
Icarus 306 (2018) 94–115 

Contents lists available at ScienceDirect 

Icarus 

journal homepage: www.elsevier.com/locate/icarus 

“Isocrater” impacts: Conditions and mantle dynamical responses for 

different im pactor types 

Thomas Ruedas a , b , ∗, Doris Breuer b 

a Institute of Planetology, Westfälische Wilhelms-Universität, Münster, Germany 
b Institute of Planetary Research, German Aerospace Center (DLR), Berlin, Germany 

a r t i c l e i n f o 

Article history: 

Received 15 August 2017 

Revised 8 December 2017 

Accepted 2 February 2018 

Available online 5 February 2018 

Keywords: 

Impact processes 

Terrestrial planets 

Thermal histories 

Interiors 

a b s t r a c t 

Impactors of different types and sizes can produce a final crater of the same diameter on a planet under 

certain conditions. We derive the condition for such “isocrater impacts” from scaling laws, as well as rela- 

tions that describe how the different impactors affect the interior of the target planet; these relations are 

also valid for impacts that are too small to affect the mantle. The analysis reveals that in a given isocrater 

impact, asteroidal impactors produce anomalies in the interior of smaller spatial extent than cometary or 

similar impactors. The differences in the interior could be useful for characterizing the projectile that 

formed a given crater on the basis of geophysical observations and potentially offer a possibility to help 

constrain the demographics of the ancient impactor population. A series of numerical models of basin- 

forming impacts on Mercury, Venus, the Moon, and Mars illustrates the dynamical effects of the different 

impactor types on different planets. It shows that the signature of large impacts may be preserved to the 

present in Mars, the Moon, and Mercury, where convection is less vigorous and much of the anomaly 

merges with the growing lid. On the other hand, their signature will long have been destroyed in Venus, 

whose vigorous convection and recurring lithospheric instabilities obliterate larger coherent anomalies. 

© 2018 Elsevier Inc. All rights reserved. 

1. Introduction 

The cratered surfaces of planetary bodies in the solar system 

offer abundant evidence that meteorite impacts have been an im- 

portant geological factor in their evolution, especially in the first 

few hundreds of millions of years. However, the dynamics of the 

impact process itself as well as later degradation make it difficult 

to reconstruct the physical properties of the impactor unambigu- 

ously (e.g., Herrick and Hynek, 2017 ), because the impactor is usu- 

ally obliterated during the impact, even though numerical models 

of central peak formation in complex craters suggest that a certain 

fraction of the impactor material may be preserved to some ex- 

tent, especially in slow or oblique impacts (e.g., Yue et al., 2013; 

Svetsov and Shuvalov, 2015 ). The principal features of the remain- 

ing crater, i.e., its geometrical characteristics, depend on a com- 

bination of several parameters that characterize the impactor and 

the target. While it is in principle possible to determine the tar- 

get properties reasonably well, the combination of properties of 

the projectile (diameter, velocity, density) can generally only be in- 

ferred on the basis of morphological studies of the crater and the 
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ejecta (e.g., O’Keefe and Ahrens, 1982; Schultz and Crawford, 2016 ) 

or statistical information on candidate impactor types, especially if 

the crater or basin is very old and its ejecta are obliterated. 

There are several candidate impactor classes, which belong to 

two general groups, namely asteroids and comets; in principle, 

larger trans-neptunian objects (TNO) which for some reason ac- 

quired very eccentric orbits that brought them into realms of the 

solar system closer to the Sun are a third group, although no such 

objects are known to exist presently. The asteroids are divided into 

various classes, of which especially the rocky S-types and the less 

dense C-types are important due to the relatively large mass and 

number fractions of the total asteroid population they constitute 

( DeMeo and Carry, 2013 ). These two major classes are expected 

to travel at similar velocities, but differ markedly in their average 

densities ( Carry, 2012 ). There is even more uncertainty about the 

density of comets, but it seems to be clear that they are, on aver- 

age, less dense by at least a factor of two than even C-type aster- 

oids. In the inner Solar System, their velocities cover a wide range 

at any given distance from the Sun, as they originate from different 

reservoirs at very different distances from the center. 

Direct statistical information about their relative abundance is 

essentially limited to results from observations of present-day pop- 

ulations. While total meteorite fluxes can be deduced to some ex- 

tent from cratering statistics, such statistics provide no direct in- 
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formation about the proportions of the different impactor types 

and their possible temporal evolution. In an attempt to establish 

a more stringent link with the past, Ivanov et al. (2002) compared 

the observed size–frequency distribution of the modern main-belt 

asteroid population with that of the impactors on the Moon as de- 

rived from the lunar cratering record and impact scaling laws and 

found that both have a similar shape. These authors hence argue 

that at least for the past ∼ 4 Gy, most impacts in the inner So- 

lar System were caused by main-belt asteroids, or more generally, 

collisionally evolved bodies. Similar conclusions were also reached 

by other authors on the basis of cratering statistics and dynami- 

cal simulations (e.g., Strom et al., 2005; Rickman et al., 2017 ). Still, 

many assumptions made about these issues rely heavily on knowl- 

edge of the current state and on models of long-term Solar Sys- 

tem evolution including phenomena such as orbital shifts of plan- 

ets (e.g., Gomes et al., 2005 ), all of which are still poorly known. 

Furthermore, the earliest stage of impact history is not constrained 

by a similar argument, and the case has been made that differ- 

ent impactor populations have existed at different times during the 

history of the Solar System and are recorded on Mars and on the 

farside of the Moon, respectively ( Bottke et al., 2017 ). 

A frequently made assumption in models of individual impacts 

on planets and/or their effects on their interiors is that the im- 

pactor is a body of the most frequent class, usually assumed to be 

an S-type asteroid traveling at the average impact velocity corre- 

sponding to the target planet and striking at an angle of 45 °. Given 

the need to limit the scope of such studies, this focus on the most 

frequent and hence most likely category is perfectly legitimate, but 

it may lead to impacts of other bodies being forgotten. However, 

all of those other categories are not so rare that they can safely 

be considered insignificant: the contribution of comets has been 

estimated to lie between a few per cent and a few tens of per 

cents, increasing with proximity of the target planet to the Sun 

(e.g., Chyba, 1987; Olsson-Steel, 1987 ). It seems therefore rather 

unlikely that even all of the dozens of large impact basins expected 

to have existed in the inner Solar System were formed only by S- 

type asteroids; for instance, it has been suggested that the South 

Polar–Aitken basin on the Moon or the crater Eminescu on Mer- 

cury were formed by cometary impacts ( Shevchenko et al., 2007; 

Schultz, 2017 ). Geochemical arguments, especially isotopic studies 

of water and nitrogen for the Earth, the Moon, and Mars, point to 

a strong dominance of asteroidal impactors but also confirm the 

existence of a contribution of cometary impactors on the order of 

a few percent (e.g., Barnes et al., 2016 ); these authors also invoke 

carbonaceous chondrites as a major asteroidal source for the wa- 

ter, which would indicate that many impactors were C-type as- 

teroids ( Carry, 2012 ). Near-surface geological aspects of this am- 

biguity have been addressed in the literature in some cases (e.g., 

Pugacheva et al., 2016 , for the Shackleton crater on the Moon), but 

the implications for the deep interior evolution have not received 

much attention so far. 

In this paper, we consider different combinations of impactor 

characteristics that would all result in a crater of the same size (di- 

ameter) according to the scaling laws established by the theory of 

impact dynamics; we will call such events “isocrater impacts”. Re- 

lated scaling laws indicate that such isocrater impacts may still dif- 

fer in their effects on the interior of the planet. By combining two- 

dimensional dynamical models of mantle convection with a pa- 

rameterization of the principal effects of impacts based on scaling 

laws, we address the question whether the differences in interior 

dynamics effects of large isocrater impacts can be large enough to 

have significant consequences for the long-term evolution of the 

planet. The general theoretical considerations in the next section 

also allow us to exclude certain impactor types as causes of large 

impact basins for a given target body and thus also as important 

exogenic influences on interior dynamics. Furthermore, the models 

can also provide hints whether a population of now-extinct im- 

pactors might or must be considered to explain observed conse- 

quences of certain impacts. 

2. Theory 

The final crater is the outcome of the collapse of the transient 

crater formed during the impact, and their diameters D f and D tr 

are related by the empirical relations 

D f = 

{
1 . 18 D tr simple craters 

1 . 17 D 

1 . 13 
tr /D 

0 . 13 
s2c complex craters 

(1) 

( Richardson, 2009; Melosh, 2011 ), where D s2c is the diameter of 

transition from simple to complex crater shape. Following the 

practice of previous studies, we will apply the scaling laws for 

complex craters to the impact basins that result from giant im- 

pacts, because no generally applicable relations are available for 

these extreme cases at this time. However, although numerical 

studies give some indication that several scaling laws also hold for 

large basins ( Potter et al., 2015 ), they also suggest that in partic- 

ular the relations between the dimensions of the transient crater 

and the final structure are not as straightforwardly related as for 

complex craters and that other measures than the final crater di- 

ameter may be more useful (e.g., Miljkovi ́c et al., 2016 ). At any rate, 

although our focus in this study lies on basin-forming impacts be- 

cause of their direct and substantial effect on mantle dynamics, we 

emphasize that the following considerations are at least as valid 

for smaller impacts. 

The relation between the diameter of the transient crater and 

the characteristics of the impactor is derived by dimensional anal- 

ysis: 

D tr = 1 . 16 

(
� imp 

� 

) 1 
3 

D 

0 . 78 
imp 

v 0 . 44 
imp 

g 0 . 22 
, (2) 

where D imp is the diameter of the impactor, ϱ and ϱimp the densi- 

ties of the target and the impactor, v imp is the velocity of the im- 

pactor, and g is gravity (e.g., Werner and Ivanov, 2015 ); following 

common practice (e.g., Chapman and McKinnon, 1986 ), we replace 

the velocity with its vertical component, thus introducing an im- 

plicit dependence on the angle θ with the horizontal in this and 

most of the following equations. The numerical values of the coef- 

ficient and exponents vary with certain target properties, especially 

porosity, and are chosen here to correspond to a frictionless, pore- 

free material because of our main focus on very large impacts; for 

porous targets with friction, the constants would be slightly differ- 

ent (see Supplement). Inserting Eq. (2) into Eq. (1) yields 

D f = 1 . 3688 

(
� imp 

� 

) 1 
3 

D 

0 . 78 
imp 

v 0 . 44 
imp 

g 0 . 22 
(3a) 

for simple craters and 

D f = 1 . 3836 

(
� imp 

� 

)0 . 377 D 

0 . 8814 
imp 

D 

0 . 13 
s2c 

v 0 . 4972 
imp 

g 0 . 2486 
(3b) 

for complex craters. For a given planet, g and ϱ are given and rea- 

sonably well known, and D s2c , which is inversely proportional to 

g , is also a constant characteristic for that planet deduced from 

crater geometry analysis. The remaining variables in Eq. 2 , D imp , 

ϱimp , and v imp , however, are not known and may vary widely be- 

tween different impactor types. Eqs. (3) thus illustrate the dilemma 

of non-uniqueness of the impactor: we have only one observable, 

D f , but three unknown factors. In order to resolve the problem, 

two further independent conditions for these unknowns would be 

necessary. Unfortunately, various other geometrical or structural 
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