• The size distribution of objects is asteroid belt and Kuiper belt 
supports this idea (Morbidelli et al. 2009, see also 
Widenschilling 2010).  



Collective Gravity of a Swarm of particles-II 

The formation of swarm of particles is sporadic (Chambers 2010,  
Cuzzi et al. 2010) –  

 
If planetesimal formation is dependent on the above – then  
formation can be extended over a period of time.  
 
One cannot assume that planetesimal formation started at some  
time “zero”  in every region in the proto-planetary disk. 
 
Time zero is identified with the formation of Ca-Al-rich Inclusions ~  
4.568 Ga ago e.g., Bouvier et al. 2007, Burkhardt et al. 2008). 
 
Clumping of a swam of particles is possible when solid/gas density  
is > than a critical value and this progressively increases with time.  
In the innermost parts of the disk this condition might be met early  
leading to formation of planetesimals with sufficient 26Al to undergo  
melting. 
 
The threshold for differentiation may be reached inward of (Bottke et al.  
2006) or within the asteroid belt (Ghosh et al. 2006) 



Evolution of Planetesimals – Heating and Collision 

Collisions among the planetary embryos  
and the decay of short-lived radioactive  
isotopes  (especially 26Al)  caused the  
planetary interiors to heat up and eventually  
melt and differentiate.  
 
All major bodies of the inner solar system  
and also many smaller bodies are   
chemically differentiated into a metallic core  
and a silicate mantle (e.g., Walter and  
Tronnes, 2004).  
 
Some bodies grew very large only to be  
destroyed by enormous impacts, while   
others survived. 
 
However, some objects such as the  
parent bodies of chondritic meteorites  
remained undifferentiated. 



  Late Accretion 

Consider the archetype chondrite  
parent , the H-type ordinary chondrite  
parent body is widely believed to be a  
100 km radius object (perhaps the  
asteroid Hebe) that was initially  
composed entirelyof a physically,  
chemically, and isotopically  
homogeneous mix of chondrules and  
associated material.  
 
This mix was thermally metamorphosed  
by accreted 26Al, to a degree that varied  
with depth, into an onion-shell structure  
and was subsequently broken up  
In several stages ( e.g., Taylor et al.  
1987; Grimm et al. 2005).  



Accretion & Evolution of Planetesimals: - Key Timelines 

Determining the timescales for the  
accretion of asteroids and  
terrestrial planets is essential for  
evaluating planetary accretion  
models and, hence, is key to  
constraining the nature of the  
planet formation process.  
 
Determining the timescales for the  
early, high-temperature evolution  
of planetary bodies (i.e., chemical  
differentiation and thermal  
metamorphism) provides essential  
information for constraining the  
initial conditions that controlled  
the subsequent evolution of  
planets. 



HEDs 

The so-called HED suite of achondrites (howardites, eucrites, and  
diogenites) makes  up the largest suite of igneous rocks available  
from any solar system body besides the Earth and the Moon  
(Mittlefehldt et al. 1998). 
 
Eucrites represent basaltic rocks and gabbroic cumulates, whereas  
diogenites are ultramafic rocks (orthopyroxenites, olivine-bearing  
orthopyroxenites, harzburgites,  and dunites), mainly composed of  
orthopyroxene and olivine (e.g., Mittlefehldt et al. 1998; Beck and  
McSween 2010). 
 
Howardites are polymict breccias consisting of various amounts of  
eucritic and diogenitic lithologies. The close relationship between  
HEDs is convincingly supported by petrographic, mineralogical,  
chemical, and isotopic evidence (see McSween et al. 2010 for a  
review), and suggests that they are derived from the same parent body,  
possibly the asteroid 4 Vesta (e.g., McCord et al. 1970).  



Basaltic Eucrites 

Eucrites have magmatic  
textures similar to those of  
terrestrial and lunar basalts,  
indicating formation as lava  
flows at or near the surface of  
Vesta [Takeda et al. 1991].  

 

As a result of rapid cooling near the  
surface, the pyroxenes in terrestrial and  
lunar basalts are chemically zoned. In  
contrast, pyroxenes in most eucrites show  
no chemical zoning and contain exsolution  
lamellae, indicating slow cooling and/or  
a prolonged thermal metamorphism  
after crystallization from a melt  
(Takeda and Graham 1991; Yamaguchi et al,1991) 
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Is Vesta the only basaltic meteorite parent body? 

 
 

1970: possible connection between Vesta and HEDs (McCord et al., 
1970) 
 
Vesta identified candidate for basaltic asteroid 
Eucrites: basaltic meteorites (Px and Plag) 



Basaltic meteorite parent Bodies 

HEDs: pyroxene dominant mafic constituent (Ferrous iron absorption in Px 
at about 1 and 2 μm 

Pieters et al. (2005) 

Magnya (~ 30 km)  Basaltic composition (more Mg in Px)  Outer asteroid belt (~ 3.2 AU  
Small remnant of larger  body distinct from Vesta 
Best evidence for possible second basaltic parent body 
 
“Vestoids”   Basaltic composition similar to Vesta Originated on Vesta?  Large crater  
near south pole  BUT: some differences. Provides the necessary mechanism for delivery  
Of Vesta fragments to inner solar system (Binzel & Xu 1993) 



Are all HEDs from Vesta? 

NWA 011 and Ibitira 
originally classified as 
Eucrites. 
 
Oxygen isotopic 
Composition different 
from general EFL. 

Pieters et al. (2005) 



Sources of HED type of Meteorites 

• Scott et al. (2008) 
→ Asuka 881394, Pasamonte, NWA 1240  

 

Scott et al. (2008) 

At least five more parent bodies with basaltic composition  
remain unknown. 
 



Plausible Heat Sources for Early Melting of Planetesimals 

• Energy Released by accretion of the planetary body. Note: Effective 
only for planetary bodies with radius > 1000 km. For example the 
energy released by accretion of earth is ~ 1.5×1031J. [Kaula 1979] 
 

• Radioactive decay of K,U and Th present in the planetary body 
(BVSP 1981). 
 

• Collision of planetary bodies. [Wetherill 1976, BVSP 1981]. 
 

• 26Al (t1/2 ~ 0.7 million years) a short-lived radionuclide was proposed 
as a heat source by H.C. Urey in 1955.The decay of 26Al to 26Mg 
through β+ emission ( ~ 97%) or electron capture ( ~ 3%) is 
accompanied by a γ of 1.8 MeV.  The maximum kinetic energy of the 
β+ is 1.1 MeV (Simington et al 1955, Ferguson 1958). 
 

• Electromagnetic induction of protoplanets through generation of 
eddy currents [Sonett 1968].  
 

• Decay of 60Fe to 60Ni releases effective energy ~ 3MeV. But initial 
abundance of 60Fe may be too low to account for the heat budget. 



Heat Required for Melting Rock 

• The specific heat of silicate  ~  1 joule/gm  
• The heat of fusion                 ~ 400 joules/gm 
• Melting temperature              ~ 1200oC  
• Total heat required for melting water-free silicate 

is  ~ 1600 Joules/gm. 
• If water is present :  

– Heat capacity of water : 4 J/gm 
– Heat of vaporization: 2260 J/gm 
– Heat of fusion: 330 J/gm 



Heat Produced by decay of U, Th and K 

Nuclide                            4.5 billion years  
                                         to present  
                                              (J/gm) 
40K                                         600 
232Th                                      440 
235U                                        340 
238U                                        630 
_______________________________ 
Total                                     2010 
 
K =275      ppm, U =0.0332 ppm, Th=0.105   ppm 



Heat Produced by 26Al Decay  

• Heat Produced by decay of 26Al ~ 3.3 MeV [5.3×10-13 J] 
 

• Concentration of Al (27Al) in primitive chondrites ~ 8680 
ppm 
 

• Concentration of 26Al in primitive meteorites ~ 50 ppm of 
Al [430ppb] 
 

• Heat Produced by decay of 26Al after  
   0.7 million years ~ 2640 J/gm 
  1.5 million years ~ 3960 J/gm 



Time –Temperature history of Vesta 

Vesta Evolution:  
1. Radiogenic Heating of a homogeneous asteroid until metal-sulfide  
2. eutectic metlting and core separation 
2. Continued heating of mantle  till silicate partial melting and crust formation 
3. Subsequent Heating and Cooling of the body. 
 
Ghosh & McSween 1998 



Short-Lived Radionuclides Constraining the Timelines 

The  26Al–26Mg chronometer (t1/2 ~  
0.71 Myr) is suitable for dating  
processes in the first 5 Myr of the solar  
system  to high precision, the 182Hf– 
182W system, owing to its longer half- 
life of 8.9 ± 0.1 Myr, can potentially be  
used to date processes in the first 60  
Myr.  
 
This timescale is most relevant to the  
formation and early differentiation of  
the terrestrial planets, processes that  
are thought to have been largely  
completed in the first 100 Myr of the  
solar system (Chambers, 2004). 

Short-lived nuclides have proven particularly useful for obtaining such age 
constraints and, depending on their  half-lives, can provide information on 
different stages of early planetary accretion and evolution.  
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Time of Formation of Differentiated Meteorites 

Constraints from short-lived 
radionuclides:  
 
For example -Mn-Cr data 
indicate that eucrites formed 
∼ 3.2Ma after the formation of 
CAIs (s). 



Eucrite Whole-Rock Isochron 

The initial 182Hf at the time of 
formation of CAIs (Time = 0) is 
182Hf/180Hf = (1.00±0.08) x10-4 [Yin et 
al. 2001; Kleine et al. 2001, 
Schonberg et al. 2002) 
 
The inferred time difference between 
formation of CAIs and metal/silicate 
differentiation on HED planetary 
body is eucrites is 4.2±1.3 million 
years. 



The initial 182Hf/180Hf for eucrite 
WR and chondrite-mantle values 
are indistinguishable within their 
uncertainties. 
 
The age difference between 
these two processes can be 
inferred from the distinguishable 
initial 182W/184W are (Kleine et al. 
2005). 
 
An age difference between core 
formation and silicate mantle 
differentiation of  0.9±0.3 Myr is 
calculated.  
 

Eucrite vs Chondrite Whole-Rock Isochron 



Thermal Overprints 

• Most eucrites are brecciated as a result of impacts 
[Metzlar et al. 1995, Bogard et al. 2003, Yamaguchi et al. 
2001]  
 

• One of the prevalent ideas is that thermal metamorphism 
is related to impact heating [Nyquist et al. 1986].  
 

• The alternative view - thermal metamorphism on Vesta is 
attributed to slow cooling after differentiation of a magma 
ocean into layers [Takeda and Mori 1985] or burial of 
early crust by rapid successions of extensive lava flows 
[Yamaguchi et al. 1991].  
 



Timelines for Thermal Overprint 

• These scenarios imply that the thermal metamorphism took 
place during or shortly after mantle differentiation and crust 
formation on Vesta at ~4564 Ma [Lugmair & Shukolyukov 
1998, Srinivasan et al. 1999, Kleine et al. 2002].  
 

• In contrast, impact heating may have occurred at a later time 
as, for example, recorded by relatively young Ar–Ar ages of 
~4.1 to 3.5 Ga [Bogard and Garrison (2003), Yamaguchi et al. 
2001,  Bogard (1995); Kunz et al. (1995)].  
 

Therefore : 
• Direct dating of the thermal metamorphism is essential to 

determine the processes and heat sources that ultimately 
caused this high temperature overprint. 



Direct dating of Thermal Metamorphism 

Kleine et al. 2005 

The Hf–W ages of metal formation/re-
equilibration in five out of six eucrites agree 
and give a weighted average of 16±2 Myr 
after mantle–crust differentiation in Vesta. 
 
The Hf–W ages of metal formation or 
reequilibration provide direct age constraints 
on the thermal metamorphism that affected 
almost all eucrites. 



Zircons in Eucrites 

• Eucrites as products of the earliest episode of basaltic 
activity on a parent body - Asteroid: 4 Vesta  are 
dominantly composed of plagioclase, pyroxene and 
minor amounts of ilmenite, chromite and sometimes 
zircons. 
 

• Zircon has a high abundance of Hf ( ~ 1-2%) and is 
depleted in W. Therefore it is ideally suited for 182Hf-182W 
studies.  



182Hf Abundance & Absolute Time Scale 
 
    Zircons have been used extensively for U-Pb studies to 

determine their ages in diverse geological environments. 
     
 If Hf-W systematics of zircons can be accurately determined 

along with their 207Pb/206Pb ages then this offers a  distinct 
possibility to calibrate a short-lived radionuclide against an 
absolute chronometer. 

     
 The calibration of 182Hf against an absolute chronometer using 

a single mineral avoids the complication arising out of isotopic 
resetting to different degrees in different minerals during 
metamorphic processes.  
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HaH 286 
Dhofar 182 
NWA 1908 
NWA 4523 
 
NWA 5073 
NWA 5356 
 

Zircon Study 

 basaltic breccias 

  basaltic, unbrecciated rocks 
 

 NWA 5073 is the most unequilibrated (pristine) sample, based on the 
composition of major silicates (Roszjar et al., 2011)  

 

Eucrite samples  of low shock degrees (S1-S3), except HaH 286 (S4) 

• Petrography (SEM) and chemical composition (EPMA data) of >75 zircon grains 
      (Roszjar et al., 2009, 2011, 2013a,b) 

 

     high intrinsic HfO2concentrations : 0.85 - 2.1 wt% 
 
• Structural analyses (Raman spectroscopy, Roszjar et al., 2009) 

 
• REE systematics (SIMS; Roszjar et al., 2013a submitted to Chemie der Erde - Geochemistry) 

 
• Hf-W systematics (SIMS, Roszjar et al., 2013b submitted to EPSL): 



37 

 

HaH 286 
Dho 182 
NWA 1908 
NWA 4523,A881467 
Asuka 881388 
Asuka 881388 
 
NWA 5073 
NWA 5356 
NWA 5053: 
 

Materials Eucrite samples 

Zircon major element composition (EPMA data) 

basaltic, monomict breccias, low shock  
and weathering degree 

basaltic, unbrecciated, weakly shock, low- moderately  
weathered, unequilibrated 

Eucrite samples 



In cooperation with: T. Geisler 

Mineralogic Properties of NWA 5073 

NWA 5073  Northwest Africa 5073 is a coarse-
grained basaltic, unequilibrated, and 
nonbrecciated eucrite with a subophitic 
to slightly variolitic (fan-spherulitic) 
texture, mainly composed of: 
 i) small equilibrated pyroxenes 
(approximately 40 vol%), 
 
ii) elongated, unequilibrated pyroxene 
phenocrysts up to 1.2 cm (~ 25 vol%), 
  
iii) plagioclase laths up to 0.3 cm in 
apparent length (~ 26 vol%), and 
 
iv) about 8.5 vol% mesostasis.  
 
This sample is very weakly shocked 
and moderately weathered (W2-3). 



Mineralogic Properties of NWA 5073 

Bulk  REE pattern which is 
characterized by flat LREE and 
a slight HREE depletion 
(La ⁄Yb = 1.38) with a 
pronounced negative 
Eu anomaly (Eu ⁄Eu* = 0.68), 
resembles those of other 
Stannern-trend eucrites.  
 
NWA 5073 contains zircon 
grains up to 30 microns in size 
that were invariably found in the 
mesostasis. CL BSE 



Micro-Raman spectroscopy is a powerful tool to quantify the degree of self- 
irradiation damage in single zircon grains caused by the radioactive decay of  
incorporated U and Th (metamictization), and structural  recovery by thermal  
annealing (Palenik et al. 2003) 
 
The ν3(SiO4) band, reflecting antisymmetric Si-O stretching motions of the  
SiO4 tetrahedra, is particularly sensitive to structural changes associated with  
self-irradiation. 
 
Raman measurements of zircon grains in 
sample NWA 5073 reveal a decreased 
frequency, and an increased broadening 
of the ν3(SiO4) band with increasing 
radiationdose (D) as calculated from the 
U and Th concentration measured by 
EPMA and an inferred age of 4.55 Ga 
 

Mineralogic investigations & micro-Raman spectroscopy of zircon grains 

 Roszjar et al. 2011 



 Roszjar et al. 2011 

Mineralogic investigations & micro-Raman spectroscopy of zircon grains 

These zircon grains are metamict and were annealed, indicating a short 
hightemperature event (probably induced by shock) occurring after primary 
crystallization of main sample constituents. A short but intense heating event 
that caused disturbance of the sample is also indicated by thedisturbance of 
the Lu-Hf system, and Fe-diffusion along cracks and cleavage planes within 
unequilibrated pyroxene crystals. 

Zircon annealing  
at 900-1100°C 

NWA 5073  Raman spectra of selected zircon grains 



Measurements 
• U-Pb and Hf-W measurements were carried out using 

Cameca ims 1270 at a MRP ~ 7500 using multidetectors. 
 

• W –five isotopes :180 (0.12), 182(26.3),183(14.3),  184 
(30.7), 186(28.). 
 

• Hf – five isotopes 176(5.20, 177(18.6), 178(27.3), 179(13.6), 
180(35.1) 

 
 
• W isotopes were measured as metal. [WO has higher 

signal strength compared to metal but has irresolvable 
interference.] 

 



43 

• in situ analyses of:  178Hf [L2], 182W [C], 183W [H1], 184W [H2] 
 

• at high mass resolution (~11000 M/ΔM)  and locked NMR 
 

• using scanning ion imaging of 90Zr16O2 mass 
 

 
 
 
 
 
 
 
 
 
 
 
 
 182 Hf              182 W  

 t1/2 ~ 8.9 Ma 

β - decay 

Method: Ion microprobe (Cameca IMS 1280, NORDSIM Stockholm, Sweden) 

Dho 182 
 

All masses set relative  
to Hf peak center 

REE-oxides 

Δt time offset from D’Orbigny  
crystallization at 4563.4 ± 0.3 Ma 

  
 

(Amelin, 2008; Brennecka et al., 2010;  
Bouvier and Wadhwa, 2010) 

Improvement of method by Srinivasan et al. (2007) 



Measurements -II 

• The 180Hf+/186W+ ratio measured in zircons needs 
correction to account for the ionization efficiencies for 
both elements relative to each other (RSF). 
 

• The RSF is a function of chemical composition and 
crystalline structure.   
 

• W abundances in Zircon standards are not known 
accurately. 

 
• The RSF as determined for Hf/W for NIST610 is not 

suitable as RSF for zircon. Since in NIST 610 Hf, W ~ 
500ppm; whereas in zircon Hf ~ 1-2% and W is in few 
ppm to few tens of ppm. (Ireland and Bukovanska 2003). 
Therefore Yb can be used as a proxy to measure the 
correction factor in RSF (Hf/W) forNIST to apply it for 
zircons. 
 



Results: excess 182W CAI: Burkhardt et al. (2008) 
D`Orbigny: Kleine et al. (2012) 

 Roszjar et al. 2012 
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Discussion: Absolute ages 

Hf-W  zircon ages 
Srinivasan et al. (2007) 

 
Ireland and Bukovanská  

(2003) 
 
 
 

Kleine et al. (2005) 
Hf-W ages - metal fractions 
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Time of mantle-crust  
differentiation of the EPB 

Time of metal formation 
≈ upper limit for magmatic activity of the EPB ? 

~ 17 Ma 

this study 
Hf-W zircon ages 
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Conclusions 

 Zircon Hf-W ages  likely reflect primary crystallization ages   
 
 Findings suggest a minimum  duration of basaltic activity of ~45 Ma after CAI  
   formation, twice as long as previously thought (i.e. 7-20 Ma; Lugmair and 
Shukolyukov 1998;  Srinivasan et al. 1999; Kleine et al. 2004; Misawa et al. 2005) 

 
 
 Hf-W ages require early formed magma(s) to survive sufficiently deep inside  
   the EPB and an effective heat shield is provided by the insulating crust 
 
  Variable REE-patterns of individual zircon grains require localized varying  
    crystallization conditions  
 
 A late formation scenario is consistent with previous thermal models for 
Vesta  (Gosh and McSween 1998; Gupta and Sahijpal 2010, new results of Neumann et al. 2012)   
 
 Formation of larger planetesimals within ~4 Ma of the Solar System 
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