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Outline
Ø Brief Introduc.on on meteorites
Ø Three examples of meteori.c 

studies with impact from nuclear 
physics, one for each the three 
main types of signatures of stellar 
material in meteorites 

1. Stardust 
2. Radioactive nuclei
3. Bulk meteoritic data 
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of asteroids that 
melted and 

differentiated in the 
early Solar System 
via the decay of 
26Al, 0.7 Myr. 

Iron meteorites (6%): 
the iron-dominated core

Achondrites (8%): 
the rocky silicate-
dominated crust

Figure 11: Density isocontours in a mixing 3D model, with
Rp = 110 km, �init = 0.25 and tform = 0.1 Myr. The density
increased from the inside (dark red, ⇢ = 3100 kg m�3) to the
outside (dark blue, ⇢ = 3385.6 kg m�3). Therefore, the model
experienced buoyancy driven mass movement.

perienced more heating by SLRs, which resulted in higher peak
temperatures and steeper heating curves. Planetesimals display-
ing mixing can be expected to have experienced iron-silicate
separation. The fraction of bodies prone to significant internal
silicate melting was consistent with previous work on the ther-
mal histories of planetesimals (Sanders and Taylor, 2005).

With decreasing radius of the body the technical assessment
of the numerical model became more important, as a thermo-
mechanical regime with partially molten, but non-convectional
interior was observed (static melt class in Fig. 1). In this regime
with ' . 0.4 we expect the Stokes velocity vStokes ⇠ g/⌘ for
iron droplets to be small, such that the time scale for di↵erenti-
ation is high. These melt-bearing but undi↵erentiated planetes-
imals are a potentially important link for impact splash models
of chondrule formation (see, e.g., Sanders and Taylor, 2005;
Sanders and Scott, 2012; Dullemond et al., 2014). For a more
stringent analysis of the importance of these models and cor-
responding parameter ranges we will further evaluate this con-
nection in future work.

A subset of our models evolved to a state with highly porous
outer layers, which altered the cooling history of the planetesi-
mal. These shells occupied a larger fraction of the planetesimal
radius with later formation time and smaller radius of the body.
Hence, smaller and later formed objects were the most pow-
derous bodies, which can have implications on their dynamical
behavior during impact processes, as investigated by Jutzi et al.
(2008, 2009). The larger planetesimals in our dataset can ei-
ther be subject to catastrophic impact events with similar-sized
bodies or subject to impacts by smaller bodies. For both cases
the state of the material is important for the interaction with the
encountered body. All in all these e↵ects tend to influence the

dynamical history of the accretion phase of terrestrial planets
and cannot be neglected for investigations of collisional growth.
Additionally, the thickness of the shells could be used to relate
the structure of pristine bodies in the Solar System, which did
not experience catastrophic impact events after their rapid for-
mation, to their formation time.

Many of our models reached elevated temperatures, poten-
tially high enough to outgas existing volatile elements. When
these models reached a specific boundary the resulting bodies
might end up as dry bodies, unable to deliver volatile elements
to the forming planets via impacts. Thus, future studies will
investigate the e↵ect of SLR heating and initial porosity on the
outgassing of volatiles in small bodies and therefore might have
implications for the habitability of planetary systems, when re-
lated to the delivery to accreting terrestrial planets (e.g., Elser
et al., 2012; Ciesla et al., 2015).

The more moderate models still showed temperatures high
enough for hydration and metamorphic transformation pro-
cesses, potentially creating serpentinites via an exothermic re-
action. As discussed in Abramov and Mojzsis (2011) such re-
actions can provide energy for non-volcanic hydrothermal ac-
tivity. Within certain depths of onion shell structured planetes-
imals, which are in accordance with our models and previous
work (Weiss and Elkins-Tanton, 2013, and references therein),
the energy output might be in the right regime for the synthe-
sis of primitive organic compounds, such as basic amino acids
(Cobb and Pudritz, 2014). Their synthesis is dependent on
the ammonia and water content of the corresponding planetesi-
mal and can also change with radial distance to the central star
(Cobb et al., 2015). Therefore, future studies can be directed to
couple interior evolution to exterior formation conditions, i.e.,
the region in the protoplanetary disk and the appropriate forma-
tion time for various size classes, to gain a better understanding
of the geological environment of early biological processes in
our Solar System.

6. Conclusions

The initial state of planetesimals in the early Solar System
crucially a↵ected their thermo-mechanical evolution, which
yields implications for terrestrial planet formation theories. We
have conducted numerous 2D and 3D finite-di↵erence fluid dy-
namics simulations of planetesimals with varying radius, for-
mation time and initial porosity. From these we have de-
termined the parameter space for various thermo-mechanical
regimes and the influence of initial porosity. Our conclusions
are the following.

• Typically, planetesimals with large size, early formation
time and high initial porosity tended to develop convec-
tion. Small radii, late formation times and low porosities
led to bodies which did not experience silicate melting.

• A third thermo-mechanical regime with largely molten
bodies without convectional mixing existed for an inter-
mediate parameter range with a trend toward small bodies
and formation times tform ⇡ 1.1–1.5 Myr after CAI forma-
tion.
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…produced in giant stars where H burning happened
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collaboration) 
2017 Nature 
Astronomy

measured aboveground measured underground
at LUNA (LNGS, Italy) Strongly 

depends 
on the 
17O+p 
reaction 
rate

stellar

Solar ±1%



millions	to	billions	of	years	

Produc3on	
of	chemical	
elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

The Chemical Evolution of the Milky Way



millions	to	billions	of	years	

Produc3on	
of	chemical	
elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

The Radioac've Chemical Evolu6on of the Milky Way



millions	to	billions	of	years	

Produc3on	
of	chemical	
elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

Meteoritic analysis gives us radioactive 
abundances at the time of the birth of the Sun

Models of stellar nucleosynthesis
Models of galactic 
chemical evolution

The Radioactive Chemical Evolution of the Milky Way



millions	to	billions	of	years	

Produc3on	
of	chemical	
elements	

Birth	of	stars	
and	planets	

Ejec3on	of	chemical	
elements	 Planetary	nebulae	

Neutron	star	
mergers	

Meteoritic analysis gives us radioactive 
abundances at the time of the birth of the Sun

Models of stellar nucleosynthesis
Models of galactic 
chemical evolution

The Radioac've Chemical Evolu6on of the Milky Way

How long did the 
molecular cloud lived 

before the Sun formed?



204Pb
STABLE
1.4%

Leckenby et al. 
2024, Nature 

First measurement of the exotic bound-state b- decay of 205Tl 
(Experimental Storage Ring, GSI, Germany) 



204Pb
STABLE
1.4%

RadioacRve 205Pb is produced via slow neutron captures in 
low-mass stars

First measurement of the exotic bound-state b- decay of 205Tl 
(Experimental Storage Ring, GSI, Germany) 

Leckenby et al. 
2024, Nature 



204Pb
STABLE
1.4%

The Sun was born after 
~ 10 Myr of the birth of 
the cloud, therefore, in 
a relatively long-living 
and massive molecular 
cloud, with many stellar 

siblings.

Radioactive 205Pb is produced via slow neutron captures in 
low-mass stars

First measurement of the exotic bound-state b- decay of 205Tl 
(Experimental Storage Ring, GSI, Germany) 

Leckenby et al. 
2024, Nature 
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Warren (2011)

NEW, TOP category in the classification of meteorites 
based on isotopic anomalies produced by nuclear reactions in stars
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Outer Solar System

Inner Solar System

v Understand the formation 
and evolution of different 
types of meteorites and 
their various components 

v Constrain the accretion 
process from dust to 
planetesimals in the solar 
proto-planetary disk

v Use as a genetic link 
between meteorites and 
the Earth and Mars to 
investigate the formation of 
terrestrial planets 
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Figure 2 | Cartoon illustrating dust formation and evolution as proposed in our model 299 
(not to scale). Stardust forms in different stellar environments with ongoing nucleosynthesis 300 
and retains the unique isotope composition of its formation site. The trace element 301 
composition of AGB stardust depends on the condensation temperature of individual 302 
elements and is depleted in volatile elements compared to the bulk Solar System s-process 303 
component. Stardust in the Solar System mainly originates from low mass AGB stars that 304 
produce grains with an s-process isotope composition (red squares). In particular, Solar 305 
System stardust is sourced from high metallicity AGB stars that produce less heavy elements 306 
(Z ≥ 56) compared to the average Solar System composition. Dust from other stellar 307 
environments (blue triangles), e.g. supernovae, contribute only a minor fraction to stardust. In 308 
dense molecular clouds, dust condenses from the homogenised gas phase onto pre-existing 309 
grains forming ISM dust mantles around stardust (dark grey). Due to gravitational 310 
instabilities a part of the molecular cloud collapses and forms a protoplanetary disk 311 
surrounding a proto-sun. Thermal gradients in the protoplanetary disk preferentially destroy 312 
ISM mantles in regions closer to the Sun (Yellow regions), which results in a relative 313 
enrichment of stardust, predominantly carrying an s-process composition in lighter elements 314 
(Z<56). The composition of infalling material changes with time and/or thermal 315 
processing28,29,49. Complete homogenisation between the inner and outer Solar System is 316 
blocked by the formation of Jupiter’s core49,50, which leads to two compositionally slightly 317 
different reservoirs.  318 

Qualitative scenarios

Ek, Hunt, 
Lugaro, 

Schönbächler
2020, NA

Bulk data
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Fig. S7. 64 

The µ94Mo vs. µ95Mo slopes and associated error of correlations defined by individual Mo isotopic 65 

analysis of individual SiC grains reported by Nicolussi et al. (1998), Barzyk et al. (2007), Liu et al. 66 

(2017), Stephan et al. (2019). These slopes are contrasted with the NC and CC linear regressions 67 

defined by bulk meteorite samples reported by Budde et al. (2019), Yokoyama et al. (2019), and 68 

the present study.  69 

Stardust grains Outer 
Solar 

System Inner 
Solar 

System

Bermingham et al. 2025

Slope of the slow neutron-capture signature 



28 
 

 63 

Fig. S7. 64 

The µ94Mo vs. µ95Mo slopes and associated error of correlations defined by individual Mo isotopic 65 

analysis of individual SiC grains reported by Nicolussi et al. (1998), Barzyk et al. (2007), Liu et al. 66 

(2017), Stephan et al. (2019). These slopes are contrasted with the NC and CC linear regressions 67 

defined by bulk meteorite samples reported by Budde et al. (2019), Yokoyama et al. (2019), and 68 

the present study.  69 

Winters & Macklin (1987)

Koehler (2022) 95Mo(n,g)
Stardust grains

NC

Outer 
Solar 

System Inner 
Solar 

System
Predicted slope using 

different neutron-
capture cross sections 

(Lugaro et al. 2023)Bermingham et al. 2025

Slope of the slow neutron-capture signature 



Ø Recent data from bulk meteorites, to 
constrain the accretion process from 
dust to planetesimals in the proto-
planetary disk and understand planet 
formation

Nuclear physic input are needed to 
inves.gate:
ØThe origin of meteori>c stardust, 

which implicaRon on stellar and 
galacRc evoluRon    

ØThe presence of radioac>ve nuclei in 
the early Solar System, to clarify the 
birth environment of the Sun
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