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A multidisciplinary approach 

• Understand the formation and earliest evolution of our solar system 
 

• Assess whether the formation of rocky planets and habitable worlds – 
and hence life – is a predictable outcome of star-birth and low mass 
star formation? 

1. Computational astrophysics 
-Molecular clouds and star-formation 
-Transport and mixing in molecular clouds 

2. Cosmochemistry and meteorites 
 -Understand the timing and tempo of solid 

formation 
3. Sub-millimetre astronomy 

 -How long does it take to form a star? 
 -The chemistry of early-formed disks 

4.  Exoplanet research 
 -The distribution of habitable worlds in the 

milky way 
 
 



Solar system formation and cosmochemistry 
Understanding the formation of planetary systems: from collapse of protosellar cores 

to the formation of solids and their assembly into asteroids and planets  
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February  6, 2016 
Copenhagen 

Ejby meteorite 
Ordinary chondrite 
8.94 kg recovered 



Discovered July 2017 
~75 g 

A new Danish meteorite find! 



A new Danish meteorite find! 

Bornholm 

A metamorphosed ordinary chondrite 



Atacama desert, Chile 
Danish expedition, September 2017 





Atacama desert, Chile 
Danish expedition, September 2017 



A total recovery of 66 new meteorites 

Currently working on the analysis and classification of the material  



Where do meteorites come from? 



A time-window into solar system processes 

Meteorites and their components provide the ONLY means to probe the 
earliest formative stages of the Sun and its protoplanetary disk 

Nucleosynthetic make-up of molecular cloud (MC) 
 

Timescale of MC collapse 
 

Formation of the Sun and protoplanetary disk 
 

Thermal evolution of protoplanetary disk 
 

Asteroid accretion efficiency 
 

Timing of accretion and differentation 
 

Mechanism(s) of planetary differentaition 
 



Meteorites and their components provide the ONLY means to probe the 
earliest formative stages of the Sun and its protoplanetary disk 

Nucleosynthetic make-up of molecular cloud (MC) 
 

Timescale of MC collapse 
 

Formation of the Sun and protoplanetary disk 
 

Thermal evolution of protoplanetary disk 
 

Asteroid accretion efficiency 
 

Timing of accretion and differentation 
 

Mechanism(s) of planetary differentaition 
 

A time-window into solar system processes 



When and how did CAIs and chondrules form? 

The Solar System's first Solids −− refractory inclusions and chondrules, 
provide clues regarding the early evolution of the Sun and protoplanetary disk 



Refractory inclusions – CAIs and AOAs 
Formed as condensates or re-melted condensates in a gas of solar composition 
during the earliest evolutionary stages of sun and its protoplanetary disk 

Non-molten condensates 

Molten condensate 



High-temperature mineralogical assemblages 

Corundum [Al2O3], hibonite  [Ca(Al,Ti3+,4+,Mg)12O19], grossite [CaAl4O7], perovskite  [CaTiO3] 
krotite [CaAl2O4], spinel [MgAl2O4], melilite [Ca2Al2SiO7 - Ca2MgSi2O7], forsterite [Mg2SiO4] 

Anorthite [CaAl2SiO8], pyroxene [CaMgSi2O6 - CaAl2SiO6 - CaTi4+Al2O6 - CaAlTi3+SiO6] 

matrices & chondrules refractory inclusions 



Chondrules – general properties 

• Igneous, spherical objects composed of olivine, pyroxene, Fe,Ni-metal, sulfides & glass 
 

• Diverse textures and mineralogies - reflecting thermal histories 
 

• Porphyritic textures are dominant: incomplete melting of precursors 

Igneous rims around  
chondrules indicate 
Multiple melting events 
 

Contain relict grains,  
fragments of chondrules of 
earlier generations: 
chondrule formation was 
episodic  



Chondrules – formation mechanism(s) 
• From their high abundances in chondrites, chondrules must have been the products of 
one of the most energetic processes that operated in the early inner solar system. 
 

 

Melting of dust balls by repeatable transient heating events in 
regions with low ambient T (<700-1000 K), under relatively oxidizing 
conditions, high total pressure (>10-3 bar) & enhanced dust/gas ratio 
(>104 solar) 
 

Thermal histories 
 

peak temperature: 1650-1850 K  
cooling rates: 100-1000 K/hr 
 

Record transient heating events 
in the protoplanetary disk 



Chondrules – formation mechanism(s) 
Gravitational instabilities 

Planetesimal bow shocks 

Nebular shock waves are currently the favorite 
mechanism for chondrule formation (melting) 

• In-falling clumps of dust and gas 
  

 

• Spiral arms and clumps in a gravitationally 
unstable protoplanetary disk 
 

• X-ray flares from central star 
    
• Bow shocks generated by planetary 

embryos  
 
 

Source uncertain, but could be… 



Chondrules – formation mechanism(s) 
Gravitational instabilities 

Planetesimal bow shocks 

No current model can explain age range! 

Nebular shock waves are currently the favorite 
mechanism for chondrule formation (melting) 

• In-falling clumps of dust and gas 
  

 

• Spiral arms and clumps in a gravitationally 
unstable protoplanetary disk 
 

• X-ray flares from central star 
    
• Bow shocks generated by planetary 

embryos  
 
 

Source uncertain, but could be… 



Fine-grained matrix in chondrites 
 

• The fine-grained, silicate-rich material with grain sizes of 10 nm to 5 μm that coats 
chondrules, refractory inclusions, and, when present, large grains of metallic Fe,Ni is called 
matrix. 

 

• It may also fill the interstices between the chondrules and other ingredients.  
 

• Matrix is a mixture of materials that formed in diverse locations in the Solar System. 
 

• In addition, there are small amounts (<100 ppm) of presolar grains that are recognized by 
their large isotopic anomalies. 
 

The two most abundant matrix minerals are phyllosilicates (contain water), and iron-rich 
olivine. These are secondary phases reflecting asteroidal fluid-assisted metamosphism. 



Fine-grained matrix in pristine chondrites 

Scott and Krot, 2005 

Believed to have formed as  
condensates during transient 
heating events (shock heating?) 
at 2-10 AU. 
 
Same process as chondrule? 



Thermal processing of dust in the disk? 

Scott and Krot, 2005 



Thermal processing of dust around young Sun? 

Requires that all crystalline 
dust processed within 0.5 AU  

Require an efficient transport 
mechanism to the outer solar 
System where chondrites and 
comets accreted 



Presolar grains: dust from the molecular cloud 

Primitive meteorites, interplanetary dust particles, and comets contain dust grains 
that formed around stars that lived their lives before the solar system formed. 



Presolar grains: dust from the molecular cloud 

The properties of stardust grains are used to constrain models of nucleosynthesis in red giant 
stars and supernovae, the dominant sources of dust grains that are recycled  into the 
Interstellar medium by stars 

The different types of presolar grains can be classified from their isotopic compositions. 



Presolar grains: discovery of presolar silicates 
Considered a great puzzle that only reduced phases such as silicon carbide and graphite 
were easy to identify in primitive meteorites, but no silicate phases were found. 
 
NanoSIMS, an advanced ion microprobe that allowed oxygen isotopic mapping with a 
spatial resolution of 100 nm, led to the discovery of presolar silicates in 2004 

Zinner E K et al. PNAS 2011;108:19135-19141 

But is there also a bias here?? 



Presolar grains abundances by type 



How old are presolar grains? 



Short-lived radionuclides 

The discovery of traces of now-extinct radionuclides in meteorites and their 
components has provided very important constraints to understand the earliest 
evolution of our solar system  



26Al ➝ 26Mg ,   T1/2 = 730,000 years  ➝ relative ages 

Chronometric information relies on assumption of 26Al homogeneity or 
alternatively knowledge about the initial content of 26Al in different 
reservoirs 

The 26Al-26Mg chronometer 



Short-lived radionuclides 

Evidence for the former presence 
of a short-lived nuclide is inferred 
from excesses in the daughter 
product that are correlated with a 
proxy for the now extinct nuclide… 



26Al decay and improved µ26Mg* measurements 



The solar 26Mg* value 

If the µ26Mg0 and (26Al/27Al)0 inferred from the CV CAIs and AOAs represent the initial Mg-
isotope composition and abundance of 26Al uniformly distributed in the solar system, then 
materials which avoided Al/Mg fractionation and have the solar 27Al/24Mg ratio are expected 
to have the terrestrial µ26Mg* value.  

We measured bulk µ26Mg* values of the Alais, Ivuna and 
Orgueil CI chondrites, which are considered to be the most 
chemically pristine solar system materials.  

= 



26Al-26Mg isochron for solar system’s first solids 

Efremovka CAIs and AOAs 

Larsen et al. 2011, ApJ, 735: L37. 



26Al-26Mg chronology of chondrule formation 
26Al-26Mg ages of chondrules from un-equilibrated ordinary chondrites require an 
age gap of >1.5 Myr between formation of chondrules and CAIs. 

“Chondrule Gap” 



The U-Pb system: an assumption-free clock! 
 

• The U-Pb decay system is the only assumption-free 
chronometer that provide absolute ages with a resolution of 
∼200,000 years 

•   
 

 

238U → 206Pb 
T1/2 ∼4.5 Gyr   

235U → 207Pb 
T1/2 ∼0.7 Gyr   

  



U-corrected Pb-Pb Dating 
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Pb-Pb absolute dating by progressive dissolution 

pre-cleaning steps (Terr. Pb)

1M HBr (Terr. Pb, phosphates)

2M HCl (Terr. Pb, phosphates)

4M HNO3 (sulphides)

6M HCl (plagioclase)

1M HF (pyroxene, olivine)

28M HF (pyroxene, olivine)

Bollard et al. 2015, MAPS 

Using this approach, we find no age 
variation amongst Gujba 
chondrules, which is consistent 
with their formation in an impact 
plume from colliding planetesimals 
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247Cm decay chain and 238U/235U variations  

• The short-lived 247Cm nuclide is produced by r−process nucleosynthesis in SN events 
 

• Decays to 235U with a half-life of ∼ 15.6 Myr 
 

• Because Cm is extinct today, Nd is used as a proxy to infer Cm/U values 

1. Time interval Δ between the last r−process nucleosynthetic event that 
produced the actinides and solar system formation  
 

1. Impacts our understanding of early solar system chronology 
 

238U/235U variations are predicted to exist in early solar system 
objects if 247Cm was extant and Cm can be fractionated from U 



Evidence for live 247Cm in Allende CAIs? 

Brennecka et al. (2010) Science 327, 449   

• The 238U/235U values correlate with    
the 144Nd/238U ratios 
 

• Sample with the most extreme 235U 
enrichment have fractionated REEs 
 

• Possible Cm/U fractionation (i.e. Nd) 
 

• 247Cm/235U ∼1.1×10–4   



CV Chondrite Efremovka 
31E 

Direct Condensate Re-melted 

22E 



Absolute chronology of CAIs 



238U/235U homogeneity in planetary reservoirs 
 
 

• Individual chondrules, bulk 
chondrites and achondrites 
record a uniform 238U/235U 
composition 
 

• Our subset of chondrites 
includes the Ivuna CI 
chondrite (solar Cm/U) 
 

• The value of 137.785 must 
reflect the solar 238U/235U 
composition  
 
 

Consistent with earlier work of Stirling et  
al. (2005) but not in keeping with a high  
initial 247Cm abundance in the early SS. 

Connelly et al. (2012) Science, 338, 651 



Pb-Pb dating of chondrules 



Chondrules as building blocks of planetesimals 

Johansen et al. 2015, Sci. Adv. 

Formation of Mars-sized planetary embryos by chondrule 
accretion within 5 Myr of star formation  



Efficient planet formation in 
young protoplanetary disks? 

TW Hydrae by ALMA - ESO 



“Chondrule Gap” 

Villeneuve et al., 2009 

Chondrules ages based on the 26Al-26Mg decay system 



238U/235U variability in chondrules? 

Does the age variability observed in chondrules from individual chondrite 
groups reflect U isotope heterogeneity in precursor material? 

Individual chondrules 
from NWA 5697 

Connelly et al., 2012 Bollard et al. (2017) 



Success - Ideal Case 

Connelly et al., 2012 



Failure 

Connelly et al. 2017 



Chondrules ages population (N=22) 

~ 4.0 Myrs 

Bollard et al. (2017) 



Evidence for early formation of the solar PPD 

CAI formation occurs during the main collapse 
phase of the proto-Sun (i.e Grassi et al., 2015) 
  

Most chondrule formation models require 
the existence of a keplerian disk, which is established after 
collapse 
  

Thus, the largest possible age difference allowed by the 
uncertainty between CAIs and the old chondrule 
population, provides a maximum age for the formation of 
the PPD 

The PPD formed within 90,000 years of proto-Sun collapse  

In agreement with 
observations indicating the 
existence of keplerian disks 
during the class 0 stage 
Tobin et al. 2012 



Chondrule ages distribution and textures 

Bollard et al. (2017) 



Conclusions I 

• Chondrules from various chondrite groups record ages that range from T0 
to approximately 4 Myr – this age range is present in individual chondrites. 

• Ages vs. textures consistent with a decrease in temperature as 
chondrule formation progresses 



Assessing the initial Pb isotopic composition 



Initial Pb 

µ = 238U/204Pb 

Inverse Pb-Pb diagram and initial Pb 



Thermal history of chondrules 



Chondrule recycling and initial Pb  

µ   

µ   



Initial Pb compositions of chondrules  

Most chondrules 
record evolved initial 

Pb compositions 

Solar System 
Initial Pb  

Bollard et al. (2017) 



Initial Pb and age relationship  

Evidence for 
continuous recycling 

of chondrules 

Most chondrules 
record melting 

prehistories 

Bollard et al. (2017) 



Production and reprocessing of chondrules   



Chondrules production and accretion rates? 

Dullemond et al. 2014 
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Conclusions II 

• Chondrules from various chondrite groups record ages that range from T0 
to approximately 4 Myr – this age range is present in individual chondrites. 

• Ages vs textures indicate a decrease in temperature as chondrule 
formation progresses 

• Primary chondrule production was limited to the first ~ 1 Myr during highest 
mass accretion rates from envelope through the PPD. 

• Post 1 Myr regime dominated by recycling of primary chondrules. 

• 26Al-26Mg systematics of chondrules? 



“Chondrule Gap” 

Villeneuve et al., 2009 

Chondrules ages based on the 26Al-26Mg decay system 



Uranium hosting phase = mesostasis 

Bollard et al. (2017) 



Precursor material defines [26Al/27Al]T0 =                         × 10-6
       

26Al-26Mg vs Pb-Pb (3 examples from NWA 5697) 

26Al-26Mg age is                   Myr younger than Pb-Pb age 

Pb-Pb age: 4567.88 ± 0.58 Ma  

Pb-Pb age: 4567.79 ± 0.35 Ma 

Pb-Pb age: 4567.53 ± 0.37 Ma 

26Al-26Mg age is                   Myr younger than Pb-Pb age 

Precursor material defines [26Al/27Al]T0 =                         × 10-6
       

26Al-26Mg age is                   Myr younger than Pb-Pb age 

Precursor material defines [26Al/27Al]T0 =                         × 10-6
       



26Al-26Mg age offset relative to absolute age  

• Chondrules systematically define younger 26Al-26Mg age relative to 
Pb-Pb ages. 

• Supports the proposal of a reduced inner Solar System [26Al/27Al]0 
relative to canonical CAIs (e.g. Schiller et al. 2015, EPSL). 



Reduced inner disk 26Al inventory and accretion 

Elkins-Tanton et al. (2011) 

Schiller et al. (2015) 

Requires Tacc <0.4 Myr of CAIs 
to endure asteroidal differentiation 

Most chondrites must represent the 
outer crusts of differentiated 
planetesimals 





Summary 

• Brief event(s) of CAI formation during proto-Sun collapse at 4567.3 Gyr 
 

• Chondrule formation started coevally with CAIs and lasted ca. 4 Myr 
 

• Majority of chondrules formed within 1 Myr of CAIs 
 

• The solar PPD formed within 90,000 years of proto-Sun collapse and 
dispersed by 3.8 to 4.8 Myr 
 

• The presence of chondrules during the lifetime of the PPD promotes the 
growth of asteroids by chondrule accretion 
 

• The age mismatch between Pb-Pb and 26Al-26Mg system reflects a reduced 
[26Al/27Al]0 in chondrule precursors relative to the canonical abundance 
 

• Reduced inner solar system 26Al inventory requires rapid accretion to ensure 
asteroidal differentiation 
 

• Most chondrites are samples of the outer crusts of differentiated 
planetesimals 
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