
 Grains of Dust & Ices

Fractal Agglomerates

Porous Agglomerats

Pebbles
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Time

0.1 Myr

4.6 Gyr

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates, dendritic
smaller binding forces - tensile strength in Pa range
> 95% porosity

Properties
    (see also Güttler et al. 2019)

solid particles with high tensile strength (MPa) > environmental forces
condensed from solar nebula
minerals, organics or ices (depending on the location in the disc) but 
homogeneous in composition
sub-μm size (Mannel et al. 2019)
likely irregular shape
can form dense aggregates, which can be heterogeneous in 
composition, but are also highly binded
< 10% porosity

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Güttler et al. 2019

Properties
     (see also Güttler et al. 2019)

cluster of porous agglomerates
inner porosity of 0.6
inner tensile strength of the order of kPa

Properties
     (see also Güttler et al. 2019)

build from grains or dense ggregates
smaller binding forces - tensile strength in 
range 1 Pa to 100 kPa
10% to 90% porosity

Left: fractal agglomerates from SiO2, grown under laboratory conditions.,
top: small agglomerate of 1.9 μm monomers (Heim et al. 1999),
bottom: significantly larger one, has a fractal dimension of Df ≈ 1.8 (not 
measured for this specific agglomerate, but for similar ones that formed 
under the same condition, Blum 2004).
Right, top: fractal agglomerate formed in a computer simulation by ballistic 
cluster–cluster agglomeration, consists of 8192 monomers, and exhibits a 
fractal dimension of 1.99 (Wada et al. 2008),
bottom: from the Rosetta/MIDAS experiment (Mannel et al. 2016)

Left: Examples of irregular grains used in 
laboratory analog experiments,
top: from diamond (Poppe et al. 2000)
bottom: Forsterite (Tamanai et al. 2006).
Right: Spherical monomers from SiO2, but with 
different size distributions,
top to bottom: Poppe et al. 2000; Colangeli et al. 
2003; Brisset et al. 2017

Left, top: SEM image of a loose agglomerate 
consisting of 0.5 μm solid zirconium silicate 
particle (Blum & Münch 1993),
bottom: IDP from the NASA Cosmic Dust 
Catalog (L2021A1),
Right, top: x- ray tomography reconstructed 
cut though an agglomerate from SiO2 
monomers (Kothe et al. 2013),
bottom: agglomerate used for numeric 
simulations (Wada et al. 2011)

Left, top: Hierarchic agglomerates produced
in laboratory experiments, back- light illuminated 
agglomerate, grown from smaller (100 μm) agglomerates 
under microgravity conditions (Brisset et al. 2016),
right, top: Rosetta/COSIMA
left & right, bottom: Rosetta/MIDAS (Mannel et al. 2016)

Silica pebbles under the microscope.
Credit: Marc Pfannkuche

Phase 1 - Hit & Stick

Phase 2 - Sticking with Compaction

Induced by Brownian motion particles smaller than 10 - 100 μm collide typically with velocities  < 1 mm/s. The high cohesion of those particles combined with 
low speeds lead into hit- and- stick collisions forming fractal agglomerates. Other processes also induces collisions.

Larger particles with higher masses collide with increasing collision energies, leading to compaction of the fractal agglomerates (Blum et al. 2006; Güttler et al., 2010; 
Zsom et al., 2010; Lorek et al., 2018; Blum, 2018).

Phase 3 - Growth to the Bouncing Barrier

Kothe 2016, PhD Thesis

Several barriers prevent the further collisional growth of particles and the resulting clusters of agglomerates are called pebbles. Due to friction between dust and 
gas, particles drift into the central star resulting into the drift barrier, which provides a critical time constraint for the formation of planetesimals. When the sticking- 
bouncing threshold is reached, particles bounce off instead of sticking, resulting into compaction (Zsom et al., 2010; Lorek et al., 2018). Additionally, growth is halted 
by fragmentation and erosion.

Different effects in protoplanetary disks lead to a relative motion, 
depending on particle properties and location inside the disc. The relative 
motion leads to collisons with different outcomes, which also depends on 
particle properties and collision velocity.

Sticking

Bouncing

Fragmentation

Abrasion

Mass Transfer

Cratering

Erosion

all phases can spacially and temporally overlap

Colliding particles hit and stick if the collision is at least 
partially inelastic, which depends on collision energy and 
cohesion of the particles, namely van- der- Waals binding 
energy (Dominik & Tielens 1997). Deformation and compaction 
or penetration is possible when aggregates collide.

If a smaller projectile hits a larger target, mass can be transfered with an efficiency of a few percent up to 
50%. The material is compressed to a volume filling factor of 0.3 - 0.4 (Teiser et al. 2011, Meisner et al. 
2013).

Between the regime of sticking and fragmentation also 
bouncing can be the outcome of a collision. The disspitation of 
energy is not large enough for sticking but also does not 
exceed the cohesion for fragmentation. However, it can lead to 
compaction of the agglomerate with an equilibrium filling 
factor of 0.36 (Weidling et al. 2009).

Impacts with high collision energies lead to fragmentation of agglomerates depending on physical 
properties (e.g. Blum & Münch 1993). The mass ratio of the largest fragment to the initial particle mass 
decreases with increasing impact velocity (Bukhari Syed et al. 2017).

Microgravity experiments showed that cm- sized agglomerates lost mass in low- speed collisions, but the 
efficiency seems to be low (Kothe 2016).

Collisions with comparable velocities to the mass transfer regime lead to mass loss by cratering if the 
projectile is larger (Wurm et al. 2005a, Paraskov et al. 2007). It is the transition from mass transfer to 
fragmentation.

For small projectiles the target particles loses mass by the impact. The efficiency of the erosion is 
increasing with increasing velocity and decreasing with higher projectile mass.

Passive concentration of particles can occure due to several processes, which also induce 
collisions.
For example:

magnetorotational instability (Balbus & Hawley 1992)
baroclinic instability (Klahr & Bodenheimer 2003, Lyra & Klahr 2011)
jumps in the turbulent viscosity
early formed planets (tidal forces and gaps (Lyra et al. 2009))
at the edges of the dead zone (Lyra et al. 2008)
at snow lines (Dzyurkevich et al. 2013)

A concentration of  mm- sized pebbles was observed at the transitional disc IRS 48 in 
large- scale vortices (van der Marel et al. 2013).

Due to the increased concentration, the surface- to- mass ratio of the pebble cloud is 
reduced and consequently also the gas drag. If the local dust- to- ice mass ratio exceeds 
unity, the streaming instability is triggered and concentrates the pebbles further (Youdin 
& Goodman 2005). The velocity of the pebble cloud reaches Keplerian velocity and radial 
drift is reduced. Instead of drag by the gas, the gas is forced to move at Keplerian 
velocity. Individual pebbles or small pebble clusters on the same orbit, which still move 
with reduced speed, are overtaken by the pebble cloud and also inwards drifting 
pebbles are incorporated.

If the concentration of a pebble cloud reaches the Roche density, the cloud collapses into a 
gravitationally bound body.
The survival of the pebbles is most likely for low- mass pebble clouds because collision 
velocities of the collapsing  pebbles and the lithostatic pressure are small. A size sorting 
effect during the collapse could result into a stratification of the pebble size inside the 
body (Wahlberg Jansson & Johansen 2017). In the pore space, fractal agglomerates may be 
stored (Fulle & Blum 2017).
The size of the predicted planetesimals is up to 1000 km, depending on material and disc 
properties. With increasing disc mass, the planetesimal sizes increases.
Binaries can be formed easily from collapsing pebble clouds (Nesvorny et al. 2010).

Gas Depletion

1-10
Myr

10 Myr

Radiogenic Heating by LLN

Radiogenic Heating
by SLN

Collisions

A: Undifferentiated B: Differentiated

1: Sub- Catastrophic 2: Catastrophic

Properties:
Pristine properties were preserved (e.g. pebbles, supervolatiles, homogeneity, etc.)
Late formation avoided heating by SLN

Properties:
Large diversity in possible outcomes:

Differentiated in supervolatiles
Differentiated in water ice
Aqueous alterated - Melting water ice forces pebbles to collapse

results into a ice- depleted interior, an ice- enriched shell and a pristine surface

Type A1 Type B1 Type A/B3

 ≲ 1 km ≳ 1 km

Icy Rubble/
Pebble

Pile

Type A2 Type B2

Non- Icy
Rubble

Pile

3: Super- Catastrophic

Icy
Pebble

Pile

Largest fragment has at least half of the initial mass of the larger body
No thermal and mechanical alteration
Bulk properties of the planetesimal are preserved
Only unbound material is heated significantly (Golabek & Jutzi 2021)
Shape- changing: includes cratering, erosion, mass transfer and merging
Bilobate shape can be generated (Jutzi & Asphaug 2015, Jutzi & Benz 2017)

 ≲ 100 km≳ 100 km

  Legend: Icy Pebbles                              Ice- depleted Pebbles                                 Ice Shell                                      Non- Icy Rubbles

Properties
high lithostatic pressure lead to compression and loss of 
pebble structure in the interior
pebbles could also be destroyed in the free- fall phase or 
when colliding on the building object
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

Properties
Pristine pebble structure including fractal agglomerates 
in the pore space
low density and high porosity
low tensile strength (order of few Pascal)
collapse can result into binaries

 ≲ μm

 ≲ mm

 ≲ mm

mm- dm

Decay of Short- Lived Radionuclides:
Al26
Fe60

typical half- lives on the order of one or a few million years

Depending on size and formation time, bodies can be heated up above the critical temperatures of volatile components. Gas can diffuse 
outwards and recondense. Higher temperatures can lead to the melting of the material and a stronger differentiation.

Several recent studies have investigate radiogenic heating of planetesimals (Mousis et al. 2017, Lichtenberg et al. 2021, Golabek & Jutzi 2021). 
However, they did not include pebble- structured objects. This was included in Malamud et al. (subm.).

Collisional HeatingDynamics

Decay of Long- Lived 
Radionuclides:

U235
K40
U238
Th232

typical half- lives > billions 
of years

Analog to the heating by the decay of SLN, bodies are heated 
by Long- Lived Radionuclides. Depending mostly on size, 
bodies can be heated up above the critical temperatures of 
volatile components. Gas can diffuse outwards and 
recondense, similar to the SLN outcome. However, the 
influence of SLN is stronger due to the relative small size of 
relevant bodies.

Properties:
Pebbles intact
Pristine properties were 
preserved
Very homogeneous
Activity is possible

Properties:
Pebbles intact
Differentiated interior
Only pristine surface 
material
Activtiy possible, but 
inhomogeneous

Properties:
Pebbles intact
Inhomogeneous, 
depending on 
reaccumulation
Activity is possible but 
inhomogeneous

Properties:
No ices are preserved
Compacted rubbles without 
pebble structure

Properties:
Pebbles intact
Pristine properties were 
preserved
Could be depleted in fractals
Very homogeneous
Activity is possible

Large 
Planetesimals

Small 
Planetesimals

See Blum 2018 for more details.

Largest fragment has at less than half of the initial mass of the larger body
No thermal and mechanical alteration
Not energetic enough to compact or destroy pebbles or reduce the 
amount of volatiles
Unclear how the material distributes while reaccumulating, a initial 
stratification could be preserved
Bilobate shape can be generated (Schwartz et al. 2018)

Largest fragment has at less than half of the initial mass of the larger body
Severe thermal and mechanical alteration
Pebbles are destroyed and volatiles are lost
Results into compacted rubbles
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