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Abstract The effects of the coefficient of friction and porosity on impact cratering are not sufficiently
considered in scaling laws that predict the crater size from a known impactor size, velocity, and mass. We
carried out a systematic numerical study employing more than 1000 two-dimensional models of simple
crater formation under lunar conditions in targets with varying properties. A simple numerical setup is used
where targets are approximated as granular or brecciated materials, and any compression of porous
materials results in permanent compaction. The results are found to be consistent with impact laboratory
experiments for water, low-strength and low-porosity materials (e.g., wet sand), and sands. Using this
assumption, we found that both the friction coefficient and porosity are important for estimating transient
crater diameters as is the strength term in crater scaling laws, i.e,, the effective strength. The effects of
porosity and friction coefficient on impact cratering were parameterized and incorporated into 7 group
scaling laws, and predict transient crater diameters within an accuracy of +5% for targets with friction
coefficients f> 0.4 and porosities ® = 0-30%. Moreover, 90 crater scaling relationships are made available and
can be used to estimate transient crater diameters on various terrains and geological units with different
coefficient of friction, porosity, and cohesion. The derived relationships are most robust for targets with

® > 10-15%, applicable for a lunar environment, and could therefore yield significant insights into the
influence of target properties on cratering statistics.

1. Introduction

Target properties have been found to substantially influence impact crater evolution. However, crater scaling
relationships have only been derived for a few combinations of target properties such as dry and wet sand as
well as water targets [Holsapple and Schmidt, 1982; Schmidt and Housen, 1987; Holsapple and Housen, 20071].
Scaling relationships with target properties similar to lunar materials such as basalts, feldspathic highland
crust, and impact basin ejecta are not yet available. This strongly limits the applicability of existing crater scal-
ing laws to quantify the influence of target properties on terrains with varying geology [Fassett, 2016]. The
purpose of this paper is to systematically assess the influence of the coefficient of friction, porosity, and cohe-
sion (i.e., the shear strength at zero pressure, section 4.1) on diameters of transient craters. Existing = group
scaling laws relating transient crater diameter to impactor and target properties [Buckingham, 1914;
Holsapple and Schmidt, 1987; Holsapple, 1993] are used to fit results of numerical models under lunar condi-
tions. The outcome of this study provides scaling relationships for a wide range of target properties and
advances our understanding of the impact cratering process by integrating more diverse target properties
into crater scaling laws.

The size of a crater that results from an impact of given size is well described by power laws [Holsapple and
Schmidt, 1987]. Over the last decades, experimental studies on various targets such as metals [e.g., Dienes
and Walsh, 1970], water [e.g., Gault and Sonett, 1982; Schmidt and Housen, 1987], dry and wet sand [e.g.,
Gault and Wedekind, 1977; Piekutowski, 1977; Schmidt, 1980; Holsapple and Schmidt, 1982; Schmidt and
Housen, 1987; Yamamoto et al., 2006], and rocks [e.g., Moore et al.,, 1963; Gault, 1973; Poelchau et al., 2013]
proved the applicability of this power law description but also revealed that target properties influence
the crater scaling relationships. However, a comprehensive understanding of the effects of target properties
on crater sizes is still lacking. Experimental approaches face several limitations such as the dependency of
target properties upon each other (e.g., density and porosity), which makes it difficult to constrain the sole
effect of a specific property on crater dimensions [Housen and Holsapple, 2003; Housen and Holsapple, 2011].

PRIEUR ET AL.

TARGET PROPERTIES AND SIMPLE CRATERS 1


http://orcid.org/0000-0003-3705-8081
http://orcid.org/0000-0003-2252-2451
http://orcid.org/0000-0002-0745-1467
http://orcid.org/0000-0001-5423-1566
http://orcid.org/0000-0002-5026-6937
http://orcid.org/0000-0001-5704-0909
http://publications.agu.org/journals/
http://onlinelibrary.wiley.com/journal/10.1002/(ISSN)2169-9100
http://dx.doi.org/10.1002/2017JE005283
http://dx.doi.org/10.1002/2017JE005283
http://dx.doi.org/10.1002/2017JE005283
http://dx.doi.org/10.1002/2017JE005283
http://dx.doi.org/10.1002/2017JE005283
http://dx.doi.org/10.1002/2017JE005283
http://dx.doi.org/10.1002/2017JE005283
mailto:nilscp@geo.uio.no

@AG U Journal of Geophysical Research: Planets 10.1002/2017JE005283

Thus, experimentally derived crater relationships to date cannot account for variations induced by target
properties such as the coefficient of friction and porosity [Elbeshausen et al., 2009].

In contrast, numerical calculations provide a tool for systematic investigation of individual target properties
over a wide range of values and allow to extend the study of cratering dynamics to planetary scale [Pierazzo
and Collins, 2004]. The numerical approach has been widely used in the past to assess the role of projectile
and target properties such as the effect of the coefficient of friction [Elbeshausen et al., 2009; Wiinnemann
et al, 2011], porosity [Wiinnemann et al., 2006; Collins et al., 2011; Wiinnemann et al.,, 2011], and cohesion
[O’Keefe and Ahrens, 1993; Wiinnemann et al., 2011; Giildemeister et al., 2015] on crater growth.

Generally, crater size is mostly influenced by three main target properties, namely, the friction coefficient,
porosity, and cohesion [Housen and Holsapple, 2011]. The effect of the coefficient of friction (hereafter
denoted as f) on craters was first discussed by Holsapple and Schmidt [1979] and Schmidt [1980]. Their study
shows that an increase of f decreases the crater diameter. Recently, Elbeshausen et al. [2009] and Wiinnemann
et al. [2011] investigated the effect of f on crater diameters by numerical modeling of crater formation. Their
results showed a good agreement with experimental studies [Schmidt, 1980] and underlined possible rela-
tionships between derived scaling parameters and f. The effect of target porosity has been addressed in sev-
eral experimental studies [Love et al., 1993; Housen, 1999; Housen and Holsapple, 2003]. These studies confirm
that through compaction of pores, a large amount of energy is dissipated [e.g., Zel'Dovich and Raizer, 1966].
This may result in deeper craters [e.g., Love et al., 1993]; increased heating and melting of the target [e.g.,
Kieffer, 1975; Wiinnemann et al., 2008]; faster decay of the impact-induced shock wave [e.g., Zel'Dovich and
Raizer, 1966; Pierazzo, 1997]; reduction of the amount, speed, and angles at which material is ejected [e.g.,
Housen and Holsapple, 2003; Housen and Holsapple, 2011]; and for this study most importantly decrease of
the crater diameter [Wiinnemann et al., 2006; Collins et al., 2011; Wiinnemann et al.,, 2011]. These studies
underlined the importance of the coefficient of friction and porosity; however, no further effort has been
made to include their effects in crater scaling laws. For competent rocks and for small impact craters, the
cohesive strength plays an important role [Holsapple and Schmidt, 1979]. Although target strength is already
included in existing z-scaling laws, the actual meaning of the strength term is not very well defined and dif-
ferent strength characteristics such as tensile, compressive, and shear strengths have been used to describe
the effect of the resistance of material against deformation on crater size [Housen and Holsapple, 2011]. To
match experimental [Poelchau et al., 2013] and numerical results [Giildemeister et al., 2015] for sandstone
and quartzite targets, the effective strength (i.e., the strength parameter in crater scaling laws, section 3)
could be up to 5 orders of magnitude below the uniaxial compressive material strength. However, further
work is required to understand these discrepancies and to define an appropriate strength parameter in crater
scaling laws.

A clear understanding of how target properties affect the impact process is thus essential in numerous
aspects of planetary geology. These effects may be particularly important when using populations of small
craters to date small areas of and/or young geological units for which the importance of target properties
has not been sufficiently considered yet [Schultz and Spencer, 1979; Dundas et al., 2010; Fassett, 2016; van
der Bogert et al., 2016].

In the remainder of this paper, we describe the basics of impact crater mechanics and scaling laws (sections 2
and 3). A description of the numerical model setup and a comparison of results against experimental studies
are given in section 4. Results are presented in section 5. The incorporation of the coefficient of friction and
porosity in the = group scaling law, model limitations, and a discussion of the results are presented in
sections 6 and 7, respectively. Finally a concluding summary is presented in section 8.

2. Crater Formation and Transient Crater

To separate different processes governing crater formation as a function of time and space, it is convenient to
subdivide impact crater formation into three stages [Melosh, 1989]. First, during the contact and compression
stage the impact of a projectile on a target generates a shock wave at the contact zone, which propagates
through the target, transferring much of the kinetic energy of the impactor to the target. As a consequence
of shock compression and subsequent shock wave release, material is set into motion, which results in the
excavation of a deep bowl-shaped crater (excavation stage). The growth of the crater cavity stops when
the residual kinetic energy of the target is insufficient to displace the target against its own weight
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(gravity-dominated cratering) or against the material strength (strength-dominated cratering). At the end of
this stage, the crater is often called the transient crater [Dence, 1968]. Subsequently, the transient crater
collapses to form the final crater (modification stage). Depending on the size of the transient crater and
the degree of subsequent collapse during modification, crater morphologies observed on planetary surfaces
are generally classified into two groups: (1) bowl-shaped simple craters and (2) complex craters that feature a
combination of crater terraces, central uplift, and multiring structures [Melosh and Ivanov, 1999].

Due to the distinction between the transient crater and final crater, it also makes sense to quantify crater
formation by a two-step approach: the formation of the transient crater and the collapse (resulting in a final
crater). Studying crater evolution until final crater formation requires models to include the whole modifi-
cation stage, which increases computational time substantially. Alternatively, transient craters (1) are
reached earlier during crater formation, (2) are the best measure of the kinetic energy transmitted from
the projectile to the target [e.g., Schmidt and Housen, 1987], and (3) have diameters that are well described
by power laws [e.g., Holsapple, 1993]. Therefore, the use of transient crater geometries facilitates the devel-
opment of robust crater-to-projectile scaling relationships and further allows separation of the influence of
target properties from other processes. Therefore, we focus on scaling relationships derived for transient
crater diameters for simple craters; relationships for the final rim-to-rim crater diameters are not addressed
here yet.

The definition of the transient crater is a crucial step in the development of robust crater scaling relation-
ships from numerical experiments. Typically, it is defined as the maximum extent to which excavation
proceeds in every direction [e.g., Dence, 1968; Turtle et al., 2005; Elbeshausen et al., 2009; Wiinnemann
et al, 2011]. However, the definition of transient crater is subtle because the maximum geometric extent
of the cavity is reached at different times for different components (e.g., diameter and depth) during cra-
ter growth [Turtle et al., 2005; Elbeshausen et al., 2009]. In previous studies the transient crater was not
defined as its maximum extent but at the time when it reached either its maximum depth [e.g.,
Elbeshausen et al., 2009] or volume [e.g., Elbeshausen et al., 2009; Giildemeister et al. 2015]. Although
not exact, the definition of transient crater at a specific time is expected to be reasonable for laboratory
experiments, where the amount of collapse is minimal and the excavation flow relatively simple (i.e., cra-
ter growth first ceases to expand vertically, and then horizontally). However, this assumption might not
be applicable for impact crater on planetary scale. Turtle et al. [2005] discussed the challenges in defining
a transient crater for complex craters. The rapid uplift of the crater floor causes a relatively complex evo-
lution of the crater, where both the excavation (horizontally) and modification (crater floor uplift) stages
occur simultaneously. Because of possible dependencies of scaling relationships for complex craters on
the definition of the transient crater, the present study focuses on simple craters, i.e., crater diameters less
than 16-19 km on the Moon [Pike, 1980]. The influence of the transient crater definition on the derived
scaling results is investigated in the supporting information (for details, see Text S1). We chose to define
the transient crater diameter to be the diameter of the crater at the time of maximum cavity volume,
because it gave the most consistent results with experimental studies.

3. Crater Scaling Laws

Although projectile size and velocity associated with a crater observed on a planetary surface are unknown,
we can use empirical relationships (crater scaling laws) to predict crater sizes from known impactor and tar-
get properties. To estimate the outcome of an impact, crater scaling laws employ the point source approxi-
mation as initial impact condition in which the projectile’s energy and momentum are released in a small
region, the so-called coupling zone, buried at a certain depth in the target [Holsapple and Schmidt, 19871.
According to this concept, a number of impact-related processes (e.g., shock wave decay, ejection, and crater
formation) observed at a late stage during crater formation can be described by a single coupling parameter
C (equation (1)) that depends on the initial impactor (diameter L, density J, and velocity U) and target proper-
ties [Dienes and Walsh, 1970; Holsapple and Schmidt, 1987],

C=LU"o". (M

In this late-stage process, Cis proportional to a combination of the energy and the momentum of the impac-
tor and is quantified by the velocity-scaling exponent y, while v is the density scaling exponent.
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The most common and successful approach to predict crater size for a given impact is the so-called = group
scaling. A detailed description is given in Holsapple and Schmidt [1982, 1987] and Holsapple [1993]. Only a
summary for the determination of the transient crater diameter D as a function of projectile and target prop-
erties (density p, gravity g, and effective strength Ygg) is stated here:

D= f](U,L,Cs,p,YEFF,g). (2)

To decrease the number of parameters, the independent variables are gathered into dimensionless groups
[Buckingham, 1914]. The dimensionless analysis of equation (2) yields

p :f2(7T277T377T4)7 (3)

with the dimensionless crater diameter zp and

gl
T = 1.61 7 4
y
T3 = ﬁ (5)
T4 :%. ©)

The gravity-scaled size x, is the ratio of gravitational and inertial stresses and indicates the importance of
gravity limiting the size of the transient crater (equation (4)). The parameter 3 is the strength-scaled size,
a measure of the importance of target material strength in stopping crater growth (equation (5)). The effec-
tive strength Ygrr encompasses a large number of processes and properties that influence the overall
strength of the target during crater growth [Holsapple, 1993]. Whether this parameter is related to any spe-
cific measure of material strength or numerical strength model parameter is not yet understood (see
section 4.1). Finally, =, denotes the ratio of target and projectile densities (equation (6)). The use of dimen-
sionless parameters makes it possible to relate small-scale experiments with various impact velocities, projec-
tile sizes, and target properties to large-scale natural craters in different gravity environments [Holsapple and
Schmidt, 1982].

The dimensionless crater diameter (zp) is proportional to the ratio of the transient crater diameter and the
projectile diameter. The parameter x5 provides insight into the efficiency to open the crater cavity while also
considering the density contrast of projectile and target [e.g., Schmidt, 1980]:

7 =D (%) , )

The parameter 7 can be expressed in terms of dimensionless parameters and scaling coefficient (K;) and
exponents (u and v). In its complete form, a single crater scaling law covers both the strength and gravity
regime [Holsapple, 1993]:

where m; is the mass of the projectile.

i
24u—6v 26\ 2 | 2T
wp =Ky |myws 4 (w3 ma . (8)

Note that the scaling coefficient K; is here included in the effective strength parameter Ygrr and the strength-
scaled size (equation (5)) following Holsapple [1993]. As an example, Figure 1 shows schematically zp as a
function of 7, (equation (8)) for two materials with similar coefficient of friction and porosity. Material 1
(M1) is a typical example for the behavior of granular materials with no effective strength in the absence
of overburden pressure (Yere = 0 and 73 = 0), whereas material 2 (M2) has a finite effective strength such
as rocks (Ygrr # 0 and 3 # 0). For sufficiently small z,, the 73 term in equation (8) dominates and the scaled
crater diameter becomes independent of the gravity-scaled size x,. In this case, crater size is controlled by
strength (strength-dominated crater) and equation (8) simplifies to
—H —H

mp = Kim3 2wy 3,

1-3v _# (9)
p = KD57T3_g7With Kps = Kimg 3 and ¢ = 7
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Figure 1. Dimensionless crater diameter (zp) as a function of the gravity-scaled size (75). Schematic description of typical
scaling laws for granular (M1, dotted line) and rock (M2, bold line) target materials. The different crater formation regimes
for M1 and M2 are labeled at the top of the diagram. The thin, vertical dashed line represents the simple-to-complex
transition. Note that this schematic description is similar to Figure 18 in Neukum and Ivanov [1994].

For larger craters (i.e., larger 5 values) or for granular targets (Ygrr = 0 and 73 = 0), gravity dominates (7> 73),
and the effects of cohesion can be neglected. The scaling line for material M2 converges toward the granular
material M1 and the gravity scaling. In this regime, an increase in 7, results in a decrease in 7z following a
simple power law line (dotted line in Figure 1) and equation (8) simplifies to

—p 24 u—6v
p = K17[22+;171-4 3(2+u) R

2+u—6v u (10)
p = KDﬁzfﬂ,With Kp = K4 32+0) and f = m

The scaling parameters K, 1, and v (equations (8)-(10)) can be determined empirically by laboratory cratering or
numerical experiments by fitting either equation (9) for strength-dominated craters or equation (10) for gravity-
dominated craters to the experimental or numerical data. Because the transition from purely gravity-dominated
craters to purely strength-dominated craters is gradual, data from the transition regime has to be cautiously
excluded, when equation (9) or (10) is used to determine the scaling parameters [e.g., Glildemeister et al.,
2015]. The crater diameter at which this transition occurs is often referred to as the strength-to-gravity transition
Dsc [see Croft, 1985, Figure 11. This transition is here defined as the point where the horizontal interpolation of
the strength regime intersects with the gravity scaling [Neukum and Ivanov, 1994] (Figure 1).

The scaling laws provide two important pieces of information. First, they indicate how D (zp) varies in differ-
ent targets as a function of projectile size, velocity, mass, gravity (z,), and strength (z3). Second, the velocity
exponent (u) expresses the proportionality of the crater size to the projectile energy and momentum. If the
crater size is proportional to the impact energy, u = 2/3, whereas u = 1/3 if it scales with the momentum of
the impactor [Holsapple and Schmidt, 1987]. Therefore, i is bounded by two theoretical end-member values
and depends on target properties such as the coefficient of friction and porosity [Schmidt, 1980; Holsapple
and Schmidt, 1987]. In general, craters that scale close to the energy limit form in materials with little (or
no) initial porosity or friction coefficient, whereas craters that scale closer to the momentum limit form in
materials with significant initial porosity and friction coefficient, such as sand.

According to the z-scaling and late-stage equivalence concepts [Holsapple and Schmidt, 1982; Schmidt and
Housen, 1987; Holsapple, 1993], u is a material-specific constant and crater size depends on impact velocity only
through the 7, and 73 terms (i.e., there is no other dependence onimpact velocity). Under this assumption, u can
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be determined from the power law relationship between scaled crater size (e.g., 7p) and scaled source size (e.g.,
), regardless of which independent variable (e.g., impact velocity U,impactor diameter L, or gravity g) is varied.
We adopt this assumption here and vary z, in our numerical simulations by varying only the impactor diameter
and fixing the target gravity and impact velocity. We note that if there is any additional impact velocity depen-
dencetocrater scaling, contrary to the assumption made here, the scaling laws that stem from our results would
apply only forimpacts at speeds similar to that used in our study (12.7 km/s). In particular, it is possible that an
additional velocity dependence applies forimpact speeds lower than the target sound speed [e.g., Housen and
Holsapple, 2011; Yamamoto et al.,2017],and so our results should be applied with caution in this regime. Finally,
the density scaling exponent is kept constant here (v=0.4), which corresponds to a reasonable value for a wide
range of materials and is estimated from previous experimental studies [e.g., Holsapple, 1993].

4. Numerical Experiments
4.1. Model Setup

We compute impact crater formation using the iSALE-2D shock physics code (iSALE-Chicxulub, www.isale-
code.de), which is based on the SALE hydrocode solution algorithm [Amsden et al., 1980]. Recent modifica-
tions include a sophisticated strength model [Collins et al, 2004], a porosity compaction model
[Wiinnemann et al., 2006; Collins et al., 2011], a dilatancy model [Collins, 2014], and various equations of state,
and the code can simulate impacts into multiple materials [Melosh et al., 1992; Ivanov et al., 1997]. iSALE-2D
has been rigorously validated against experimental studies [Pierazzo et al., 2008; Davison et al., 2011; Miljkovi¢
et al, 2012] and is therefore an adequate tool for this study.

Because of the 2-D setup, we are limited to vertical (90°) impacts. Simulations are conducted for a lunar sur-
face (g = 1.62 m/s?) with a constant impact velocity of U = 12.7 km/s, which is the vertical component of the
average lunar impact velocity (18 km/s) at a 45° angle [e.g., Ivanov, 2001; Elbeshausen et al., 2009]. For each
target, projectile diameters are varied (25 m <L <1000 m) and only craters resulting in simple craters are
selected for further analyses. The transient crater is defined in our models at the maximum cavity volume
(section 2 and supporting information Text S1) and the transient diameter measured at the preimpact surface.

We use the Drucker-Prager model to describe the mechanical behavior of target materials. This strength model
defines the shear strength of the bulk material, Y, as Y=min (Yo + fp; Y. ;m), where Y is the strength at zero pres-
sure (the cohesion), pis the overburden lithostatic pressure, Y| v is the limiting strength at high pressure, and fis
the coefficient of internal friction (which controls the change of strength with pressure). As described in detail in
Elbeshausen et al.[2009], the coefficient of friction in iSALE fdoes not exactly match the coefficient of frictionin a
Mohr-Coulomb model f,,,.. However, fand f,,,. can be approximately related by f~ f,,,c cosd, where the angle of
internal friction § = tan™'f,;,. Note that fand f,,, are not uniquely related, because f depends on all three prin-
ciple stresses (g1, 05, and a3), while the Mohr-Coulomb model assumes o, = 3. The Drucker-Prager model best
represents the behavior of granular materials. We also use it here for rock targets, which is a simplification since
strength degradation owing to fracturing is neglected [Collins et al., 2004]. However, we point out that as a con-
sequence of the passage of the shock wave and subsequent release wave, rocks in the vicinity of the crater are
heavily shattered. Therefore, the combination of continuous bombardment of a surface coupled with fragmen-
tation due to impact cratering is likely to result in old surfaces that become extensively fractured and fragmen-
ted over time. The crater growth occurs in the fractured (damaged) zone, where the material may be considered
as granular or breccia. The use of a more complex strength model [Collins et al., 2004] requires at least twice as
many parameters, which would make systematic investigation more realistic but also more complicated. The
effect of Y, the limiting strength at high pressure, is investigated in detail in section 5.2. The shear strength
of the material depends also on the target’s preimpact temperature and pressure as well as the melting tem-
perature of the material. If temperature exceeds the melting point, the shear strength drops to zero [Collins
et al., 2004]. In iSALE-2D, this thermal softening is accounted for by using the formulation of Ohnaka [1995].

The targets in our models consist of a single basalt layer without any spatial variations (half space). The projec-
tile is composed of nonporous basalt in all models. The analytical tabulated equation of state (ANEOS) for basalt
[Pierazzo et al., 2005] is used to describe the thermodynamic state of the projectile and the target material.

We investigate the effect of target porosity with the help of the e-a compaction model [Wiinnemann et al.,
2006; Collins et al., 2011] in which collapse of pore spaces is described by a compaction function relating
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the porosity and the volumetric strain (pressure). The porosity model requires five input parameters each of
which has a physical meaning (aq, a,, K, €., and y). The parameter a4 is the initial distension and is related to
the porosity with a = 1/(1 — ®). The parameter o, is the distension at the transition that separates two
regimes, i.e., the compaction due to grain rearrangement (exponential decay) and fracturing of individual
grains (power law decay). K is the compaction rate in the exponential compaction regime, &, is the volumetric
strain at the onset of plastic (irreversible) compaction, and yx is the ratio between the porous and nonporous
bulk sound speed. To reduce the number of free model parameters, the compaction model parameters are
here held constant regardless of the initial porosity in the target. Ideally, each of these model parameters
would be determined from specific crushing experiments for a given material and these parameters may vary
depending on the initial porosity [e.g., Wiinnemann et al.,, 2006; Davison et al., 2010; Collins et al., 2011;
Miljkovi¢ et al., 2012]. However, such experiments are only available for a limited number of materials that
are not representative for the lunar surface and upper crust. For this study, we use g, =0, k = 0.98, a,, = 1.0,
and y = 1 in all cases. These parameter values have been shown to approximate targets with moderate por-
osity such as sands reasonably well [Wiinnemann et al., 2006; Collins et al., 2011]. To test whether the assump-
tion of holding compaction parameters constant is valid over a larger range of porosity, a sensitivity analysis
of scaling results on compaction model parameters is conducted in section 5.2. The implications of the
simplifications related to the strength and compaction models are discussed in section 7.1.

A modeltoaccountfordilatancy (the increase in porosity as a consequence of shear deformation) is available in
iSALE [Collins, 2014] but is not used here because we consider only transient crater formation. Collins [2014]
showed that dilatancy is mostimportant during the modification stage and that transient crater size is relatively
insensitive to dilatancy. A resolution of 20 cells per projectile radius provides the best compromise between rea-
sonable computation time and sufficient accuracy (see supporting information Text S2). All cases use a high-
resolution zone at least 1.5-2 times larger than the expected transient craters and a surrounding extensional
zone (i.e., azone where the cell size is gradually increased) to minimize the possible effects of shock wave reflec-
tions at the models’ boundaries [e.g., Wiinnemann et al., 2011]. Target properties such as the coefficient of fric-
tion, porosity, and cohesion are varied one at a time in order to isolate and understand their influence on
transient crater diameters. Target properties and model parameters are summarized in Tables 1 and 2.

4.2. Comparison With Existing Scaling Relationships

For all cases the thermodynamic state of the target material is described by the equation of state for basalt
together with the ¢-a porosity model, regardless of the nature of the material. The water target is, for instance,
approximated as a strengthless basalt (f= 0 and Y, = 0), whereas sand is approximated by a “basaltic” sand
with similar physical properties as sand. Even though simplified, this systematic approach contributes to a
better understanding of the effect of material properties on lunar crater formation. To assess the reliability
of the numerically derived scaling results, we compare them with established scaling laws that are based
on physical cratering experiments for different types of sand materials and water (Figure 2). Experimentally
derived crater relationships are based on final crater diameters. But because of the small degree (i.e.,, ~10%
differences between the transient and final crater diameters, both measured from the preimpact surface)
of final crater collapse in experiments [e.g., Ormé et al., 2015; Wiinnemann et al., 2016], these crater relation-
ships are comparable with our numerical results derived from transient crater diameters. When available, the
friction coefficient and porosity values were taken from references specified in Table 3. Wet sand may have a
very small internal coefficient of friction, close to the zero internal coefficient of friction of water [Wiinnemann
et al., 2006; Elbeshausen et al., 2009]. A coefficient of friction of 0.1 (and an uncertainty value of 0.1) was there-
fore used as a representative value.

In general, our results agree very well with experimental results (Figure 2), which indicates the validity of the
above described model setup and proves that this model can be used over a wide range of target properties
such as those for the materials presented in Table 3. The experimental scaling relationship for dry sand (i.e.,
dense and loose sands) falls in between our numerical scaling lines for f = 0.6-0.8 and ® = 30-40% (Figure 2b).
Results are thus in good agreement with typical coefficients of friction (f = 0.7) [Elbeshausen et al., 2009;
Miljkovi¢ et al., 2012] and porosities (& = 30-40%) for sand [Holsapple and Schmidt, 1982]. The derived scaling
exponents (f) differ by less than 1% from experimental data (Table 3), while the scaling coefficients (Kp)
match reasonably (~ £ 10%). This is also supported by direct comparison of the experimentally and numeri-
cally derived scaling relations, which generally deviate by only 5% or less (Figure 2c).
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Table 1. Model Parameters Used in the Analysis of Impact Cratering Solely Governed by Gravity (Under Lunar Conditions
and Size of Projectiles Used in This Study)

Parameters Symbol Value(s) Employed Unit
Equation of state - ANEOS Basalt -
Poisson’s ratio = 0.25 =

Global setup parameters

Impact velocity V) 12.7 km/s
Gravitational acceleration g 1.62 m/s

Thermal parameters

Solidus (at zero pressure) - 1360 K
Specific heat capacity - 850 J/kg/K
Thermal softening parameter - 1.2 -
Constant in Simon'’s approximation (Pa) - 45%10° Pa
Exponent in Simon’s approximation (—) - 3.0 -
Thermal gradient (K/km) - 3.0 K/km

Strength parameters

Cohesion of material Yo 5 Pa
Coefficient of internal friction f 0.0,0.1,0.2,0.4,06,0.8,0.9, 1.0 -
Limiting strength at high pressure Yim 1.0 x 10° Pa

Porosity properties

Initial porosity (0] 0,1,23,5,6,8,9, 10, 12, 20, 30, 40, 50 %
Elastic threshold e 0.0 =
Transition from power to exp. decay ox 1.0 -
Kappa—exponential coefficient K 0.98 -
Sound speed ratio X 1.0 -

Based on the high degree of similarity of scaling relationships for geological materials and the numerical ana-
logs used here, we find that (1) our scaling laws for cohesionless granular materials can be extrapolated down
to laboratory scale (7, ~ 1078-107°), (2) crater mechanisms for simple craters are comparable to laboratory-
scale experiments, and (3) natural materials can be reasonably approximated by a target with a constant
equation of state for basalt and similar properties.

5. Results

Crater scaling laws in the gravity and strength regime have a distinct behavior (Figure 1). Therefore, we sepa-
rated our study into two sets of experiments. First, we studied granular targets, here defined as targets with
negligible cohesive strength (often denoted as cohesionless, Y, = 0), to derive scaling laws purely in the grav-
ity regime. Note that the term cohesionless (Yo =0, f = 0) is different from the term strengthless (Y, =f=0). For
these experiments, only friction coefficient (f) and porosity (®) are varied (Table 1). Second, we investigated
the effect of target properties on rock-like materials (often denoted as competent materials, Y, + 0), i.e., here
simulated as brecciated materials with large cohesive strength, high coefficient of friction, and low porosity

Table 2. Model Parameters Used in the Analysis of Impact Cratering Governed by Both Gravity and Material Strength®

Parameter Symbol Value(s) Employed Unit
Impact velocity ) 12.7 km/s
Gravitational acceleration g 1.62 m/s*
Coefficient of internal friction f 0.2,04,0.6,0.8 -
Initial porosity [} 10, 20, 30, 40 %
Cohesion of material Yo 0.05, 0.1, 0.5, 1.0, 2.0, 5.0, 10.0 MPa

@Note that only some of the possible combinations of parameters were modeled. The parameter space covered here is
much smaller than in Table 1 due to the fact that three target properties are now systematically varied, increasing con-
siderably the number of possible combinations.
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Figure 2. The 7 scaling for experimentally (colored bold
lines) and numerically derived (black dots) for (a) water
and wet-sand targets and (b) for different types of dry
sand materials (see Table 3). (c) Ratios of numerical and
experimental results for similar target properties.

(see section 4.1). Crater scaling laws are derived for
several combinations of target properties (see
Table 2) and relationships between friction coefficient,
porosity, and cohesion of the material and scaling
parameters are evaluated.

5.1. The Effect of the Coefficient of Friction and
Porosity on Transient Crater Diameter for
Gravity-Dominated Craters

We performed 30 simulations with varying coefficients
of friction (f= 0.1, 0.2, 0.4, 0.8) to investigate the effect
of friction coefficient on transient crater diameter for
porous targets (using a constant porosity of ® = 30%,
Figure 3a). For each combination of target properties,
a scaling exponent (# = u/(2 + u), equation (10)) and
coefficient (Kp) are derived from at least five impact
crater simulations using least squares fits.

Targets with larger f lead to a shift of scaling relation-
ships to smaller dimensionless crater diameters (zp)
and thus smaller transient crater diameters (Figure 3a).
This demonstrates that increasing the coefficient of fric-
tion reduces the crater efficiency as expected since f
controls the material strength at pressure (section 4.1).
We note that the reduced crater efficiency in targets
with different coefficients of friction is substantial. For
example, for L = 25-1000 m, transient crater diameters
for a target with f = 0.8 (such as f for sands or rocks)
are reduced by ~25-40% compared to a target with
f=0.1 (such as wet sand).

To examine the effect of porosity on crater sizes, we
performed 30 additional simulations for materials with
a constant coefficient of friction (f = 0.6) but with dif-
ferent porosities (@ = 10, 20, 30, 40, and 50%,
Figure 3b). The presence of porosity causes a reduc-
tion of crater efficiency through the compaction of
pores, such that less energy is available for the crater
excavation [e.g., Zel'Dovich and Raizer, 1966; Love
et al, 1993]. A change in porosity from ® = 10 to
® = 50% causes a decrease of about ~20-25% in 7p.
Although the crater efficiency decreases with zp, we
emphasize that it does not necessarily imply a
decrease in transient crater diameters with porosity
because of the corresponding reduction in target den-
sity. Results are also compared to the dry sand scaling
[Holsapple and Housen, 2007], and the scaling relation-
ships for targets with f= 0.6-0.8 and ® = 30-40% pro-
vide a good match as shown in section 4.2.

To develop robust scaling laws and find eventual rela-
tionships between scaling parameters and target
properties, the parameter space spanned by the fric-
tion coefficient and porosity was extended to addi-
tional setups, where porosity ® =0, 1, 2, 3,5, 6, 8, 9,
10, 12, 20, 30, 40, and 50% and f = 0.1, 0.2, 0.4, 0.6,
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Table 3. Comparison of Parameters Resulting From This Study and Previous Experimental Results®

Target Properties Scaling Parameters
Material Friction Porosity Ky s
Experimental results
Water” 00 0% 1.880 —0.222
Water saturated sand® ~0.1 ~0% 1.600 —0.220
Dense sand® ~0.7 30-40% 1.704 —0.167
Dense sandd ~0.7 30-40% 1.560 —0.170
Loose sand® 0.52 ~40% 1.424 -0.175
This work

Water analog 0.0 0% 1.735 —0.222
Wet-sand analog 0.1 0% 1.615 —0.218
Sand analog 0.6 30% 1.660 —0.169
Sand analog 0.6 40% 1473 —0.175
Sand analog 0.8 30% 1.623 —0.164
Sand analog 0.8 40% 1.496 —0.166

@All scaling parameters are derived from transient crater diameters measured from the preimpact surface. Friction is
indicated by coefficients of friction in iSALE.
After Schmidt and Housen [1987] scaling laws for water and gravity scaling of wet sand.
CAfter Schmidt [1980].
5 After Holsapple and yousen [2007, Table 1], often referred to as the dry sand scaling, here calculated with p = 1700 kg/
m~ and ¢ = 3000 kg/m™ and multiplied by a constant factor of 1.3.
€After Gault and Wedekind [1977].

0.8,0.9, and 1.0. About 600 numerical simulations have been performed, and the resulting scaling parameters
for all possible combinations are summarized in Table 4. The dependencies of scaling parameters (u and Kp)
on target properties (f and ®) are plotted in Figure 4 for selected combinations. The scaling exponent § is
here converted to the more frequently used velocity-scaling exponent x using equation (10).

In the first step, we describe the influence of target properties on the scaling exponent (u). Results indicate
that x4 ranges from 0.56 (for a frictionless target), close to the energy scaling, to 0.39 (for target with
f > 0.6-0.8), close to the momentum scaling (Figure 4a). However, we note that both extreme values still
remain clearly distinguishable from the energy and momentum scaling. The highest u (0.44-0.56) are com-
puted for nonporous cases since less of the energy deposited in a nonporous target is dissipated during
the formation of the crater [Pierazzo, 1997]. Depending on the target’s porosity, u is shifted toward higher
or lower values, which indicates that porosity also influences the resulting u. A better description of this effect
is depicted in Figure 4c, where u is plotted as a function of ®. Surprisingly, materials with large porosity, i.e.,

a) Friction 0.1, T = 1.360 T, 027 b) Porosity 10%. Tt = -0.165
e =0 2 Yy o, T = 2.033 T,
30 —A— Friction 0.2, ip = 1.446 1, 0117 251 —&— Porosity 20%, ip = 1.873 T, 01
—y— Friction 0.4, Tip = 1.591 1, 3181 ~7— Porosity 30%, mip = 1.660 1 %1
—{} Friction 0.6, Tp = 1.660 M, '0‘164 —L1 Porosity 40%, p = 1.473 1, '0<181
25 ] <~ Friction 0.8, p = 1.623 1, ™ ~O— Porosity 50%, Tip = 1.292 1,
20 1
N =
UE 20 dE
S s
a 17
[0] O 15
= =)
g 15 g
Dry sand scaling
Dry sand scaling [Holsapple & Housen, 2007]
[Holsapple & Housen, 2007]
10 A 10
Porosity 30 % , Cohesion 5 Pa Friction 0.6 , Cohesion 5 Pa oS
T T : .
10® 107 1076 1078
rp-values (* '?jzg") me-values (* -?J‘ZQ'-)

Figure 3. Dimensionless crater diameters (zp) plotted versus the gravity-scaled values (z5) (log-log plot) for granular
targets (cohesion Yy = 5 Pa) with (a) porosity ® = 30% and varying coefficient of frictions (0.1 < f<0.8) and (b) with
f=0.6 and 10% < ® < 50%. Power laws are fitted through data points using a least squares method. The dry sand scaling
[Holsapple and Housen, 20071] is plotted for reference.
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Table 4. Scaling Relationships for the Range of Coefficient of Friction and of Porosity Listed in Table 1 Written in the Form zp = Kp nz_ﬁa

Friction/Porosity 0% 1% 2% 3% 5% 6 % 8 %

0.0 1.735 my 0222 = . = . = =

0.1 1615 1y 0218 1.767 ny 02%8 1.836 mp 02 1.772 1y 02% 1.778 my 0202 1.715 my %204 1.689 my 0203
02 1711 1y 0-2%8 1.859 1, *1%° 1.943 1, 0193 1.901 1, *1%3 1.875 my 192 1791 1y *1%° 1.770 1y *1%%
04 1.754 7, 01%° 2.025 7y 2182 2.058 my %179 21027, 2176 2.096 1y 0175 2,021 my %177 1.992 1, %176
06 1.902 m, %181 2.093 1, %171 2,073 1, 17! 2.108 m, *16° 2.225 , 0162 2,125 1, 2163 2.040 7, *-166
08 1.842 m, %181 2.043 1, 0166 2,063 1, *16° 2.066 1y 016 2.100 2160 2.115 my 2 1%8 2.048 1y 0132
09 1.741 1, *1%7 1.990 7, *166 1.949 7, 0168 1.861 15 %17 2.011 iy 2162 1922 1, 01%° 1.932 1, %162
1.0 - - - - - - -
Friction/Porosity 9% 10 % 12% 20 % 30 % 40 % 50 %

0.0 - - - - - - -

0.1 1.639 my %204 1.730 my *1%° 1.585 1, 020 1508 @ 228 1.360 1, 0207 1197 my 0212 0.995 1, 0222
02 1738 1y O1%° 1.809 7y *1%0 1689 my *1%° 1618 my *1° 1.446 1y *1%7 1.293 m, %201 1.092 m, 0210
04 1.949 7, %177 1.999 7y *174 1.862my 0178 1.746 my *178 1591 my O18! 1.420 7, 0186 1.225 1y %193
06 2,038 1, 016° 2,033 1, 0 16° 1.984 1, 01%° 1.873 my >16° 1.660 7, *16° 1473 1y %175 1.292 7, >181
08 2.004 1, %10 1.994 7, 01%9 1.991 my O1°8 1.840 my *1>° 1623 iy O164 1.496 m, 0166 1277 o 2V
09 1.768 my 0169 1.972 my 018 1.699 my 0169 1.635 my 166 1.584 my 0164 1.397 my %170 1210wy %177
1.0 = 1.884 1, 162 = 1872 i, 22 1422 1, %172 1353 m, 0173 1.530 7, *160

Scaling exponents A can be converted into the velocity-scaling exponent x using u = (28)/(1 — f).

materials with significant dissipation of energy, also feature large u. The effect of porosity on u seems thus to
be separated into two regimes. For ® < ~10%, the rapid decay of x appears to be independent of the target’s
coefficient of friction. In the second regime (® > 10%), a slight linear increase of x with ® is observed. This
particular detail is not yet fully understood and requires further attention. However, we point out that the
coefficient of friction has, in general, a much stronger influence on u than porosity.

In terms of the scaling coefficient (Kp), however, the target porosity clearly has a stronger effect than the
friction coefficient (Figures 4b and 4d). Kp generally decreases linearly with porosity, but for ® < ~5% the
results deviate from the linear relationship and converge toward smaller Ky for nonporous targets. This
behavior at small porosities is difficult to explain but is consistent with our findings for the scaling expo-
nents above (Figure 4c). In addition, we find that scaling coefficients increase with increasing coefficient
of friction for f < 0.6 but decrease for f > 0.6 (Figure 4b). In general, Kp values are constant within +5%
over the whole range of studied coefficients of friction, while Kp decreases by about 25-30% if target por-
osity increases from @ = 10% to 30%.

To further investigate the robustness of these findings, we compared our results to previous numerical
experiments that employed a similar setup but with lower impact velocity (U = 5 km/s) and a quartzite equa-
tion of state [Wiinnemann et al., 2011]. If these crater relationships are recalculated to include only simple cra-
ters, results exhibit comparable trends in the above described relationships (Figure 4). However, we underline
that if scaling parameters are plugged into equation (10), our zp values are up to 10% higher than those in
Wiinnemann et al. [2011]. This may indicate a possible additional velocity dependence, which is not
accounted for through 7, (section 3).

5.2. Dependencies of the Scaling Results on Strength and Porosity Model Parameters

To provide a measure of the uncertainty induced by assuming a constant limiting strength at high pressure
Yum and constant compaction parameters, a sensitivity analysis has been conducted (Figure 5, model para-
meters are summarized in Table 5). To assess the influence of Y,y on the obtained results, we derived scaling
parameters for targets with f= 0.6, ® = 20%, and cohesion of 5 Pa for a range of Y| ;. The results show that the
effect of the strength limit is minor, with only a small decrease (~5%) of the scaling exponents for a very low
Yum = 0.1 GPa (Figure 5a). For Y m > 0.5 GPa, the scaling exponent is not affected at all consistent with
Glildemeister et al. [2015].

We investigate the effect of the choice of compaction parameters K and a,, using a range of values simi-
lar to that in Collins et al. [2011] and Davison et al. [2016]. Our results indicate a minor and probably
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Figure 4. Crater scaling exponent (1) and coefficient (Kp) as a function of (a, b) target friction coefficient fand (c, d) porosity
@, derived from at least five simulations using different L (25 m <L <1000 m). Empty stars depict recapitulated data for
simple craters from Wiinnemann et al. [2011].

negligible influence on the transient crater diameter (Figures 5b and 5c¢). In contrast, the onset of plastic
compaction (g.), which can be considered as the critical strain below which compaction is irreversible
and describes the stress that is needed to permanently crush the material [Wiinnemann et al., 2006;
Collins et al.,, 2011; Gildemeister et al., 2013; Luther et al, 2017], and the bulk sound speed ratio (y) of
porous material and the nonporous matrix are the most influential parameters (Figure 5d). Two cases
were investigated.

First, the onset of plastic compaction was chosen to be ¢, = —0.01 (i.e., the onset of plastic compaction
starts when a given volume is compressed to 99% of its initial volume), which represents well the beha-
vior observed for terrestrial dry porous sandstones with ® = 15-20% [Wong and Baud, 1999; Vajdova
et al.,, 2004]. As porosity decreases in a rock, the critical pressure (i.e., the pressure needed to start com-
paction in a sample) and, thus, the corresponding volumetric strain required for the onset of compac-
tion also increases [Wong and Baud, 1999]. A compilation of critical pressures for carbonate rocks with
different porosities indicates the critical pressure to be relatively constant for ® > 15% [Vajdova et al.,
2004]. However, for rocks with @ < 15%, the critical pressure to start compaction increases with
decreasing porosity, with a critical pressure about 10 times larger for ® = 3% than for ® = 15%
[Vajdova et al., 2004].

In the second case, we thus assume the threshold value for compaction to be 10 times larger (in terms of the
absolute value) than in the first case (¢, = —0.1). In both cases, the initial porosity was held constant in order to
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Figure 5. Scaling relationships for (a) different limiting strengths at high pressure Y|,y and (b—d) for various porosity model
parameters using projectiles diameters 100 <L < 1000 m, an impact speed of U = 12.7 km/s, and a gravity g = 1.62 m/s2.
The black dotted line depicts the case where porosity model parameters are held constant. Table 5 summarizes strength
and porosity model parameters for each case. The experimental dry sand scaling (f ~ 0.7, ® = 30-40%) is shown for
comparison [Holsapple and Housen, 2007].

compare results and bulk sound speed ratios were varied over a plausible range (y = 0.6-1.0). Both results are
compared to the case in which the elastic compaction regime is neglected (¢, = 0, Figure 5, black dotted line),
which is a good approximation for low-strength, high-porosity targets, such as sand [e.g., Miljkovi¢ et al.,
2012]. The difference between the two cases with ¢, = —0.01 and y = 0.6 or y = 1.0, respectively, is only
about +2%. With ¢, = —0.1, more significant deviations from the model with &, = —0.01 are obtained, with
an ~5-20% increase in crater efficiency depending on the bulk sound speed ratio y. However, as porosity
decreases, y gets closer to 1. Thus, we expect the crater efficiency more to be ~5-10% larger for low-
porosity target. This simple test indicates that the two compaction model parameters ¢, and y likely
depend on the initial porosity of the material. For the current work in which ¢, and y have not been
adjusted for low porosities, the results obtained for very small porosity have thus to be interpreted
with caution.

5.3. The Effect of Cohesion, Coefficient of Friction, and Porosity on Transient Crater Diameter for
Strength and Gravity-Dominated Craters

So far, we have focused on the gravity regime only, i.e., granular targets with negligible cohesion Yj. In this
section, we further investigate how (a) cohesion, (b) friction coefficient, and (c) porosity affect transient crater
diameters across the strength-gravity regime transition (Figure 6). For competent targets (such as material
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Table 5. Summary of Strength and Model Porosity Parameters —MD; Figure 1) the effect of strength

liesiEpze i e £ (represented by the term z3) on

AT Porosity (%)  ze (%) % ax  x¥  Yum(GPa)  ¢raling is no longer negligible. Both
a 20 0% 1.0 1.00 098 0.1 the strength and gravity regime are
a 20 0% 1.0 100 098 05 considered in the universally applic-
a A 0% 10 100 098 20 able but more complex form of the
b 20 ~1% 06 105098 10 scaling laws (equation (8)) and used
b 20 1% 06 110 098 10 9 q !

b 20 ~1% 06 115 098 10 to fit results from numerical or
C 20 -1% 06 110 0.80 1.0 laboratory experiments. In addition
c 20 —-1% 06 110 0.90 1.0 to the scaling coefficient and expo-
¢ 2 —1% 06 110 1.00 10 nent, an effective strength para-
d 20 —-10% 06 1.10 0.98 1.0 t Y, h to be tak int
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parameter x4 and v should be the
same in the strength and the gravity
regime (equations (9) and (10)). Therefore, materials with the same coefficient of friction and porosity
should have the same scaling parameters, independent of their effective strength. As a consequence,
the previously derived scaling parameters (section 5.1) for granular targets should be applicable for cohe-
sive targets with the same coefficient of friction and porosity. Yeer is therefore the only remaining
unknown parameter. We derive Ygr by fitting equation (8) to the model data (zp for a given xy;
Figure 6) using a least squares method.

We find that with increasing cohesion 7 decreases due to the stronger resistance of the target to the
opening of the crater cavity (Figure 6a). Although the transition from the strength to the gravity regime
is gradual, it can clearly be seen that the transition occurs at larger 7z, values when Yy is larger. We
emphasize that this transition is also affected by other target properties such as the coefficient of
friction and porosity. In both cases (Figures 6b and 6c), the strength-gravity transition is shifted toward
larger 7, and smaller zp due to decreasing crater efficiency with increasing coefficient of friction
and porosity.

For comparison, a scaling for wet sand based on cratering experiments [Schmidt and Housen, 1987] is
given because of its supposedly good approximation of the pure gravity regime for competent rocks with
no or very little porosity [Holsapple and Housen, 2017]. However, some of our model results do not sup-
port this assumption as they clearly deviate from wet-sand scaling. Only targets with low coefficient of
friction and porosity do seem to approach the wet-sand scaling (Figures 6b and 6c). We compared these
results with numerical experiments for competent rocks, quartzite, and sandstones targets, which are cali-
brated against laboratory-scale data [Poelchau et al., 2013; Glildemeister et al., 2015]. The main differences
between Giildemeister et al. [2015] and our model setup are that their crater relationships are derived over
a larger range of projectile diameters (0.012-500 000 m), at Earth gravity (g = 9.81), for smaller velocity
(U = 5 km/s), and with an equation of state for quartzite [Melosh, 2007]. Moreover, the strength of the
target is described by a more sophisticated strength model [Collins et al., 2004] in which both the
strength properties of the damaged (damaged coefficient of friction fyam = 0.67 and damaged cohesion
Y4am = 0) and intact material are different (intact coefficient of friction f,; = 0.8 and intact cohesion
Yine = 96.9 and 22.75 MPa for quartzite and sandstone targets, respectively). Because these strength
model parameters are calibrated against laboratory-scale data, i.e., against targets which are expected
to have a much larger cohesion than materials at planetary scale, their numerical data indicate much
smaller transient crater diameters. However, regardless of the strength model used, the scaling para-
meters we found in our study for granular targets should be the same for sandstone and quartzite targets
with the same porosity and coefficient of friction (ranging from fyam to finy).

The scaling exponents reported by Giildemeister et al. [2015] (derived from transient crater diameters in the
gravity regime) are much closer to the wet-sand scaling exponent u = 0.55, with u for quartzite (u = 0.49)
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Figure 6. (a) Dimensionless crater diameter (zp) versus the gravity-scaled size () for targets with (a) f= 0.6, ® = 20%, and
varying cohesions Yy = 0.1, 1, 10 MPa; (b) ® = 20%, Yo = 1 MPa, and varying f = 0.2-0.8; (c) f = 0.6, Yo = 1 MPa, and varying
® = 10-40%. The strength-to-gravity regime transition is indicated for each combination of target properties by colored
triangles and dotted lines. Note that the limited amount of data in the gravity regime (large 75) is due to our limitation to
simple craters and targets with relatively large cohesion. (d) Strength-to-gravity transition diameter (Dsg) versus the
cohesion in iSALE (Yg, lower x axis) and the effective strength (Yggg, upper x axis) for targets with f= 0.6, 0.8, ® = 20, 10%,
and varying cohesions Yj. Note that the relation from Werner and Ivanov [2015] is derived from numerical experiments
conducted in Wiinnemann et al. [2011] for a nonporous target with f = 0.8 and varying cohesions.

and sandstone (u = 0.55) than our data for similar target properties (quartzite: 4 ~ 0.44 for ® = 0% and
f = 0.6-0.8, sandstone: u ~ 0.39-0.41 for ® = 30% and f = 0.6-0.8). The largest difference is observed for
the sandstone case, for the porous target (O = 30%). We argue that the possibly large ¢, value (—0.1) for
the sandstone target in Giildemeister et al. [2015] is probably the reason for the large discrepancy in u, as
shown in Figure 5d.

Relations in Figure 6d are plotted to give the reader the possibility to relate the effective strength in crater
scaling relationships to the cohesion in our numerical models and to the strength-to-gravity transition crater
diameter. In both cases, we find the relation between the effective strength and the cohesion Y; in the
Drucker-Prager strength model to be well approximated by

Yerr = 20.9 Yo, (11)

and the relation between Y, and Dsg by
DSG(km) ~53Y, (MPa) (12)

Note that both equations are dependent on target properties but are here found to be approximately the
same for f = 0.6-0.8 and ® = 0-20%.
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Figure 7. (a) Scaling exponents (u) as a function of the coefficient of friction (0 < f< 1.0) for targets with 0 < ® <20% (blue,
equation (13)), for targets with 0 < ® < 50% (red, equation (14)), and for nonporous targets (black). (b) Scaling coefficients
(Kp) as a function of porosity for targets with 0 < ® < 50% and f> 0.4 (blue, equation (15)), f < 0.4 (black, equation (16)),
and 0 <f< 1.0 (red, equation (17)). For our numerical results, dots represent the mean values and error bars depict one
standard deviation. Additional experimental studies are plotted for comparison with their uncertainties, if available.

6. Incorporating the Effects of Coefficient of Friction and Porosity in the = Group
Scaling Law

The coefficient of friction (f) and porosity (@) can be incorporated in the z group scaling law by expres-
sing the scaling parameters (1, Kp) as a function of f and @ (Figure 4). We now make an attempt to
generalize this approach. Our results suggest that u is mostly influenced by the coefficient of friction
(Figure 4a) and Kp mostly by the porosity of the target (Figure 4d). One approach to generalize the pre-
vious parameterizations may thus be to assume that (1) u is independent of target porosity and (2) Kp
is independent of the friction coefficient. Assumption (1) is relatively well satisfied for porous materials with
0 < @ < 20%, where only a minor change with increasing porosity is observed (Figure 4c). This simplifica-
tion is also in good agreement with previous numerical [Wiinnemann et al, 2011] and experimental studies
[Housen and Holsapple, 2011] in which u was found to vary only slightly with porosity. Assumption (2) may
be less well satisfied; the scaling coefficients vary by +15% using constant coefficient of friction but varying
porosity. However, for targets with f > 0.4, errors introduced by assumption (2) are smaller (Figure 4b and
Table 4). Figures 4b and 4c yield only a single value for K5 and u for fixed porosity and fixed coefficient of
friction, respectively. Therefore, generalized relationships for the variation of scaling law parameters as a
function of friction coefficient and porosity can be obtained (Figure 7).

We find a decay of u with increasing coefficient of friction (Figure 7a) that can be approximated by an
exponential relationship:
u=0.374+0.012exp(—3.175(f — 0.884)), for 0 < D<20%, (13)

1 = 0.383 + 0.004 exp(—3.031(f — 1.278)), for 0 < ®<50%. (14)

To account for the entire range of friction coefficient, including the hydrodynamic case (f = 0), only an
(empirical) exponential fit can match the numerically obtained results satisfactorily. Note that equations (13)
and (14) are applicable only for porous targets. The relationships derived for nonporous targets clearly devi-
ate from the porous cases (see discussion in section 7.2).

In contrast, the relationship between the scaling coefficients (Kp) and porosity (®) is best described by a linear
dependence of Kp on @ (Figure 7b) that can be fit by the following expressions:

Kp =2.114 — 1.667®, >0.4, 0 < ®<50%. (15)

Kp = 1.867 — 1.596®, f < 0.4, 0 < ®<50%. (16)

Kp = 2.035 — 1.6690, 0 <f < 1.0, 0< ®<50%. (17)
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fore not shown in both cases. Note
that the transient crater diameter for

We find that the exponential relations (13) and (14) are in good agreement with experimental data for porous
materials. Also, the empirical parameterization for nonporous material fits the data well for water and wet
sand. Assumption (1) seems thus adequate over the range of projectiles studied here. Assumption (2) also
leads to good agreement between numerical results and experimental data (Figure 7b), which is well indi-
cated by the clustering of most of the sand and glass sphere targets (f ~ 0.4-0.7) along equation (15). Kp, how-
ever, appears to be not fully independent of the coefficient of friction (equations (15)-(17)). Nevertheless, the
fit lies well within the uncertainty range of 1 standard deviation of our numerical results.

After testing the feasibility of our approximations, we now investigate their ability to approximate actual scal-
ing parameters. We use equations (13) and (15) to estimate scaling parameters for a range of target proper-
ties and compare them to our actual obtained numerical simulation results (Table 4). Figure 8 shows that the
derived relations (13) and (14) provide a reasonable approximation to the inferred scaling relationships for
porosities <30% and coefficients of friction >0.4. The misfit between our empirical relations and our numerical
experiments is less than +5%. Note that equations (14) and (15) perform equally well and thus provide
equally good approximations but are not explicitly shown.

7. Discussion
7.1. Model Limitations and Applicability to Crater Scaling Relationships
As mentioned in section 4, our approach is simplified and subject to future improvements, mostly concerning

the employed strength and compaction models. The biggest simplifications are that (1) the compaction
model parameters are held constant for all initial porosities, regardless of the strength of the target, and
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that (2) the elastic compaction regime in the target is neglected, which omits any crushing strength the mate-
rial may have. As porosity in a rock decreases, however, grains become more tightly interlocked and a low-
porosity target should thus be much harder to compact than a highly porous target, such as lunar regolith
[Slyuta, 2014]. Based on the critical pressure (and strain) for the onset of plastic compaction in carbonate
rocks on Earth and a sensitivity analysis of compaction model parameters, we estimated that crater scaling
relationships for targets with @ < 10-15% could be significantly influenced by our simplification (up to
20% difference in cratering efficiency with respect to the constant case). However, we note that the critical
pressure of carbonate rocks [e.g., Wong and Baud, 1999; Vajdova et al., 2004, and references therein] is usually
measured at laboratory scale, and it is essentially unknown how this can be transferred to planetary scale and
whether the increase in critical pressure (see section 5.2) is comparable at small and large scales, where wide-
spread fractures and joints may exist.

Furthermore, we used the Drucker-Prager strength model to describe the behavior of granular materials,
cohesive soils, and rocks. The crater scaling results summarized in Table 4 and the approximation made in
section 6 therefore need to be interpreted with caution for ® < 10-15%, a range that may, e.g., be relevant
for basaltic lunar mare [Kiefer et al., 2012]. Over this range of porosity, crater scalings may be closer to the scal-
ing for nonporous targets (Figure 7a). Since fracturing is also neglected in our numerical approach, equa-
tions (11)-(17) and Table 4 may be strictly valid only for weak and low-strength materials. If we assume the
effective strength value for soft rocks derived from Holsapple [1993] to be an adequate upper limit
(Figure 6d), equations (11)-(17) might be inappropriate for effective strengths Yger > 7.5 MPa (which corre-
sponds to Yy = 350 kPa using equation (11)).

7.2. Effects of Target Properties on Crater Scaling Laws

We have studied the importance of target properties (coefficient of friction, porosity, and cohesion) on the
size of a simple crater whose growth is dominated by either strength or gravity. In general, our results in
the gravity regime (i.e., at large 7, for rock-like materials or across the entire 7, range for granular targets)
show that both the coefficient of friction and porosity influence the transient crater size observed during
impact crater formation. However, we emphasize that friction coefficient and porosity have different effects
on crater growth, which is illustrated by different scaling relationships (Figure 4).

Previously, experimental studies showed that porous materials have scaling exponents that are close to the
momentum scaling (¢ = 0.37-0.40) [Holsapple and Schmidt, 1987, and references therein] and smaller than
for nonporous materials (¢« = 0.55-0.60), even though the exact reason for this behavior remains uncertain
[Holsapple and Schmidt, 1987; Housen and Holsapple, 2011]. Our results indicate that the relatively small
range of u for experimentally studied porous materials is probably caused by the relatively similar friction
coefficients of such materials: sand [e.g., Schmidt, 1980; Schmidt and Housen, 1987]; mixture of sand, perlite,
fly ash and water [e.g., Housen and Holsapple, 2003]; and glass beads [Yamamoto et al., 2006]. Our data sup-
port this explanation (Figures 4a and 7a and Table 4) since for a large number of porous materials (with
0.6 < f <0.9) we observed scaling exponents in the range 0.37 < u < 0.40. Scaling exponents for porous
materials are therefore closer to the momentum scaling due to the effect of the coefficient of friction.

In contrast, porosity has only a minor effect on whether crater relationships scale with the energy or
the momentum of the impactor. This result is consistent with recent numerical [Wiinnemann et dal.,
2011; Giildemeister et al, 2015] and experimental studies [e.g., Housen and Holsapple, 2003; Housen
and Holsapple, 2011]. The decrease in crater efficiency with increasing porosity is mainly reflected by
the scaling coefficient Kp for which a linear decrease is observed with increasing porosity (Figure 7b),
consistent with Wiinnemann et al. [2011]. However, both higher friction coefficient and porosity
enhance dissipation in a material and should therefore lead to smaller scaling exponents u [Holsapple
and Schmidt, 1987]. The exact mechanism linking the porosity-induced reduction in crater efficiency
to a decrease in Kp and the friction coefficient-induced decrease to changes in u remains unknown.
One reason could be related to differences in transient crater morphology (see supporting information
Text S3), which depends on impactor and target properties and on the selected transient crater defini-
tion (see supporting information Text S1). For targets with 0 < ® < 30%, we find indeed that the
depth-diameter ratios (d/D) remain relatively constant for the same projectile diameter L. On the other
hand, d/D increases considerably for larger porosity, possibly due to a deeper penetration depth as pre-
viously shown in impact experiments in low-density targets [Kadono, 1999; Kadono and Fujiwara, 2005].
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For ® > 30%, d/D increases, which in turn leads to a slight increase of u for highly porous targets
(Figure 4c). Possibly, this behavior would not be observed if the transient crater was defined based
on a constant depth-diameter ratio. Moreover, we note that d/D is approximately constant for
nonporous targets and the behavior of nonporous and porous targets differs significantly as reflected
in the derived scaling parameters (Figures 4a-4d and 7a). In general, nonporous materials feature
larger scaling exponents and a wider range (0.44 < u < 0.56, Table 4) than proposed by Holsapple
and Schmidt [1987] (0.55 < u < 0.60). The reason for this discrepancy could be that no impact or
large explosion experiments have been conducted in the gravity regime for nonporous materials
except water [Holsapple and Housen, 2017] and that craters forming in rocks are generally assumed
to scale in the same way as those in wet sand in the gravity regime [Holsapple, 1993].

7.3. The Effective Strength in Crater Scaling Laws

The strength term in scaling laws is often defined as an effective strength describing the target strength dur-
ing the course of crater formation [Holsapple, 1993]. Since it may be an oversimplification to account for the
complex material response on deformation only by a single scalar parameter, there is no consensus on which
strength measure represents the target strength in the cratering process best [e.g., Holsapple, 1993; Poelchau
et al.,, 2013; Glildemeister et al., 2015].

For targets such as the lunar regolith, the effective strength has been defined as the shear strength at failure
[Holsapple and Housen, 20071. For stronger materials such as rocks, however, the effective strength is derived
from a combination of data from large chemical and nuclear explosion experiments for craters on the
10-100 m diameter range [Schmidt et al., 1986]. These cratering studies in rocks have been conducted in various
geologies and have been grouped into generic materials [Schmidt et al., 1986]: soft rocks (such as sandstone,
shale, weathered granite, and tuff) and hard rocks (such as basalt, granite, and tonalite) [Cooper, 1977]. The effec-
tive strength was found to be about ~1-10 MPa depending on target properties [Holsapple, 1993, Table 1;
Holsapple and Housen, 2017, Table 5]. This range is in agreement with values reported in Melosh [1989, pp.116
and 120], where Yggr is ~1-2 MPa based on experiments on the strength-gravity transition in basalt targets.
This implies a transition from the strength to the gravity regime at about 200-400 m on the lunar mare.

However, we point out several important limitations with the existing crater scaling laws for materials with
cohesion (i.e., wet sand, soft rock, and hard rock scaling). Previous studies indicate that target properties vary
substantially across a planetary surface at regional and global scale and also in between different bodies
[Cintala et al., 1977, Wood and Anderson, 1978; Pike, 1980; Kiefer et al., 2012; Robbins and Hynek, 2012;
Wieczorek et al., 2013]. Hence, although the effective strength of soft and hard rocks was derived for appro-
priate terrestrial materials, they may differ for other planetary bodies. Furthermore, there is a limited number
of scaling relationships derived for various target properties.

As mentioned earlier, only a single crater relationship is available for rock-like materials and another one for
dry sand and weak cohesive soils [Holsapple and Housen, 2007]. Differences in target properties are com-
monly characterized only by differences in effective strength and by the density contrast between the pro-
jectile and the target, whereas all other scaling parameters are held constant [e.g., Holsapple, 1993;
Richardson, 2009; Dundas et al., 2010; Marchi et al., 2011]. Thus, the application of the two known relationships
to targets with other properties may be complicated. As an example, Dundas et al. [2010] investigated the
effects of target properties on crater statistics on an area on Mars that is thought to be either permafrost
ground or vesicular basalt (® = 30%). The authors discussed whether it is more appropriate to model vesicular
basalt as a low cohesive soil (dry sand scaling) with the effective strength of a rock or as a low-porosity rock
with reduced strength (due to the reduced crater efficiency caused by porosity). A comparison of the crater
scaling relationships results in 50% larger craters in the latter case, which affects the interpretation of surface
ages when those two different units are compared.

In contrast, our findings demonstrate that the coefficient of friction, cohesion, and porosity do not only
influence the effective strength but also strongly affect the scaling parameters. For instance, we have
demonstrated that the transient crater diameter at which the strength-to-gravity transition occurs
changes with different target properties (Figure 6). Moreover, our results show that cratering scaling rela-
tionships for wet soils are only appropriate for nonporous and low coefficient of friction targets but
expected to be different for targets with coefficients of friction similar to dry sands or rocks. We also
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pointed out that the effective strength is somewhat related to the cohesion Y, because a strength
regime is only observable for cases where Y, # 0. The strength term in crater scaling relationship Ygre
seems to be about ~21 times larger than the strength parameter used in our numerical models, Y.
The relationship is depicted in section 5.3, however, only for target properties for weak low-strength
materials (10% < ® < 20%, 0.6 < f < 0.8), because the compaction parameters may become important
for lower porosity.

We emphasize that accurate information on target properties is crucial in order to use these crater scaling
relationships appropriately. The estimation of target properties at smaller scales on planetary bodies other
than Earth is complicated, mainly because one needs to guess the geological setting from the morphol-
ogy, site resurfacing history, and terrestrial rock analogues. Furthermore, the effective strength and other
scaling parameters should ideally be varied accordingly, because changes in target properties are likely
accompanied by changes in other properties. In other words, we expect an increase in porosity to be
accompanied with a decrease in target strength (i.e., coefficient of friction and cohesion). Additional chal-
lenges arise from target layering due to volcanism, erosion, the presence of volatiles [e.g., Kieffer and
Simonds, 1980], thermal evolution [e.g., Miljkovic et al., 2013], and the differences in mechanical and phy-
sical properties at laboratory and planetary scales [e.g., Grady and Kipp, 1980]. Further complexity is
induced by the temporal and spatial variations associated with some of these factors, e.g., the observed
density and porosity variations across the lunar surface [Wieczorek et al., 2013] and the decrease of por-
osity with depth due to the increasing lithostatic pressure [e.g., Han et al, 2014; Milbury et al, 2015;
Soderblom et al., 2015]. Moreover, target heterogeneities may have strong effects on small scales, but
not on larger scales, or vice versa [Cooper, 1977]. This demonstrates the need for additional constraints
on target property variations on planetary bodies, in particular the effective target strength at large scales
(i.e., meters to kilometers). Accurate estimates of physical and mechanical properties on planetary surfaces
are crucial for the development of reliable model parametrizations and thus for dating planetary surfaces
with different target properties. Ideally, a combination of several techniques (like gravity, topography,
spectroscopy, and photo geology) should be used to constrain such properties, e.g., the porosity of the
lunar shallow crust [Huang and Wieczorek, 2012].

8. Conclusions

A simple numerical model setup has been developed to investigate the effect of target properties on the
transient crater diameter in simple crater formation. Under the simplifications made in our approach, our
numerical results show this setup to reproduce transient crater diameters for simple craters within £5% for
water, low-strength and low-porosity targets (e.g., wet sand), and targets with weak low strength and mod-
erate porosity (> 10-15%) such as sands. For less porous and harder targets, the influence of compaction
parameters on the transient crater diameter scaling may not be negligible and results might be less robust.
With our modeling we have derived crater scaling relationships for 90 new combinations of coefficient of fric-
tion and porosity, filling a gap in the amount of existing transient crater diameter relationships. Simulation
results predict that both porosity and friction coefficient have a large influence on the shape of the transient
cavity and correspondingly derived empirical relationships. For porosities lower than 30%, the velocity-
scaling exponent u reflects the reduction in crater efficiency induced by the coefficient of friction, while
the scaling coefficient Kp, reflects the porosity-induced reduction in crater efficiency. Using these two obser-
vations, we have incorporated the effect of the coefficient of friction and porosity in crater scaling laws and
reproduced transient crater diameters within +5% if compared to cases where no assumptions are made. At
larger porosities, our data may suggest an increase in the penetration depth, which affects the derived scal-
ing parameter u and makes it more difficult to incorporate target properties directly in crater scaling laws.
Based on simulations for cohesive materials, we have found the strength term in the crater scaling laws
(i.e., the effective strength) to be dependent on target properties and to be ~21 times larger than the cohe-
sion in our numerical models, which opens the possibility to relate target strength in numerical models to
natural targets. Our new crater scaling relationships and equations have been derived for lunar conditions
and allow to calculate transient crater diameters for varying target properties across geological units on
the lunar surface. Further study is required to fully understand the effect of varying impact velocities on crater
scaling laws and to answer the question whether our crater relationships are applicable on other
planetary bodies.
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