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Introduction: Impact cratering is a fundamental 

geologic process involved in the original accretion and 
subsequent evolution of planetary bodies throughout 
the Solar System. Impacts have the ability to add or 
remove material from their target body and, therefore, 
affect their target’s geochemical make-up. 

Geochemical studies have shown that Earth, rela-
tive to chondritic and/or solar abundances, is depleted 
or enriched in a number of elements. This includes: 
depletion in heavy halogens (Cl, Br, I) [1]; a super-
chondritic Fe/Mg ratio (possibly by erosion of silicates 
relative to metals) [2], and; a superchondritic Sm/Nd 
ratio [3-5]. O’Neill and Palme [2] proposed the con-
cept of collisional erosion, whereby impact events lead 
to the preferential removal of Earth’s enriched crustal 
material, to explain these geochemical signatures.  

Collisional erosion of Earth is thought to have tak-
en place during the latter stages of Earth’s accretion 
(the giant-impact(s) phase, ≤30 to 70 Myr after Solar 
System formation) [2], but it may also have occurred 
during earlier (growth of planetary embryos) or later 
impact bombardment. Ultimately, collisional erosion 
of Earth must have taken place early in its history dur-
ing the Hadean period (~4.5 to 3.8 Ga) to be consistent 
with the abundances modeled. 

Here, using analytical methods, we assess the via-
bility of collisional erosion as a method for removing 
the Earth’s crust (and, therefore, producing the ob-
served geochemical anomalies) during the Hadean 
period. 

Methods: The impactor size-frequency distribution 
during Earth’s accretional epoch is uncertain because 
evidence of those collisions has been erased. We chose 
to begin with a known collisional size-frequency dis-
tribution – that of the Hadean basin-forming epoch – 
derived from studies of the Moon [6]. It is representa-
tive of the objects hitting the Earth-Moon system from 
the time of the 2,500 km diameter South Pole-Aitken 
basin-forming event >4.3 Ga to the end of the epoch 
~3.8 Ga [7]. This size distribution includes impactors 
up to 310 km in diameter. 

To determine the fraction of impact-excavated 
crust that escapes Earth’s gravity (Vesc > 11.2 km/s) 
during this period, we calculated the mass of material 
(M) ejected using an equation from [8]: 
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where m is the impactor mass, U is the impactor veloc-
ity, ρ is the target density, and δ is the impactor densi-
ty. Impact velocities between Earth’s escape velocity 
(11.2 km/s) and 35 km/s were analyzed, with impactor 
and target densities assumed to be the same (2800 
kg/m3). The constants in Equation 1 incorporate a 
number of parameters, with values appropriately cho-
sen for impacts into rock [8-11]. Equation 1 defines the 
mass ejected above a given velocity in terms of im-
pactor properties; crater properties are, therefore, not 
significant. 

The presence, volume, extent, and persistence of 
crustal material during the Hadean period is unknown 
and remains a contentious issue [12 and references 
therein]. We, therefore, investigated a range of crustal 
thicknesses (2 to 40 km) distributed over various 
amounts (4 to 100%) of the globe.  For simplicity, it is 
assumed that all ejected material is crust. This is not 
necessarily the case for the very largest impacts; ejec-
tion fractions are, therefore, upper estimates.  

Results:  Figure 1 plots the fraction of crustal ma-
terial ejected above Vesc as a function of crustal thick-
ness for a range of impact velocities and our assumed 
impactor size-frequency distribution. The solid square 
dataset shows that even impacts into a thin (2 km) 
crust at a very high (for Earth) impact velocity (35 
km/s) remove less than 8% of the crust, assuming 
complete global crustal coverage (5.1x108 km2). 

If the crustal volume was smaller and only covered 
40% of the Earth’s surface (2.04x108 km2 - like today), 
then the fraction of crust ejected increases (open 
squares in Figure 1). The most favorable scenario (35 
km/s impact velocity, 2 km thick crust) yields ~17% 
crustal removal. 

If the crustal volume was even smaller, covering 
only 2.04x107 km2 (4% of Earth’s surface) while main-
taining the same 2 km crustal thickness, impacts at 
velocities greater than 22 km/s would remove >80% of 
the crust. However, if the crust was at least 10 km 
thick, no more than 35% of the crust would be re-
moved in this scenario.  
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Figure 1: Fraction of crust ejected above Earth escape veloc-
ity as a function of crustal thickness for a range of impact 
velocities for our Hadean impactor size-frequency distribu-
tion. Solid squares assume a crustal surface area of 5.1x108 
km2 (Earth’s entire surface); open squares assume a crustal 
surface area of 2.04x108 km2 (40% Earth surface coverage). 

 
Discussion: In general, the calculations suggest it 

is difficult for collisional erosion to explain the geo-
chemical anomalies.  The work of [2] requires the re-
moval of crustal material with a mass equivalent to 
1.4% of Earth’s mass and, therefore, a volume of ~1010 
km3.  None of our modeled scenarios removed more 
than ~109 km3.  

Several factors can enhance crustal stripping: a 
higher impact velocity, a higher impact flux, larger 
impactors, or a higher volume of crust in an ideal loca-
tion to be removed by a single impact. Our calculations 
already involve fairly high velocities (those of comets), 
even though evidence suggests asteroids with lower 
velocities of ~18 km/s were involved during the final 
portion of the basin-forming epoch [13]. Moreover, 
[13] suggest impact velocities were about half that on 
the Moon during the early phase of the basin-forming 
epoch, implying values closer to the minimum of 11.2 
km/s for Earth, making crustal removal difficult. Mod-
els of the Moon-forming giant impact also favor veloc-
ities limited to 4 to 20 km/s (e.g., [14,15]). 

A 10x greater impact flux with the impactor distri-
bution of [6] and maximum impactor diameter of 500 
km could also remove far more crustal material: ~65% 
of a 2-km thick crust is ejected in the most favorable 
scenario assuming entire global crustal coverage. At 
40% coverage, >80% of the crust would be removed 
for a 2 km thick crust at velocities >23 km/s.  That 
impact flux, however, is not consistent with observed 
crater densities on the Moon and would have had to 
occur prior to the observed basin-forming epoch. 

We need to further evaluate the possibility of larger 
(>300-500 km diameter) impactors. 

It is also possible to have all crustal material, if 
concentrated in a small area, removed by a single im-
pact. For example, if 1010-1011 km3 of crust had formed 
prior to the hypothesized Moon-forming giant impact 
(i.e., within 30 to ~100 Myr of Solar System formation 
[16]) and was the focal point of the giant impact, then 
this event may have excavated the entire crustal vol-
ume based on a recently suggested scenario [15]. 

Our initial calculations do not rule out the colli-
sional erosion model, but it may be challenging to find 
a plausible set of model conditions that work.  That 
may leave us with several other potentially uncomfort-
able explanations for the geochemical observations:  
that there is a hidden, as yet undetected, reservoir with-
in Earth that accounts for the geochemical discrepan-
cies; that the anomalies are not really anomalies - we 
have, instead, been misled because Earth is not com-
posed entirely of material represented in the current 
meteorite population; that the anomalies are not real 
because they are, instead, interpretive artifacts (e.g., 
[17]); or collisional erosion of crustal elements oc-
curred on differentiated planetesimals before they ac-
creted to Earth [18]. 
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