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Melt Production and Ejection From Lunar Intermediate-Sized
Impact Craters: Where Is the Molten Material Deposited?
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Abstract Differently aged impact melt in lunar samples is key to unveiling the early bombardment history
of the Moon. Due to the mixing of melt products ejected from distant craters, the interpretations of the origin of
lunar samples are difficult. We use numerical modeling for a better quantitative understanding of the production
of impact-induced melt and in particular its distribution in ejecta blankets for lunar craters with sizes ranging
from 1.5 to 50 km. We approximate the lunar stratigraphy with a porosity gradient, which represents the
gradual transition from upper regolith via megaregolith to the solid crustal material. For this lunar setting, we
quantify the melt production relative to crater volume and derive parameters describing its increasing trend with
increasing transient crater size. We found that about 30%—40% of the produced melt is ejected from the crater.
The melt concentration in the ejecta blanket increases almost linearly with distance from the crater center,

while the thickness of the ejecta blanket decreases following a power law. Our study demonstrates that if in
Iunar samples the concentration of a melt with a certain age is interpreted to be of a nonlocal origin, these melts
could be the impact products of a large crater (>10 km) located hundreds of kilometers away.

Plain Language Summary Lunar samples contain abundant impact-induced melt that crystallized
at different ages. The melt ages record the formation time of its source craters and are key for a better
understanding of the lunar bombardment history. In samples, there is not only the melt derived from the
sampling region but also some that originate far away by being entrained in the ejecta of distant craters.
Recognizing the distant-derived melt is essential for the more credible sample interpretation, which requires
knowledge of the melt distribution in the ejecta. We use numerical modeling to quantify the production of
impact-induced melt and in particular its distribution in ejecta blankets for lunar craters. We found that the

melt concentration in the ejecta blanket increases with distance from the crater center. If the concentration of
distant-derived melt of a certain age in lunar samples is rather high (>30%), it could originate from large craters
(>10 km) located hundreds of kilometers away.

1. Introduction

Impact-induced melting has been a fundamental process throughout the lunar history. Due to high temperatures as
a consequence of shock heating in hypervelocity impact events (commonly 18 km/s on the Moon; Ivanov, 2001;
Marchi et al., 2009), the radioisotopic clock of lunar impact melt rocks is reset recording the formation time of
impact events. Melt-bearing impactites are common in the lunar sample collection and some lunar meteorites.
Up to 50% of soils and highland hand specimens are impact melt glasses and rocks (Vaniman et al., 1991). Some
melts are thought to be the products of a few large impact basins (Stoffler, 2006). By relating impact melt to
specific basin-forming events, the age of impact melt defines the formation time of the related basins, which is
key to constraint on the lunar chronology system (Stoffler, 2006) and the reconstruction of the lunar bombard-
ment history (Kring & Cohen, 2002). Both, however, are still under debate mainly due to the difficulty to interpret
the origin of the collected impact melt. Being entrained in the ejecta, some melt products could be derived from
locations that are rather distant from the sampling sites. Understanding how impact melt is distributed in ejecta
is, therefore, important for interpretations of the geological context regarding the bombardment history of lunar
samples.

The production of impact-induced melt has been extensively studied using theoretical scaling laws, numerical
modeling, and field observations (of terrestrial craters) (Bjorkman & Holsapple, 1987; Cintala & Grieve, 1998;
Grieve & Cintala, 1992; Pierazzo & Melosh, 2000; Pierazzo et al., 1997). However, the estimates presented in
these studies show distinct differences. Impact melt volumes measured in terrestrial impact structures differ by
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up to 2-7 times the values predicted by scaling laws. Previous studies (Cintala & Grieve, 1998; Dence, 1971)
suggest that a generally small proportion of impact melt is excavated from the crater; however, the quantitative
distribution of impact melt in ejecta has not been systematically investigated. This is because of the relatively
poor preservation of ejecta deposits caused by the modification of subsequent volcanic flows, impact gardening,
and for terrestrial structures, also by erosion. Besides the distribution of impact melt, it is also important to
account for the presence of target porosity affecting both the ejection and the production of impact-induced melt.
By using numerical modeling, Wiinnemann et al. (2008) quantified the effect of porosity in terrestrial rocks on
the melt production assuming homogeneously porous targets. Recent studies revealed that the lunar crust is heav-
ily fractured down to a depth of ~30 km showing a distinct porosity gradient with depth (Besserer et al., 2014).
In this layer, porosity varies from ~25% in the near-surface regolith and megaregolith to ~10% in the middle
and lower crust. Therefore, it is likely that the formation of intermediate-sized craters (several km to 10's km in
diameter) and related melt production and ejection are affected by porosity. Except for the basin-forming events,
these craters are the main source of impact melt on the Moon (Liu et al., 2020, 2021). For a better interpretation of
lunar samples, quantifying the production of impact melt in targets with a porosity gradient is hence imperative.

In this study, we use the iSALE shock physics code to investigate the melt production and distribution in
intermediate-sized impact cratering events (1.5-50 km in diameter) on the Moon. In Section 2, we describe the
method and present the considered porosity profile derived from the lunar gravity observations. Then, we show
the derived production of impact-induced melt focusing on the total melt abundance, its dispersion inside and
outside the crater, and particularly its concentration in ejecta.

2. Methods

We used the iSALE (2D, Version Dellen) shock physics code (Collins et al., 2004; Wiinnemann et al., 2006) to
simulate impact processes. The code is based on the SALE hydrocode solution algorithm (Amsden et al., 1980).
To simulate hypervelocity impact processes in solid materials, SALE was modified to include an elastoplastic
constitutive model, fragmentation models, and various equations of state (EoS). It was later improved by the e—o
porosity compaction model (Collins et al., 2011; Wiinnemann et al., 2006). The porosity compaction model has
been tested against and compared to mesoscale numerical models that explicitly resolved pore space with a high
resolution and experimental data (Collins et al., 2011; Giildemeister et al., 2015; Kowitz et al., 2013; Wiinnemann
et al., 2016).

The material parameters used for modeling in this study are listed in Table S1 in Supporting Information S1,
which closely follow previous studies (Collins et al., 2004; Lompa et al., 2021; Potter et al., 2013). To investi-
gate the melt distribution of intermediate-sized impact events, the diameter of projectiles L ranges from 100 m
to 3 km. The impact velocity in our models is 18 km/s according to the average impact velocity on the Moon
(Ivanov, 2001). Due to the 2D cylindrically symmetric nature of our model, we consider vertical impact only.
We discuss the effect of velocity and impact angle in a separate section further down. We assume a half-space
to represent the lunar crust. An analytic equation of state (ANEOS) for basalt is used to describe the thermo-
dynamical behavior of the lunar crust (cf. Pierazzo et al., 2005). Material strength, damage, and porosity were
accounted for using the models of Collins et al. (2004), Ivanov et al. (1997), Wiinnemann et al. (2006), and
Collins et al. (2011), respectively.

2.1. Target Setup

Due to long-term impact-induced fragmentation, the lunar crust is extensively fractured, and porous, where the
shallower layers generally possess higher porosities. Besserer et al. (2014) used an exponential function to fit
the decrease in porosity with depth that best matches gravity data obtained by the Gravity Recovery and Interior
Laboratory (GRAIL) mission. The presence of porosity enhances melt production (Giildemeister et al., 2013;
Kowitz et al., 2013; Wiinnemann et al., 2008), which may explain the observation that samples of soft lunar
regolith are heavily charged with impact melt in contrast to associated solid lunar rocks (Vaniman et al., 1991).

Since intermediate-sized craters mainly form in the near-surface regolith and megaregolith layers of the upper
crust, the porosity of the impact target is non-negligible. The porosity profile in our models follows the exponen-
tial function suggested by Besserer et al. (2014) with a porosity of ~25% at the surface (highly porous regolith), a
decay to half of the top layer porosity in a depth of 5 km (megaregolith), and full compaction of crustal bedrock in
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5.0 1 et al., 2018). To account for the variation of material strength in the different
£ _751 stratigraphic units, we assume the same gradient for the material damage,
= 100 where the damage equals one at the surface and exponentially decreases with
= ' depth.
8 —12.5 A
- - The volume of the zone where the material experiences sufficiently high
—15.0 A1 — Porosity, model setting L .
175 --- Porosity, Basserer+ 2014 shock pressures to cause melting is small relative to the volume of the tran-
o — Melting pressure sient crater and the volume of the excavation zone from where the mate-
_20'% 00 0.05 0.10 015 0.50 0.25 rial is ejected upon the formation of the crater. It is known that this ratio
Porosity decreases with a decreasing crater size. In other words, the smaller the crater,

Figure 1. Porosity profile (black) and corresponding critical shock pressure
for melting (P, red) of basalt with an initial temperature of 250 K and a
lithostatic pressure below 0.1 GPa. Impact-induced melts are generated if the
target material experiences peak shock pressures (P,,) greater than P.

the smaller the volume of material that experiences melting. The zone of
the ejected material that is shock-molten is given by the intersection of the
melting zone with the excavation zone, which is even smaller than the entire
melting zone. As an example, Figure 2 presents the zones of melting and

excavation for an impact of a diameter L = 1 km. The strong difference in
volume among the melt zone, the excavation zone, and the transient crater
cause problems regarding the spatiotemporal resolution. The resolution of
iSALE models is commonly related to the size of the projectile and defined by the number of computational cells
per projectile radius (CPPR). Due to the small scale of projectiles, the high resolution leads to a large grid of cells,
which implies very long computation times.

Most previous studies on impact melt production (Barr & Citron, 2011; Pierazzo et al.,, 1997; Quintana
et al., 2015; Wiinnemann et al., 2008) only determined the total volume of shocked melt, which merely requires
one to compute the process until the shock wave has attenuated below the critical shock pressure for melting.
To investigate the melt production while tracing its distribution in ejecta, both the high resolution and the long
run time are required. Keeping the resolution of simulations for the ejection process, the same as for the shock
melt determination is computationally expensive, while it does not significantly increase the accuracy of the
ejection analysis (Luther et al., 2018). In order to determine the distribution of melt products, the following three
processes need to be considered: (a) the zone of shock molten material needs to be determined from the model
with a high resolution, (b) the zone of excavation needs to be determined from simulations of the entire ejection
process requiring sufficient long run times, and (c) the initial trajectory of ejected material has to be recorded in
order to reconstruct the ejecta blanket while tracing the shocked melt.

Projectile Volume of Ejecta deposit
. . —~—
diameter, L ejected melt, V. /,/ T~ i
A a o
/’ Surface
J 140

. ne ‘ I
Excavation 2% /! 120 §
Volume of melt L )
retained inside __| S 100 §-
crater, Vi, 7 ES
S0 °
5@ 80 o
(\,\o‘/ 8
Crater volume, V, ——> T(a(\?\,e,/ 60 @
=7 @
---------- Transient crater radius, R;=1/2 D, 0 &

Figure 2. Determination of the shocked melt and definition of variables, where the colored melting zone displays peak shock
pressures of impact-induced melt for impact of a diameter L = 1 km. The amount of molten material that is ejected outside
the crater is given by the intersection of the melting zone with the excavation zone. The residual molten material would
remain inside the crater cravity.
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To reach a good compromise between computational costs (computation time and memory) and accuracy of the
simulations, we employ a 3-step approach for our systematic study: For each projectile size L, both high-resolution
models aiming to determine the shock pressure history and low-resolution models aiming to calculate the forma-
tion of craters and ejecta are performed: First, we generate separate models for the melt and the ejecta analysis for
the same L, for which we apply different model resolutions to match each analysis goal. Then, we combine the
results from both models to determine the amount of melt in the ejected material. In the following, we describe
each step in more detail (a schematic of 3-step approach is displayed in Figure S1 in Supporting Information S1).

To track the ejected material and its shock history, we use Lagrangian tracers. These tracers are placed in each
computational cell initially and represent the matter originally located in that cell throughout the simulation. They
are moved with the velocity field of the material flow and record the maximum shock pressure they experience
upon shock compression (see Section 2.2.1) and if applicable, ejection velocity and angle during crater formation
(see Section 2.2.2).

2.2. 3-Step Approach
2.2.1. Models to Determine Impact-Induced Melting (‘““‘Melt Model”)

Impact-induced melting in high-velocity impact events is governed by the thermodynamics of shock compression
and release. This is a thermodynamically irreversible process in which the release from the maximum shock
state behaves isentropically. Depending on the peak shock pressure that the material experiences, its tempera-
ture is raised and potentially succeeds the melt temperature (e.g., Figure S2 in Supporting Information S1). To
quantify melt production, we follow the commonly used approach and determine the critical shock pressure P,
where the post-shock final temperature is in excess of the melt temperature (Artemieva & Lunine, 2005; Barr &
Citron, 2011; Manske et al., 2021; Pierazzo & Melosh, 2000; Pierazzo et al., 1997; Wiinnemann et al., 2008).
Impact-induced melts are generated if the material experiences peak shock pressures (P,,) are in excess of P.
Frictional heating also adds to the total temperature raise during shock compression and release and subsequent
deformation. We neglect its contribution in this study since the influence is estimated to be rather small for
high-impact velocities (Kurosawa & Genda, 2018; Quintana et al., 2015).

To calculate the thermodynamic state, we follow the assumption that the crushing of pores can be separated
from the compression of the solid component (Carroll & Holt, 1972). Giildemeister et al. (2013) and Kowitz
et al. (2013) have shown that the crushing of pore space significantly increases local temperatures by the addition
from plastic work. As a consequence, smaller critical shock pressures P, are required to cause melting in porous
materials; hence, with increasing porosity P, decreases. In other words, the more porous the impacted rock, the
less shock pressure is required to induce melting. We calculate the minimum shock pressure P_ for which the
temperature after isentropic release matches or exceeds the melt temperature following Wiinnemann et al. (2008)
and Manske et al. (2021). Given the varying porosity with depth, we numerically calculate P, for materials at
certain depths using ANEOS and the e-~oa—compaction model (Wiinnemann et al., 2006). First, for a given initial
porosity, we derive the shock states (temperature and entropy) as a function of the peak shock pressure P,
by calculating the Hugoniot curve. Then, we compute the resulting post-release temperature via the isentropic
release curves from these shock states (P,,.,,) back to normal pressure to find the matching peak shock pressures
P_. In this study, we use the solidus function after Katz et al. (2003).

We use tracers to record the P, the material experiences during the passage of the shock wave. The total melt
production is the sum of all tracer masses with P, > P_. The melt volume is then given by dividing the melt
mass by the initial density of the material (basalt, 2,860 kg/m3, Melosh, 1989) represented by the tracer. Given
the presence of porosity, the total volume associated with each tracer corresponds to the bulk volume of the solid
component in the uncompacted material. We do not distinguish between melting and vaporization and denote
both with “impact-induced melt.” However, even though the volume of produced vapors can be large, due to the
required high shock pressure for vaporization, its mass is small compared to the mass of the molten material for
the average impact velocities on the Moon.

Impact events commonly strike lunar surfaces obliquely. However, the magnitude of impact velocity, rather than
the impact angle, is the principal factor governing the production of impact melt (Pierazzo & Melosh, 2000).
In our melt models that are designed to record the shock history of impact target, the common impact velocity
of 18 km/s is considered. We discuss further down to what extent our results are applicable for varying impact
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velocities and impact angle. In addition, it was found that 40 CPPR in iSALE keeps the numerical error on the
melt volume <10% (Wiinnemann et al., 2008). So, we choose a resolution of 40 CPPR for melt models and simu-
peak: 11€
area where P, of materials exceeds P is used to quantify the abundance of melt (e.g., the colored melting zone

for impact of L = 1 km in Figure 2).

late only the early stage of the impact process until the shock wave has sufficiently attenuated below P

2.2.2. Models to Analyze Ejecta Deposit (“Ejecta Model””)

Lagrangian tracers that follow the excavation flow upon the crater formation are also used to track ejected mate-
rials. Tracers are considered to be ejected when they reach the altitude of one projectile radius above the surface
(Luther et al., 2018). For each tracer that satisfies this criterion, we record the ejection speed, angle, time, launch
position, and mass. Assuming that at this altitude the material is moving ballistically, we extrapolate the trajectory
back to the surface. Using these parameters, the parabolic trajectory and the landing distance of each tracer are
calculated. This approach has been successfully used for model validation against laboratory experiments (Luther
et al., 2018; Raducan et al., 2019; Wiinnemann et al., 2016) as well as for the analysis of the formation of lunar
basins (Zhu et al., 2017). Luther et al. (2018) applied this approach to conduct a systematic numerical parameter
study for a range of target materials with different strength and porosity and determined launch characteristics as
well as the deposition of ejected materials.

The cumulative number of tracers deposited at a given distance allows for determining the thickness of the ejecta
blanket, assuming a reference density of the ejected material and impact-induced melt equal to the initial density
of the material prior to ejection. By radially binning the location of ejecta, we can calculate the surface area of
each bin and thus derive the thickness of ejecta deposits in each bin. The density of the deposited material is
somewhat smaller than the initial density due to the increase of the porosity and heating (Zhu et al., 2017), but
we consider the difference in density to be small and neglect its contribution to the ejecta thickness distribution
(e.g., Luther et al., 2018).

The impact angle can have an important effect on the cratering and the ejection process. Housen and
Holsapple (2011) summarized and examined laboratory measurements of impact crater ejecta from 18 studies to
assess how the ejecta distributions depend on the conditions of an impact event. They conclude that while distal
ejecta have a definite dependence on the impact angle, the ejecta deposited within several crater radii may scale
as a vertical impact using the normal component of the impact velocity. Consequently, in our iSALE-2D models
that are designed to analyze the ejection behavior, we use an impact velocity of 13 km/s, which is the normal
component of impact speed for the most likely impact angle on the Moon of 45° (Elbeshausen et al., 2009;
Ivanov, 2001). We use a resolution of 10 CPPR, which is sufficient to simulate crater growth (Wiinnemann
et al., 2008) and the general ejection behavior (Luther et al., 2018). The ejecta models are run until the crater
reaches the maximum volume, which we consider as the point in time when the transient crater is approximately
reached (Elbeshausen et al., 2009; Zhu et al., 2015).

Note that the tracer method to determine the ejecta distribution does not account for structural uplift at the crater
rim, which can make up to ~80% of the rim height (Sturm et al., 2016). In addition, we do not consider any ejecta
sliding or late-stage modification processes. Zhu et al. (2015) have shown that the effect of sliding has little
influence on the ejecta distribution. We also neglect any interaction of the ejected material with a forming vapor
plume, which would accelerate especially initially ejected fast particles (Luther et al., 2019) and thus modify the
deposition of very distal ejecta. Furthermore, the ejection and deposition of distal ejecta depend on the impact
angle (Shuvalov, 2011). Here, we focus on distances for the ejected material where on average we do not expect
significant modifications of the trajectories of the ejected material.

2.2.3. Combining Data of Melt Model and Ejecta Model

Typically, a single tracer is assigned to each cell in iSALE models. To exactly correlate the tracers in 10-CPPR
ejecta models with 40-CPPR melt models, we put 16 uniformly distributed tracers in each cell of the ejecta
models. Although we do not expect an increase in accuracy in the ejecta models due to a larger number of trac-
ers, it simplifies the coupling of the shock melting models (melt models) at 40 CPPR with the crater formation
and ejection models (ejecta models) at 10 CPPR. When estimating the distribution of ejected melt from ejecta

models, we use the more accurate peak pressures P

ek from melt models for each corresponding tracer (Figure

S1 in Supporting Information S1).
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3. Size of Transient Crater

In our model, the transient crater size is estimated when the growing cavity
- reaches its maximum volume in line with previous numerical modeling
(Elbeshausen et al., 2009; Zhu et al., 2015). The projectiles with a diameter
of 500 m to 3 km produce craters with transient crater diameters (D,) ranging
from 1.5 to 50 km.

Using scaling laws based on impact cratering experiments (Holsapple, 1993;
Schmidt & Housen, 1987) and numerical modeling (O’ Keefe & Ahrens, 1993),
the diameters of transient craters in nonporous targets can be calculated:

0.8-Cp (5\" Lu-Py20
D = ) = M)
1.6/ p g’
100 -+ —
107 10° where g is the gravity, 0 and p are the densities of the projectile and the target,
Projectile diameter (L), m and C, and f are scaling parameters that depend on the target properties. For
nonporous materials, Cp, and f are assumed to be 1.6 and 0.22, respectively
Figure 3. Determination of transient crater size. In this study, in accordance (Schmidt & Housen, 1987). We use the parameters of sand (C;, = 1.54 and
) . b .

with observations (Besserer et al., 2014), we approximate the lunar
stratigraphy by introducing an exponential gradient of the porosity with a
porosity of ~25% at the surface and a smaller porosity at greater depths.

B = 0.165, Schmidt & Housen, 1987) to calculate D, for porous targets. As
can be seen from Figure 3, our model derived D, lies between the scaled
D, considering nonporous and porous targets. In addition, since the smaller
craters formed in the shallower target with a higher porosity, their size is
much closer to the scaled D, considering porous targets.

To investigate the effects of porosity on crater sizes, Prieur et al. (2017) carried out a systematic numerical study
of simple crater formation under lunar conditions in targets with varying properties. Instead of the parameter D,,
they used the dimensionless crater diameter (7). The parameter n, is proportional to the ratio of the transient
crater diameter and the projectile diameter. It provides insight into the efficiency to open the crater cavity while
also considering the density contrast of projectile and target. Their results show that the presence of porosity
causes a reduction of cratering efficiency through the compaction of pores, such that less energy is available for
the crater excavation. A change in porosity from 10% to 50% causes a decrease of about ~20%—25% in x,. Note
that the calculation of D, values of the corresponding m;, was not done because of the reduction in target density.

4. Production of Impact-Induced Melt

Scaling laws, relating impact melt volume to the initial kinetic energy of the impactor, have been developed for
crystalline rocks with negligible porosity (Bjorkman & Holsapple, 1987; Pierazzo & Melosh, 2000; Pierazzo
et al., 1997). They show that the volume of impact melt increases exponentially with increasing crater size in
good agreement with estimated melt volumes from field observations of terrestrial craters in crystalline rocks
(Grieve & Cintala, 1992). The commonly used analytical expression for melt scaling is given by a power law
relationship between the volume of impact-induced melt (V) and D,, is:

Vm = CDld (2)

where ¢ is a material- and velocity-dependent constant, and d is a constant and is analytically defined as 3.8
(Grieve & Cintala, 1992). Wiinnemann et al. (2008) investigated the effect of porosity on shock melting. They
conducted a series of simulations of impacts into targets with a porosity of up to 50%. Based on the scaled D,
using Equation 1, they show D, as a function of the volume of melt for impacts into quartzite with a porosity of
25% and into nonporous targets. Both follow a power law relationship with an exponent being identical to the
analytical value (Figure 4).

According to the peak shock pressure the material has experienced, we calculate the volume of impact-induced
melt. By fitting our data to Equation 2, our results (the dashed black line with black dots in Figure 4) show a
gentler slope (d = 3.09; ¢ = 2.37 X 1073) than the analytical value. This is partially caused by the decreasing influ-
ence of the porosity gradient with increasing projectile size L. To demonstrate the significance of porosity, we
conducted iSALE simulations without any target porosity (all other parameters are identical), where the critical
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Figure 4. Melt production as a function of crater size (a) and the influence of target porosity (b). V,, is the calculated volume of impact-induced melt based on
simulations without any target porosity. Note that the melt volume of Wiinnemann et al. (2008) was calculated based on modeling with an impact velocity of 12 km/s.
For better comparison, the melt volume of Wiinnemann et al. (2008) is revised by multiplying (18 km-s~")!7/(12 km-s~")!7 (Abramov et al., 2012).

shock pressure for melting is assumed to be 60 GPa (Hamann et al., 2016). The results (Figure 4b) show that
the relative enhancement of melt abundance gradually increases with decreasing crater size, which corresponds
to an increasing influence of the more porous target toward the shallowest strata (Figure 1). The smallest crater
(L =500 m) is formed in a depth range with the largest porosity of ~25% (Figure 1). The volume of its generated
melt is ~1.45 times that produced in the target with no porosity. The largest impact (L = 3 km) melts the target
in a depth range with the lowest porosity (Figure 1). The generated melt volume is ~1.25 times the volume that
is generated in targets with no porosity.

The varying slope of the scaling lines in Figure 4 is also related to the determination of D,. To compare with the
estimates of Wiinnemann et al. (2008), we replace the model-derived D, with the scaled D,. The results suggest
an exponent d = 3.55 (¢ = 4.41 x 1073) (Figure 4, the black solid line). The melt production in smaller impact
events approaches the estimated values of impacts into targets of 25% porosity from Wiinnemann et al. (2008),
shown by the gray-dashed line with empty symbols in Figure 4. With increasing impactor size, the influence of
the porosity gradient decreases and hence, the melt production approaches the estimates for a nonporous target
from Wiinnemann et al. (2008), shown by the gray-dashed line with filled symbols in Figure 4. The varying
exponent d derived from the disparate determination of D, highlights the importance of the determination of D,
in the scaling of melt production.

Calculated impact melt volumes generally exceed the ones measured in actual impact structures in the field
(Grieve & Cintala, 1992) due to geological uncertainties (e.g., difficulties in estimating the original volume of
eroded impact melts in older structures; uncertainties in estimating melt volumes in poorly exposed structures
or in buried structures explored only by drilling). The modeling results are beneficial for general predictions
and help to reduce such uncertainties. In addition, radar data can be useful for understanding the amount of
impact-induced melt, which can be, in turn, used to better constrain the melt production. Recent Mini-RF radar
data, for example, suggest that impact melt flows and ponds are more common on the Moon than was previously
assumed (Carter et al., 2012).

5. Ejection of Impact-Induced Melt
5.1. Fraction of Impact-Induced Melt in Ejecta

It has long been recognized that the relative volume of impact-induced melt ejected outside the crater decreases
with crater size (Cintala & Grieve, 1998; Dence, 1971). By summing up the total tracer masses of the ejected
material with peak pressure P, in excess of the critical shock pressure P, we calculated the volume of ejected

me/vm'

The results (Figure 5) show that relatively more melt is ejected from smaller craters than from larger ones as f, .

melt (V). For a given total melt production V,, we can determine the fraction of ejected melt f . =
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decreases from ~0.38 for the 1.5 km crater to ~0.28 for the 15 km crater. For
§ the even larger craters, f; = decreases more slowly and levels out for craters
L 0.08 = %" larger than 30 km.
[72]
g % Cintala and Grieve (1998) used Maxwell's Z-model to approximate the frac-
r0.06 § gg,- tion of ejected melt, where the contour of ejected material divides the melt
g § zone into an ejected volume and a displaced volume that remains within
L 0.04 ;E ‘—3’-. the transient cavity (cf. Figure 2). They also show the decreasing fraction
EN 2 of ejected melt with crater size, but their calculated fraction, ranging from
L 0.02 S % 0.6 to 0.4 for craters smaller than 50 km, is greater than our findings. The
E difference could be caused by the simplifications assumed by the Maxwell's
o

0 10

Transient crater diameter (D;), km

. . Z-model. As Cintala and Grieve (1998) themselves state that their results
30 40 from the Z-model are first-order estimates, simultaneous matching of depths

of excavation and transient cavity radii with a single value for z was difficult.

Figure 5. Distribution of impact-induced melt. The proportion of ejected melt ~ More importantly, their calculations do not take into account the presence of
from the total amount of melt is shown on the left y-axis. The fraction of melt porosity, which does not only affect the total melt production, but also the
volume retained inside the crater cavity (V,,.) with respect to the cavity volume  displacement of shocked materials during the crater formation (cf. Figure 9

(V,) is shown on the right y-axis.

from Luther et al., 2018).

Abundant melt products, which remain inside the crater, form melt rocks.

These melt products are commonly recognized as smooth melt deposits and
occur as well-defined pools on the crater floor. For small craters, smaller volumes of melt are produced. Addi-
tionally, the amount of remaining melt in the crater interior is smaller. Thus, the formation of large melt pools
becomes less likely because of rapid cooling. In addition, our results show the increasing abundance of melt
retained inside larger craters relative to their crater volume (Figure 5), which indicate the higher probability of
forming large-scale pools. Observations of lunar impact craters that display the more pervasive presence of melt
pools for large craters than for smaller ones are consistent with our estimates. Using high-resolution Lunar Recon-
naissance Orbiter Camera (LROC) Narrow Angle Cameras (NACs) images (0.5 m/pixel, Robinson et al., 2010),
Plescia and Cintala (2012) show that a few melt deposits for small lunar craters are found to be continuous,
but consist of several isolated pools. The small scale melt pools are easily obscured by regolith that has crept
down the walls of the crater. Well-defined melt pools are thus only observed in fresh small craters (Plescia &
Cintala, 2012).

5.2. Distribution of Ejecta Thickness

Based on scaling relationships, a theoretical expression for the thickness of the deposited ejecta (7) as a function
of landing distance (r) was derived. A simple power law expression based on observations was formulated by
McGetchin et al. (1973) and modified by Pike (1974):

T(r) =To(r/R)™® 3)
where T is the thickness at the crater rim, R, = D,/2 is transient crater radius, and B is an exponent.

In Figure 6, we plot the thickness of the deposited ejecta against the radial distance normalized by the transient
crater radius. To eliminate the influence of crater scale and better compare the slope, the ejecta thickness is
normalized by the reference thickness T,,. The thickness of the deposited ejecta decreases with distance accord-
ing to a power law with an exponent of ~—3.0, which is consistent with the laboratory experiments (Stoffler
etal., 1975) and the observation of lunar ejecta blankets (McGetchin et al., 1973, B = 3.0). For smaller projectiles,
we find that B is ~2.9. While taking into account the stronger contribution of the upper, more porous strata, it
is in agreement with the results from Luther et al. (2018) for porosities of ~10%-20%. For larger projectiles, we
see an increase of B, which may relate to the increasing fraction of material affected by thermal softening and
melting and dimensional effects like the decreasing cratering efficiency (e.g., the distribution of relative T;, and
ejecta volume in Figures S4 and S5 in Supporting Information S1, respectively).
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Figure 6. Ejecta thickness and melt contribution. The plot shows the distribution of ejected and molten materials (a), and the corresponding fitting results (b). In (a),
both the impact-induced melt and the ejecta deposit are normalized to the same 7| of the corresponding total blanket. In (b), the black-dashed line shows the estimate of
B =3 for lunar craters (McGetchin et al., 1973). The fitting parameters are also listed in Table S1 in Supporting Information S1.

5.3. Distribution of Melt Content in Ejecta

To study the melt distribution in ejected materials, we calculate the melt thickness T, of a hypothetical “melt
blanket,” which only consists of impact-induced melt material. We use the same procedure as for calculating the
total thickness of the ejecta blanket 7, but consider only molten matter. Of course, we do not expect the molten
material to compose the lower layer of the blanket, but expect that the molten material to be mixed with the total
amount of ejected materials. Our simulation results (Figure 6) show that the melt thickness T, is also a function
of landing distance following a power law:

Tu(r) = Tro(r/R)™n )

Similarly to the total ejecta blanket, the thickness of the melt blanket is decreasing with the distance from crater
center (Figure 6). The slope of the “melt blanket” is gentler than that of the total blanket and has an exponent
around —2.3. The slightly increasing value of B, with increasing size of the projectile follows the same tenden-
cies as the exponent of the total ejecta blanket. Using SELENE/Kaguya Terrain Camera and LROC data, Kriiger
et al. (2016) produced a high-resolution (10 m/pixel) map of impact melt distribution for the lunar Tycho crater.
They found that the occurrence of melt ejected from Tycho crater decreases with increasing distance from the
crater rim, being consistent with our estimate.

Normalizing to the total thickness 7|, the results of the total ejecta blanket
overlap for all projectile sizes for x/R, = 1 (Figure 6). However, the ratio of
T, /T, increases with increasing projectile size, from ~3 x 102 for L =3 km

— L=0.1km o to ~4 x 1073 for L = 0.1 km (i.e., by one order of magnitude), even though
03079 — L=05km o cratering from the smallest projectiles results in the largest fraction of melt
— L=1.0k . . . L
£ o025 — L= 2'8 k: g . being ejected (Figure 5). This could result from how the ejection contour cuts
> — L=3.0km L e through the volume of shock melt production (cf. Figure 2). Furthermore,
£ 0.201 = smaller craters form in the more porous upper target lithologies, which result
g 0.15 = 3 in the increased melt production relative to larger craters where the melting
B | T e zone reaches into less porous strata. This decrease of the ratio of 7, /T;, could
S 0.10 e also be an effect of the enhanced cratering efficiency for smaller cratering
s | o e L -
s |z T events compared to larger ones (e.g., the relative ejecta volume in Figure S5
t-0.059 / ________________________ in Supporting Information S1), which causes a smaller thickness of the melt
0.00 4 = blanket relative to the total ejecta thickness for smaller projectiles.

2.5 5.0 7.5

Figure 7. Concentration of melt in the ejecta blanket. Dashed lines indicate
the increasing uncertainty due to the model resolution (cf. bumpy thickness in
Figure 6a for x/R > 10), impact angle, and vapor plume.

10.0 125 15.0 17.5 20.0
Normalized distance from crater center, x/R,

Most of the ejected melt are distributed near the crater rim. Even though the
thickness of both the ejecta and the melt blanket decreases with distance from
the crater center, the decrease in total thickness is more pronounced than the
melt thickness. Hence, the concentration of impact melt in the ejecta blanket
increases (Figure 7). It indicates that the impact melt is highly concentrated
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not only inside the crater (Figure 5) but also in the distal ejecta. These melt products have been found as
millimeter-to centimeter-sized particles of pure melt that chilled rapidly to glass (e.g., Huang et al., 2018). In
addition, the concentration of impact melt in the ejecta blanket increases with increasing crater size. For a 50 km
crater (L = 3 km), the melt concentration in the blanket at 10 radii away from the crater rim is about 20%. Further-
more, we assume uniformly distributed deposits of distal ejecta, but they are usually distributed patchily and gath-
ered in small regions, which could further enhance the concentration of melt compared to our estimates. Note that
at such distances, effects from the initially fast expanding vapor plume, impact angle, or surface curvature play a
role on the detailed deposition, and our results shown here have to be considered as average values.

6. Influence of Impact Angle and Velocity

Both the varying impact angle and velocity affect the production of impact melt. In this study, the distribution
of melt from typical impact events with an angle of 45° at 18 km/s is considered to be representative of the
majority of the intermediate-sized craters on the Moon (Shoemaker, 1962; Yue et al., 2013). The impact velocity
on the Moon ranges from ~10 km/s to >40 km/s (Yue et al., 2013). For a given size of the projectile, a higher
impact velocity generates a larger amount of melt. For example, for a lunar impact with velocities from 10 km/s
to 40 km/s, the volume of produced melt of a given projectile varies by several orders of magnitude (Marchi
et al., 2013; Pierazzo et al., 1997). While focusing on the scaling relationship of the relative melt abundance with
respect to the crater dimension, the influence of velocity on melt volume is compensated by the greater size of
the crater caused by the higher impact velocity. This is consistent with analytical estimates (Abramov et al., 2012;
Cintala & Grieve, 1998) that show that the melt volume can be approximated as an exponential function of
merely crater size (given the density of projectile and target). In addition, using iSALE 2D hydrocodes, Luther
et al. (2017) investigated the influence of impact velocity on the melt production. Their results show that, for
constant kinetic energy, the melt production relative to the crater volume is generally constant for impacts with a
velocity greater than ~10 km/s. The fraction of ejected melt remains constant as well.

The impact angle also affects the melt production. In particular, very oblique impacts are thought to produce
less melt. Pierazzo and Melosh (2000) found that while impacts with an angle larger than 45° generally produce
comparable amounts of melt to the vertical impact case. The volume of melt for impacts at 30° drops to about
50% of the amount of melt in vertical impacts, declining to less than 10% for a 15° impact. Aside from the total
melt abundance, the impact angle also influences the distribution of ejected materials, especially distal deposits
(Herrick & Forsberg-Taylor, 2003; Shuvalov, 2011). Based on the observations of lunar impact craters, Herrick
and Forsberg-Taylor (2003) state that while the ejecta deposits exhibit axial symmetry for impact angles >45°, the
ejecta blanket of more oblique impacts becomes asymmetric. When the angle is <~25°, a forbidden zone devel-
ops in the uprange direction of the ejecta blanket; when <~10°, the ejecta form a “butterfly” pattern. Recently,
Luo et al. (2022) used the iSALE3D hydrocodes systematically studied ejecta pattern of oblique impacts on
the Moon, where the varied impact angles (10-90°), impactor diameters (1-120 km), and impact velocities
(10-20 km/s) were considered. Their modeled ejecta deposits present an evolving pattern with an impact angle
being consistent with the observations. In addition, they find that the impact angle under which ejecta patterns
turn from symmetric to asymmetric is dependent on the impactor size.

In the distal ejecta of oblique impacts, ejecta in downrange direction should present a more pronounced melt
enrichment compared with the uprange direction (Pierazzo & Melosh, 2000). The distal ejecta in downrange
direction is mainly derived from high-velocity ejected particles. They are jetted from a rather shallow region
of the target near the impact site that experiences the most intensive shock compression and is enriched in melt
(e.g., Schultz, 1999). In addition, very oblique impacts show an enhanced amount of the heated material due to
the additional shear heating of plastic work. If the shear heating is taken into account, the heated mass for an
oblique impact could be comparable to a head-on impact (Manske & Wiinnemann, 2022; Wakita et al., 2019).
Since the shear heating mainly occurs during the late stage of crater formation, the additional heated material
would mainly remain inside the crater. In addition, the influence of shear heating is significant for low-velocity
impacts <10 km/s (Kurosawa & Genda, 2018; Manske et al., 2021), which is only ~20% of the impacts on the
Moon (e.g., Yue et al., 2013).
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7. Implications for Interpretations of Lunar Samples

The mixing of melt products from afar is a major process that must be considered in the interpretation of sample
origin. For small craters, the melt production is relatively small, but due to their great number, the contribution
of melt from small craters may not be negligible. Especially in the upper shallow surface, their melt contribu-
tion could be up to 10% and the proportion of radiometrically datable melt is even higher (Liu et al., 2021).
In addition, the melt concentration from small craters in distal ejecta is generally <5%. While identifying the
distant-derived components in returned samples, the influence of a single small impact is not the melt of the small
crater itself, but the other components in its ejecta (Korotev, 1994). Due to the heterogeneity of their occurrence
regions and their high frequency, small impacts could cause a more and more complicated material composition.

For large craters, although they occur less frequently, more melt is generated and the melt concentration in
distal ejecta is larger than for smaller craters: For a 50 km crater, the melt concentration in the distal ejecta
~500 km away could be >30%. It implies that if a melt sample is supposed to be derived from a distant large
crater, the location of such a crater could be extremely far away from the sampling site. In this case, we may rely
on other characteristics (e.g., chemical composition) to constrain the potential origin. In addition, the proposed
scaling laws to estimate melt volume and distribution as a function of impactor size are also beneficial to simu-
late the transport of impact melt of different ages through the cumulative impact gardening process. This study
(e.g., Liu et al., 2020, 2021) provides the probability of different crater origins for a given sampling site. Being
combined with chemical analysis, the modeling results can significantly narrow down the source region (Cernok
et al., 2021).

8. Summary

The melt distribution in ejecta of impact craters is not well quantified. To address this issue, we use iSALE
2D hydrocode to simulate the production of impact-induced melt for intermediate-sized craters. Due to the
non-negligible influence of target porosity, the model includes the porosity profile of the lunar crust that was
constrained by lunar gravity observations.

Following previous studies, we describe the production of impact melt in our models as a function of transient
crater size according to a power law. Due to a decreasing porosity with depth in the target rocks, the melt produc-
tion for small craters is more significantly enhanced compared with that for larger craters. The increasing rate of
melt production with crater size is, therefore, smaller than previous estimates neglecting the effect of porosity.
Care must be taken when the melt production is parameterized by a function of transient crater size D,. Such
scaling laws tend to be most sensitive to variations in D, due to different approaches.

Some of the impact-induced melt is entrained in the ejecta flow and deposited at some distance from the crater
mixed into the ejecta blanket. We investigated the dispersion of impact melt inside and outside crater structures.
Our results show that with the increasing size of impact craters from 1.5 to 15 km, the ratio of ejected melt to the
total melt production decreases from ~0.4 to ~0.3, while for even larger craters, the ratio is generally constant
with a value of ~0.28. While the thickness of both ejecta and melt blanket decreases with the distance from the
crater center (following power laws), the melt concentration within the blanket is almost linearly increasing.

In the numerical models of the evolving dispersion of impact melt from large impact basins due to long-term
impact gardening (Liu et al., 2020), the distribution of impact melt was an essential input. This model was devel-
oped aiming to constrain the origin of lunar samples. By using the better parameterizations of melt production
from this study, the impact mixing model of Liu et al. (2020) could be enhanced.

Data Availability Statement

All data to reproduce the figures and the iSALE input files in this work can be accessed in Liu et al. (2022).
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