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Four basic paths to lithification:
a) Pressure lithification

b) Igneous lithification

c) Metamorphic lithification

No lithification?

d) Shock lithification

We think asteroids were “born big” (Morbidelli et al.

2009), with 100-km-scale planetesimals built directly
from cm-scale pieces brought together in the solar
nebula and held together by self-gravity. (Cuzzi et al.
2010, among others). Impact models suggest that
objects of this size are very difficult to disrupt and so
remain today as intact objects. Dynamical models
suggest that the low-albedo objects that dominate the
main asteroid belt may have formed in and among the
giant planets, accreting silicates, organics, and ice.
There are only a few appropriate lithification processes
that could have operated on these planetesimals,
described at the right. We note that ”rubble piles”
denote a different phenomenon, that of smaller objects
that are accumulations of debris from lithified objects.

Are

unlithified bodies possible? While shock lithification seems
unavoidable for the surface and near-surface of any object, pressure
lithification seems to be largely inapplicable to asteroids. The other
lithification processes depend upon heat for their operation, whether
heat to melt ice and drive aqueous alteration reactions, to drive
thermal metamorphism, or to melt minerals.

Pressure alone can compact and lithify material (a), but asteroid-sized bodies have very low central pressures: a 200-km diameter

body with a density of 2000 kg/m3 has a central pressure of roughly 50 bars, similar to the pressure ~300 m below Earth’s surface
(Asphaug et al. 2002). Little if any of the volume of asteroids can be lithified that way. Heat can drive lithification processes, whether
by igneous processes (b) that melt and differentiate objects like Vesta (McCoy et al. 2006, Consolmagno et al. 2008) or lowertemperature processes like thermal or aqueous alteration (c). While remote sensing shows that igneous asteroids are rare, both
remote sensing and laboratory studies of meteorites show metamorphism to be widespread (Huss et al. 2006) and simulations of
aqueous alteration are consistent with the idea that lithification occurs during that process (Bland et al. 2017). However, the meteorite
collection is heavily biased against unlithified objects and would not be a good measure of their prevalence in space. Finally, shock can
lithify material (d), and it appears to be the main process that creates regolith breccias (Bischoff et al. 2006). All objects should
experience some amount of shock lithification. However, its efficiency drops off steeply with distance from the impact site for
unconsolidated targets (Stickle and Schultz 2012), and it seems unlikely to lithify material at depth.

As formation models and dynamical studies continue to be developed,
it seems likely that the diversity of objects seen in the asteroidal
population might be explained by formation location and formation
time. Objects that formed later may have accreted less radioactive
material, with less heat available to drive lithifying processes. Recent
recognition that achondrites are older than chondrites (Greenwood et
al. 2017) already shows that this occurred at some level.
These objects, if they exist, may remain today as primordial mixtures
of ice, silicates, and organics, with only impacts and sublimation
affecting their surfaces.

Figure 1: The asteroid 253 Mathilde (53 km diameter) has a low
density and crater morphologies not seen on other objects of any
size. Could these be signs of a poorly- or un-lithified object?

Figure 2: The low-albedo asteroids show spectral
evidence for hydrated minerals varying from CM-like
phyllosilicates (Pallas and Nemausa) to NH4+-clays and
carbonates (Ceres) to ice-frosted silicates and organics
(Themis). This last group may be the most likely to be
never-lithified. From Rivkin et al. (2019 in revision)

So what?
Large, unlithified objects might behave in ways that are

very unlike those that are assumed for 100-km scale
asteroids. This behavior could, in principle, explain
some of the properties of the large, low-albedo asteroids.
Spectral studies of these asteroids show that they seem to
fall into at least 3 groups (Takir and Emery 2012; Rivkin
et al. 2015) based on their absorption bands in the 3-µm
region (Figure 2): 1) “Pallas types” associated with the
aqueously-altered CM meteorites; 2) “Ceres types” with
the signatures of ammoniated clays and carbonates; 3)
“Themis types”, whose best spectral models are
consistent with ice-frosted anhydrous silicates and
organic material but do not require aqueously-altered
minerals. This third group may be the most likely to be
unlithified.

While

Surface composition

large, higher-albedo asteroids
have
plausible or probable meteorite analogs, the same
cannot be said of most low-albedo asteroids > 200
km diameter. The vast majority of these objects
show evidence of ice frost or possibly ammoniated
clays in their reflectance spectra, which have not
been found in meteorites.
Figure 3 shows how large C-complex asteroids are
by and large more spectrally similar to Themis than
to the CM meteorites. The the asteroids most
consistent to the CM meteorites on the band depth
diagram tend to be much smaller objects, save Pallas
and (sometimes) Interamnia.
This is evidence that objects that dominate the main
asteroid belt are not present in the meteorite
collection. Perhaps they cannot generate meteorites?

What now?

While the prospect of large, never-lithified objects in

the main asteroid belt seems possible, and would
explain some of what is observed, much work remains
to be done before this is more than a speculative idea
(Figure 5):
• Impact modeling to determine how deep shock
lithification occurs
• Considering the timeline of solar system formation
with an eye toward the latest-forming planetesimals
• Determining what observational tests might exist to
test whether large, unlithified objects still exist in the
asteroid belt.

Figure 3: This band-depth/band-depth plot shows every C-complex
asteroid with a diameter > 200 km, along with a set of smaller Ch-class
asteroids and CM meteorites. A large fraction of the large asteroids
have spectra more similar to Themis (Figure 2) than the meteorites,
suggesting they may not have experienced aqueous alteration. After
Rivkin et al. (2019 in revision)

Meteorites and IDPs

Meteorites are a biased sample of the asteroid belt. All of the

meteorites that reach the ground have gone through some kind
of lithification process, and pieces from unlithified objects should
be absent almost by definition. But how biased?
Vernazza et al. (2015) concluded that the large C-complex
asteroids were unrepresented in the meteorite collection (for
reasons independent of those we suggest here), and proposed
that they might be the parent bodies of interplanetary dust
particles (IDPs). The objects we discuss here may be unlithified
on meter scales or larger, but still could plausibly give rise to
IDPs. The connection between IDPs and large C-complex
asteroids is not fully understood (Nesvorný et al. 2010), but if
borne out could be further evidence for the existence of
unlithified bodies in the asteroid belt.
We also note that Rivkin and DeMeo (2018) found fewer lowalbedo objects to be present in the NEO population than would
be expected from delivery models. While there are several
possible sources for this discrepancy, an lowered efficiency of
NEO creation by low-albedo objects could be an explanation.

Figure 4: This cartoon shows how never-lithified objects may respond to
impacts differently from asteroids as we typically imagine them. While objects
lithified by metamorphic (left) or igneous (middle) processes may be able to
generate coherent ejecta that can reaccumulate into large family members,
which in turn can generate or become NEOs and then meteorites, work on
highly-porous targets suggests that impacts into unlithified objects (right) may
be more likely to generate dust. As a result, we would not expect them to
generate meteorites (or NEOs?) but they could in principle generate IDPs.

There

Dynamical Families

are well-known correlations between spectral class and
prevalence of asteroid families. Families associated with low-albedo Xcomplex or D-class asteroids are rare or absent. Although data are scarce,
evidence of aqueous alteration on these objects is not widespread (Jones
et al. 1990, Emery and Brown 2003), consistent with the possibility that
they may have escaped lithification. Many of the most prominent Ccomplex inner-belt families are associated with parent bodies that show
do evidence of aqueous alteration, and thus may be lithified by that
process.
However, there are prominent C-complex outer-belt families associated
with large, apparently-icy objects, for instance Themis itself. Perhaps
even unlithified objects will make families under conditions of
catastrophic impacts, or perhaps the X-complex and D-class asteroids are
better candidates for being unlithified and the Themis parent body was a
differentiated object like Ceres. Regardless, we note that recent work by
Benavídez et al. 2018 shows that the size-frequency distribution of the
Hygiea family is best modeled by an impact onto a 416-km rubble pile,
while the Themis family is fit well by neither an intact object nor their
implementation of a rubble pile. Benavídez et al. thought that a 416-km
rubble pile was unrealistic, but perhaps it is a sign that the parent body
was unlithified?

Says who?

Figure 5: While the content of this poster is speculative,
we hope that it spurs work about how early solar system
conditions and history might affect present-day physical
properties of asteroids.

Editorial
Thanks to tweeps Paul Byrne, Jennifer Grier, and Peggy Muddles for
aesthetic advice on this poster, it looked worse before their input.
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