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A B S T R A C T   

The Moon offers a wide range of potential resources that may help sustain a future human presence, but it lacks 
indigenous carbon (C) and nitrogen (N). Fortunately, these elements will have been delivered to the Moon’s 
surface by carbonaceous chondrite (CC) asteroid impactors. Here, we employ numerical modelling to assess the 
extent to which these materials may have sufficiently survived impact with the lunar surface to be viable sources 
of raw materials for future exploration. We modelled the impact of a 1 km diameter CC-like asteroid, considering 
impact velocities between 5 and 15 km s− 1, and impact angles between 15 and 60◦ to the horizontal. The most 
favourable conditions for the survival of C-rich, and especially N-rich materials, are those with the lowest impact 
velocities (≤10 km s− 1) and impact angles (≤15◦). Impacts with velocities >10 km s− 1 and angles >30◦ were 
found not to yield any significant amount of surviving solid material, where bulk survival is defined as material 
experiencing temperatures less than the impactor material’s estimated melting temperature (~2100 K, based on 
a commonly adopted Equation of State for serpentine). Importantly, oblique and low velocity impacts result in 
concentrations of unmelted projectile material down-range from the impact site. For the canonical 1 km- 
diameter CC impactor considered here, with an impact angle ≤15◦ and velocity ≤10 km s− 1, this results in 
~109–1010 kg of C and ~108–109 kg of N being deposited a few tens of km down-range from the impact crater, 
where it might be accessible as a potential resource. Such low-velocity and oblique impacts have a low proba-
bility - we estimate that only ~5 such impacts may have occurred on the Moon in the last 3 billion years (the 
number of impacts of smaller impactors will have been higher, but they will concentrate lower masses of po-
tential resources). As the estimated C and N concentrations from such impacts greatly exceed those expected for 
ices within individual permanently shadowed polar craters, searching for these rare impact sites may be 
worthwhile from a resource perspective. We briefly discuss how this might be achieved by means of orbital infra- 
red remote-sensing measurements.   

1. Introduction 

The surface of the Moon will be the next step in human space 
exploration, with an emphasis on developing approaches for in situ 
resource utilization (ISRU; e.g., ISECG, 2020). The Moon contains a wide 
range of raw materials that could support a human presence (for reviews 
see Anand et al., 2012; Crawford et al., 2023), but some key volatile 
substances, crucially including water, carbon, and nitrogen, are scarce 
on the lunar surface (McCubbin et al., 2023; Hurley et al., 2023). 

Mainly, this is a result of the Moon’s different evolutionary history 
compared with the other terrestrial planets, especially its low gravity, 
lack of recent geological outgassing, and the consequent absence of 
geosphere-atmosphere-hydrosphere (and, for Earth, biosphere) in-
teractions that lead to the processing and concentration of many bio-
logically important materials. However, despite their scarcity, carbon 
(C) and nitrogen (N) will be important for supporting long-duration 
human missions to the lunar surface. For example, both elements will 
be required for lunar food production (e.g., Wamelink et al., 2014), with 
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nitrogen also required as a buffer gas for an Earth-like breathable at-
mosphere. Carbon (combined with hydrogen) may also be important for 
carbo-thermal reduction of iron oxides to yield oxygen from lunar rocks 
(e.g. Prinetto et al., 2023), and for refuelling methalox-based spacecraft 
such as the SpaceX Starship (e.g., Cannon, 2021). 

Fortunately, some of the desired volatile resources lacking in indig-
enous lunar materials are likely to have been delivered to the Moon from 
external sources. These include the solar wind (Fegley and Swindle, 
1993), micrometeorites (e.g., Mortimer et al., 2016), and comet and 
asteroid impactors (e.g., Haskin et al., 1993; Wingo, 2004; Yue et al., 
2013; Crawford et al., 2023). However, the concentrations of C and N in 
the lunar regolith due to solar wind and/or micrometeorite implantation 
are very low (~100 ppm; Fegley and Swindle, 1993) and it would 
require the processing of several cubic metres of regolith to extract one 
kg of these elements from that source (see Table 1 of Crawford, 2015). 
As discussed in Section 4 below, C and N are likely to be found in a more 
concentrated form in polar ice deposits (Colaprete et al., 2010; Cannon, 
2021), but it would be of interest to determine if non-polar concentra-
tions of these important elements are likely to occur on the Moon. In this 
context, it is interesting to note that C and N are abundant in carbona-
ceous chondrite (CC) meteorites sourced from asteroid parent bodies (e. 
g., Sephton, 2002; Pearson et al., 2006). Because asteroids with CC-like 
compositions will have impacted the lunar surface over geological time 
(e.g., Joy et al., 2012, 2016, 2020), these could be a useful source of 
these key elements on the Moon (a suggestion first made, to the authors’ 
knowledge, in the science fiction novel Worlds by Haldeman, 1981). In 
this context, it is noteworthy that Yang et al. (2022) have identified what 
they interpret to be surviving metre-scale remnants of CC impactor 
material in multi-spectral images of the lunar surface obtained by the 
Yutu-2 rover at the Chang’e-4 landing site. 

Unless, or until, significant quantities of surviving meteoritic mate-
rials are retrieved from the lunar surface, experimental and numerical 
modelling are the best tools to probe the fate of projectiles during and 
immediately after impact. Projectile survivability is influenced by mul-
tiple factors including impact velocity (Melosh, 1989; Bland et al., 2008; 
Kurosawa and Genda, 2018), projectile material properties (e.g., 
composition, density, strength, cohesion, etc; Daly and Schultz, 2013; 
Svetsov and Shuvalov, 2015; Wickham-Eade et al., 2018), projectile 
porosity (Wünnemann et al., 2008; Jutzi et al., 2008; Güldemeister et al., 
2013), target porosity (Wünnemann et al., 2006; Avdellidou et al., 
2016), target material properties (Christiansen et al., 1993; Davison 
et al., 2011; Burchell et al., 2014a), and angle of impact (Gault and 
Wedekind, 1978; Pierazzo and Melosh, 2000; Davison et al., 2011; 
Potter and Collins, 2013; Nishida et al., 2019). The survivability of rock 
projectile materials in numerically simulated hypervelocity impacts has 
been studied for multiple planetary bodies, including Earth (Pierazzo 
and Melosh, 2000; Wells et al., 2003; Potter and Collins, 2013; Beech 
et al., 2019), the Moon (Bland et al., 2008; Yue et al., 2013), asteroid 4 

Vesta (Daly and Schultz, 2016); Europa (Pierazzo and Chyba, 2002), and 
Ceres (Bowling et al., 2020). In the case of the Moon, earlier numerical 
models have indicated that volatiles and organic material within pro-
jectiles may survive impact with the lunar surface (e.g., Crawford et al., 
2008; Ong et al., 2010; Svetsov and Shuvalov, 2015). Projectiles in 
laboratory-scale experiments have been shown to survive hypervelocity 
impacts with a multitude of different target materials (e.g., Daly and 
Schultz, 2015; Wickham-Eade et al., 2018). Additionally, organic con-
stituents within such projectiles have also been shown to survive 
(Mimura and Toyama, 2005; Parnell et al., 2010; Meyer et al., 2011; 
Burchell et al., 2014a, 2014b, 2017). Examples of surviving asteroidal 
material (see Joy et al., 2016) have been found in lunar samples from 
Apollo 11 (Goldstein et al., 1970), Apollo 12 (Wood et al., 1971; 
Zolensky et al., 1996; Joy et al., 2020), and Apollo 16 (Jolliff et al., 
1993). Fragments of surviving meteoritic material have also been 
identified in lunar breccias, including a chondritic fragment within 
lunar meteorite Pecora Escarpment 02007 (Day et al., 2006; Liu et al., 
2009; Joy et al., 2012), and younger Apollo 16 regolith breccias (Joy 
et al., 2012). From a resource perspective, it will be important to locate 
where surviving material may be concentrated in high enough abun-
dances to be a useful resource (that is, to qualify as a ‘reserve’; see 
Crawford et al., 2023). For example, if surviving meteoritic material is 
concentrated within a small area surrounding the impact site, it could 
become more attractive as an exploitable reserve. Although there have 
been previous investigations into the fragmentation of projectiles upon 
impact (e.g., Melosh et al., 1992; Nagaoka et al., 2013; Wickham-Eade, 
2017; Nishida et al., 2019), there has been less work on the concentra-
tion of surviving fragments proximal to the impact site. Wieczorek et al. 
(2012) suggested that some lunar magnetic anomalies might be due to 
surviving fragments of metallic and/or ordinary chondrite impactors; 
Yue et al. (2013) suggested that projectile remnants may be concen-
trated in the central peaks of complex craters; and Potter and Collins 
(2013) investigated how large fragments of a meteorite have survived at 
the Morokweng crater on Earth. Further afield, Daly and Schultz (2016) 
suggested that craters on Vesta may preserve localised deposits of 
carbonaceous projectile material. 

If meteoritic material survives impact with the lunar surface, it will 
gradually be degraded by micrometeorite impacts and other surface 
processes. The median survival time for centimetre to meter scale rocky 
material on the surface of an airless body like the Moon has been esti-
mated to be between 40 and 80 Ma, with some surviving up to 300 Ma, 
depending on the material (Basilevsky et al., 2013, 2015). This means 
that for impacted projectile material to survive over long periods of time 
(i.e., millions or billions of years) after impact, the material must be 
protected from destructive processes at the surface. Rapid burial by 
crater and basin ejecta, and/or by mare basalt flows, could potentially 
provide protection for meteoritic material (e.g., Crawford and Joy, 
2014; Joy et al., 2016), but to be useful as a resource it would need to be 

Table 1 
Abundances of C-bearing materials found in a range of CM/CI meteorites (Murchison, Murray and Orgueil) and the average abundances of N-bearing molecules found 
in CM meteorites (Murchison and Murray) and associated vaporisation temperatures included for both C- and N-bearing molecules (we have assumed that these 
compounds are homogeneously distributed within the meteorites).  

Carbon type Abundance (wt.%)[1],[2],[3] Vaporisation temperature (K) Nitrogen type Abundance (ppm)[6] Vaporisation temperature (K)[7] 

Organic matter 0.6–2.3 550–750[1] Glycine 4.5 525 
Carbonate ~0.2 700–1000[1] Glutamic acid 2.3 700 
Diamond 0.03–0.15 4000[4] Aspartic acid 1.7 600 
Graphite 0.001–0.005 4000[4] Glutamine 1.1 850 
Silicon carbide 0.001–0.009 3000[5]     

[1] Huss and Lewis (1994). 
[2] Russell et al. (1996). 
[3] Sephton (2002). 
[4] Bundy (1989). 
[5] NIOSH (2019). 
[6] Cronin & Moore (1971). 
[7] Weiss et al. (2018). 
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exhumed, either naturally via impact gardening or, in the more distant 
future, by mining activities. 

In this paper, we report hydrocode modelling of the impact of a 1 km 
diameter CC-like asteroid into a simulated basaltic lunar surface to 
assess the distribution of surviving impactor fragments, and the extent to 
which C- and N-rich materials contained within them may survive 
impact sufficiently to be viable sources of raw materials for future 
human exploration activities. We also briefly consider how such mate-
rial might be located on the lunar surface. 

2. Methods 

Investigation of both the temperature regimes and the location of CC 
material post-impact requires a suite of 3D impact models at a variety of 
impact angles and velocities. Here, we have made use of the iSALE 
(impact-SALE) multi-material, multi-rheology shock physics code 
(Wünnemann et al., 2006); iSALE is itself based on the SALE (Simplified 
Arbitrary Lagrangian Eulerian) hydrocode (Amsden et al., 1980). Hy-
pervelocity impact processes are simulated in solid materials and can 
include an elasto-plastic constitutive model, fragmentation models, 
various equations of state, and multiple materials (Melosh et al., 1992; 
Ivanov et al., 1997); more recent developments of the model have been 
described by Collins (2014), Collins et al. (2011a, 2014), and Wünne-
mann et al. (2006). iSALE has been benchmarked against other 
hydrocodes (Pierazzo et al., 2008) and validated against experimental 
data from laboratory scale impacts (e.g., Pierazzo et al., 2008; Davison 
et al., 2011; Miljković et al., 2012), and is able to simulate impact 
processes in both two- and three-dimensional space. The 3D version 
(Elbeshausen et al., 2009) includes a fast and accurate adaptive interface 
reconstruction algorithm (Elbeshausen and Wünnemann, 2011) and is 
parallelised by using Message Passing Interfaces (MPI). In this work, 
high spatial resolution 2D simulations were used to determine accurate 
temperature and pressure regimes across the projectiles via a resolution 
test; 3D simulations are more limited in terms of resolution compared to 
2D (due to computational requirements), but they allow us to predict the 
location of the projectile material following oblique impacts. 

Owing to our focus on possible resource utilization, we have 
considered CI and CM carbonaceous chondrite compositions for the 
impactor material, as these contain the highest proportion of C and N 
within meteorite samples investigated so far (e.g., Alexander et al., 
1998; Sephton, 2002; Pearson et al., 2006). Typical concentrations of 
some C- and N-bearing compounds in these meteorites are presented in 
Table 1 (see the footnotes for references to specific meteorites). We 
represent the impactor using a material model best approximating 
CC-like material from those available in the iSALE library. Based on 
previous modelling work involving CCs, and consideration of materials 
which represent the best approximation of the bulk composition of CC 
materials, a set of Equations of State (EoS) were tested (Table 2). The 
Carbchon Tillotson EoS aims to represent solid CI/CM material, but is 
not included in the iSALE EoS library and was added from Herbold et al. 
(2015). The other five materials use a semi-analytical equation of state 
(ANEOS; Thompson and Lauson, 1972). Fig. 1 shows the response of the 
materials to shock for a solid projectile impacting a solid target, using 
combinations of shock pressure, particle velocity, and shockwave ve-
locity (available within the iSALE EoS library). These data were 

compared with experimental shock Hugoniot data for the composition of 
CM2 (Murchison) and ordinary L-type (Bruderheim) chondrites 
(Anderson and Ahrens, 1998). Dunite behaves more like ordinary 
chondrites than CC material, plotting near or above that of the Bru-
derheim data and far from the Murchison data. Similarly, basalt plots 
further from the CM2 data than other candidate materials. Therefore, 
dunite and basalt can be discounted as potential representations of CC 
material. Quartz, serpentine, granite, and carbchon all plot in very 
similar positions in both Fig. 1a and b. 

With the introduction of a porosity model simulating 20% of the 
volume as pore space (based on the porosity for a typical CC meteorite; 
e.g., Consolmagno et al., 2008), both serpentine and the CC Tillotson 
EoS match well to the Murchison material data (Fig. 2). Based upon this 
investigation of potential projectile materials, serpentine was chosen as 
the material to be used for the 2D and 3D iSALE simulations reported 
here. Choosing this material model over the similarly performing CC 
Tillotson EoS, despite the latter being specifically created to represent 
CM material, was based on several factors: the serpentine ANEOS has 
been used in previous simulations representing carbonaceous material 
(Richardson et al., 2005; Davison et al., 2016; Wakita and Genda, 2019), 
and ANEOS enables estimation of phase changes within materials, which 
is important in the context of CC survival and its resource potential. 

High spatial resolution 2D simulations were used to determine 
temperature and pressure regimes across the projectile via a spatial 
resolution test. In impact simulations, spatial resolution is typically 
expressed as the number of cells per projectile radius (CPPR). We 
simulated each scenario at resolutions of 8, 16, 24, 32, 50, 100, and 200 
cells per projectile radius and measured the volume of the projectile that 
experiences peak temperatures higher than the melt temperature of the 
serpentine projectile material (~2100 K; Brookshaw, 1998).1 Using 
iSALE-2D (Wünnemann et al., 2006), we modelled the vertical impact of 
a 1-km diameter, CC-like projectile into a single-layer, lunar surface 
target at 5 km s− 1. Thermal, strength and damage parameters were 
adopted as appropriate for a CC projectile and the lunar crust (see table 
6.2 of Halim, 2023). A serpentine ANEOS EoS (Brookshaw, 1998) was 
used for the projectile, with an assumed (macro) porosity of 40% based 
on average values for CC asteroid parent bodies (Veverka et al., 1999; 
Britt et al., 2002; Chesley et al., 2014; Lauretta et al., 2015; Sugita et al., 
2019). The material model used to represent the target combined an 
ANEOS-derived EoS table for basalt (Pierazzo et al., 2005) with 10% 
porosity modelled using the epsilon-alpha compaction model (Wünne-
mann et al., 2006; Collins et al., 2011a). A target porosity of 10% was 
adopted as an approximate average for the lunar highlands 

Table 2 
Equations of state (EoS) available within the iSALE EoS library which were considered to represent carbonaceous chondrite (CC)-like material.  

Equation of state Previous use in modelling work 

Granite – ANEOS (Pierazzo et al., 1997) Multiple studies have used both in a variety of lunar impact simulations, but less so as CC-like material. (e.g., Crawford et al., 2008;  
Potter, 2012; Kring et al., 2016). Used here for comparison vs. more likely candidate materials. Basalt – ANEOS (Pierazzo et al., 2005) 

Quartz – ANEOS (Melosh, 2007) Approximation for hydrated asteroid material impacting the Moon (Svetsov and Shuvalov, 2015). 
Dunite – ANEOS (Benz et al., 1989) Simulation of CM-like impactor striking Vesta (Turrini et al., 2014). 
Serpentine – ANEOS (Brookshaw, 1998) Hydrocode modelling as the surface of a CC-like asteroid (Richardson et al., 2005) and as the hydrated core of planetesimal impacts ( 

Wakita and Genda, 2019). 
Carbchon – Tillotson (Herbold et al., 2015) Specifically created by Herbold et al. (2015) to represent CI/CM material.  

1 We recognize that melts may also be produced at lower temperatures during 
the shock release stage (we are grateful to a referee for pointing this out). 
However, we are doubtful that this will greatly affect the survival of C- and N- 
rich compounds as potential resources because C and N-rich compounds within 
these melts are likely to remain trapped within the projectile remnants when 
the material re-solidifies (see discussion in Section 3). Note also that most of the 
material of interest in a resource context (Fig. 5a and b) has been subjected to 
maximum peak-shock temperatures of ≤1000 K which are well below the 
melting temperature; assessing the degree of pressure release melting at these 
low temperatures would require a further study. 
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megaregolith (Wieczorek et al., 2013), although we note that the 
porosity of the uppermost few km might be higher in places depending 
on the local structure of the megaregolith (determining the effects of 
which would require additional modelling). Although basalt is not the 
most appropriate compositional analogue for lunar highlands material, 
this material model was favoured as no ANEOS-derived table for 

anorthosite is currently available. Previous work has shown that 
impactor survivability depends most sensitively on the shock response of 
the impactor and target materials (e.g., Potter and Collins, 2013). As the 
density (2860 vs 2940 kg m− 3), bulk sound speed (5 vs 4.9 km s− 1) and 
the slope of the linear shock-particle speed relationship (1.62 vs 1.53) 
are similar for basalt and gabbroic anorthosite (O’Keefe and Ahrens, 

Fig. 1. A comparison of shock Hugoniot data for iSALE EoS data (dunite, serpentine, quartzite, granite, basalt, and CM carbonaceous chondrites (CC) material 
models) and experimental data for ordinary L chondrites (Bruderheim) and CM carbonaceous chondrites (Murchison). Bruderheim and Murchison data taken from 
Anderson and Ahrens (1998). (a) Particle velocity vs. shock pressure, (b) particle velocity vs. shock velocity. 
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Fig. 2. A comparison of shock Hugoniot data for iSALE EoS (serpentine and carbonaceous chondrites (CC), both including 20% porosity) and experimental data for 
ordinary L chondrites (Bruderheim) and CM carbonaceous chondrites (Murchison). Bruderheim and Murchison data taken from Anderson and Ahrens (1998). (a) 
Particle velocity vs. shock pressure, (b) particle velocity vs. shock velocity. 
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1982), we do not expect our conclusions to be sensitive to our choice of 
target material model. 

Fig. 3 shows the results of this resolution test, with the volume of 
material experiencing temperatures greater than that of the melt tem-
perature decreasing with increasing resolution. At the highest resolution 
tested (200 cells per projectile radius) the results are close to converged, 
and it is likely that the volume of material reaching the melt temperature 
would only decrease slightly more for higher resolution simulations. 
Based on this 2D resolution test, and previous work that showed very 
similar sensitivity to resolution of heated volumes between iSALE2D and 
iSALE3D (Davison et al., 2014), we conservatively assume that the 
temperatures recorded in the lower resolution 3D simulations will be 
overestimated compared to what they would be in a “real-world sce-
nario” (converged with an essentially infinitely high resolution). For 
example, a simulation run at 16 cells per projectile radius would over-
estimate the volume of the projectile that reached a given temperature 
by ~70% when compared to an identical simulation at 200 cells per 
projectile radius. The 3D simulations were carried out on the Kathleen 
High-Performance Computing (HPC) Facility at University College 
London (Kathleen@UCL). A resolution of 16 cells per projectile radius 
was chosen as a compromise between relatively accurate calculation of 
temperatures in the projectile and the computational time taken to run 
long enough to record where the projectile material lands after impact. 
The compositions, porosities and EoS for the projectile and target were 
the same as adopted for the 2D simulations. Although the average 
impact velocity for asteroidal bodies striking the Moon has been esti-
mated to be between ~14 and 20 km s− 1 (e.g., Ivanov, 2001; Marchi 
et al., 2009; Le Feuvre and Wieczorek, 2011), from a projectile survival 
perspective we are mostly interested in below average impact velocities 
and have here modelled impact velocities of 5, 10, and 15 km s− 1, with 

impact angles ranging between 15 and 60◦ to the horizontal (Table 3). 
Fig. 4 shows snapshots of the cratering process for the 5 km s− 1 15◦

impact scenario, which is the most relevant from a resource perspective 
(discussed below). 

Lagrangian tracer particles were placed in each cell of the projectile 
to track temperature, pressure, and the location of the material over the 
course of the impact. A gravitational acceleration of 1.62 ms-2 was 
applied across the scenarios, consistent with that of the lunar surface. 
The simulations were run for 48 h on the Kathleen HPC, corresponding 
to a maximum simulated time of 25 s after impact. For the shallow 
impacts where projectile ‘decapitation’ occurs (Davison et al., 2011; see 
below), most of the least shocked projectile material comes to rest 
within the iSALE simulation. However, high-velocity projectile material 
was found to still be travelling away from the impact site after this time 
(see Fig. 4), and this was ballistically projected to a final resting place on 
the lunar surface. This was achieved by identifying the launch position 
and ejection velocity vector of each projectile tracer at some point before 
the end of the simulation and then calculating its ballistic trajectory to 
predict its final landing location. However, as different parts of the 
projectile begin ballistic motion at different times, it is difficult to define 
a simple protocol for the moment of launch. The solution adopted in this 
work included ballistic calculations for different parts of the simulation 
(an example script can be found in Appendix A6 of Halim, 2023). Firstly, 
any projectile material with an upward motion above the elevation of 
the pre-impact surface (z = 0; see Fig. 4) was projected forward, using 
tracer particles to track when material was ejected and the three com-
ponents of their velocity to calculate a final landing location on the lunar 
surface. Secondly, any projectile material originating from within the 
transient crater, below the pre-impact surface, that experienced an up-
ward motion by the end of the simulation was projected from the last 
point at which its velocity was defined. Due to the location of these 
tracers within the growing transient cavity, these tracers may not have 
been moving ballistically at the time of projection, so this simplification 
may lead to uncertainties in the final landing locations. Thirdly, some 
tracers were found downrange of the transient crater that had never 
experienced an upward motion and were located beneath the pre-impact 
surface by the end of the simulation (especially in the 15◦ impacts); this 
is interpreted as projectile material that scours the lunar surface and its 
final resting place was assumed to be on (or just below) the surface. 
Finally, any material that achieved a velocity greater than the escape 

Fig. 3. Resolution study for the 2D, vertical impact described in the text, showing the volume (%) of the projectile which reaches a certain temperature (y-axis) at 
increasing amounts of cells per projectile radius (CPPR). 

Table 3 
Names assigned to each of the 12 different scenarios covered by this suite of 
simulations by varying impact velocity and angle.  

Angle (◦) Velocity (kms-1) 

5 10 15 

15 a15_v5 a15_v10 a15_v15 
30 a30_v5 a30_v10 a30_v15 
45 a45_v5 a45_v10 a45_v15 
60 a60_v5 a60_v10 a60_v15  

S.H. Halim et al.                                                                                                                                                                                                                                
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Fig. 4. Snapshots of the first 5 s of the impact process in the y = 0 plane for a 1 km diameter projectile striking the lunar surface at 5 km s− 1 with an angle of 15◦ to 
the horizontal (i.e., scenario a15_v5). The decapitated projectile skids across the surface downrange of the crater, scouring the surface and shedding low shock 
surviving fragments. Black denotes projectile material in the computational grid; the temperature scale records the peak temperatures experienced by the projectile 
tracer particles. 
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velocity of the Moon (2.38 km s− 1) whilst experiencing an upward tra-
jectory was removed from the calculations. 

3. Results 

We take the theoretical melting temperature of the projectile mate-
rial (~2100 K; Brookshaw, 1998) to provide a conservative estimate for 
the survival of solid projectile material in the impact ejecta. Table 4 
shows the percentage of the projectile mass that remains solid after 
impact according to this criterion. For a low impact velocity (5 km s− 1), 
the majority of projectile material remains solid for all impact angles 
considered. Similarly, the lowest angle impacts considered (15⁰) allow 
for solid material survival at all impact velocities up to 15 km s− 1. 
However, impacts with velocities >10 km s− 1 and angles >30◦ do not 
yield any surviving solid material and so are not relevant as prospective 
resources. 

The relative proportion of surviving projectile material that (i) re-
mains within the crater, (ii) is ejected beyond the crater rim, and (iii) 
escapes from the Moon is shown in Table 5. The proportion of material 
found within the transient crater by the end of the impact increases with 
increasing impact angle. In the scenario with the lowest impact angle 
(15◦) and velocity (5 km s− 1), the vast majority (96%) of the projectile 
volume lands on the target surface outside the crater, with 4% escaping. 
Increasing impact velocity for this oblique impact angle leads to a sig-
nificant increase in the amount of material expected to escape the lunar 
gravity, rising to 48% at 10 km s− 1 and 71% at 15 km s− 1, reducing the 
mass remaining as a potential resource (although some ejected material 
may re-impact into the Moon at a later time, it is impossible to say where 
that material would be found). 

Figs. 5 and 6 show the final resting locations of surviving solid 
projectile material on the lunar surface (plan view), colour coded ac-
cording to maximum peak temperature experienced during the impact. 
Based on the vaporisation temperatures shown in Table 1, we would 
expect the hardiest C-bearing compounds (i.e., SiC, diamond, graphite) 
to remain in situ in the projectile remnants at all the locations plotted, 
but more volatile compounds are likely to be lost (at least partially). A 
conservative estimate of the extent to which these compounds may 
remain within surviving projectile fragments can be obtained by 
comparing the vaporisation temperatures listed in Table 1 with the peak 
impact temperatures shown in Figs. 5 and 6. Such a comparison will be 
conservative for two reasons: (i) the peak temperature reached within 
any projectile cell typically lasts for less than one timestep (0.5 s), and it 
may be doubted that all the affected molecules vaporise and escape from 
the surrounding (solid) projectile matrix in this short time; and (ii) some 
fraction of vaporised material will likely recondense locally within the 
projectile fragments before escaping, and hence remain available as a 
potential resource. 

As would be expected, the best scenario for the preservation of C- and 
N-bearing materials is the lowest velocity and most oblique impact 
considered (e.g., scenario a15_v5; Figs. 4 and 5a). Approximately 85% of 
the projectile remains solid (Table 4), and ~16% of the original pro-
jectile mass experiences temperatures less than 700 K suitable for the 
survival of most of the carbon species and many of the organic materials 
(including the nitrogen-containing amino acids; we recognize that 

amino acids may undergo thermal decomposition into constituent atoms 
and molecules at temperatures lower than the vaporisation tempera-
tures listed in Table 1, but if the surrounding bulk material remains solid 
it seems likely that the decomposition products will remain trapped in 
the surviving projectile fragments). Importantly, for this scenario, the 
majority of the surviving material suitable for the survival C- and N- 
bearing molecules (<700 K, dark purple in Fig. 5a) is found concen-
trated in a small area extending from ~20 km to ~30 km downrange and 
is spread over an area of ~60 km2. This concentration of less shocked 
projectile material downrange of the impact site results from the phe-
nomenon of ‘projectile decapitation’ (Davison et al., 2011), whereby 
some of the trailing part of the projectile, which suffers the least shock 
on impact, separates from the remainder and travels further downrange 
with reduced velocity, This effect can be seen in Fig. 4, and is discussed 
in Chapter 6 of Halim (2023; see his figures 6.1 and 6.7). The decapi-
tated projectile skids along the surface and parts of the low-shock 
trailing edge (tracked by Lagrangian tracer particles) scour and 
become entrained in the uppermost target material. While the state of 
the projectile fragments, as well as the extent of entrainment and depth 
of mixing is under resolved in our simulations, the surviving projectile 
fragments and their volatile compounds are expected to come to rest 
close (i.e. ≤10 m depth) to the surface. 

Fig. 5b shows the results for scenario a15_v10, where the increased 
velocity has decreased the amount of surviving material subjected to low 
temperatures, with 58% of the projectile remaining solid (Table 4). A 
minimum temperature of 800 K is experienced by all of the projectile, 
with just ~3% of the original projectile volume experiencing tempera-
tures <1000 K. These temperatures would potentially enable the sur-
vival of some carbonate species, and some amino acids (e.g., glutamine), 
according to the vaporisation temperatures listed in Table 1; the more 
durable C-bearing molecules will likely remain in the majority of the 
surviving projectile. The bulk of the surviving material is again found 
within a decapitation zone downrange of the impact, which is now 
closer to impact site. 

Increasing the impact velocity further to 15 km s− 1 (a15_v15; Fig. 5c) 
results in minimum temperatures of ~1400 K and just ~21% of the 
projectile volume remaining solid after impact (Table 4). All of the 
amino acids considered would be vaporised in this scenario and the only 
C-bearing molecules to survive in significant quantities would be the 
most durable (i.e., SiC, graphite, and diamond). This material is again 
concentrated as a cone shape extending from the point of impact to ~30 
km downrange, becoming sparser with distance from the impact. 

Less oblique impact angles lead to higher peak temperatures across a 
greater proportion of the projectile volume but concentrate more of the 
surviving projectile material closer to the crater (Fig. 6). At 30◦ (Fig. 6a), 
almost three-quarters of the projectile remains solid (Table 4), but only a 
small (~1%) volume of the projectile records temperatures <1000 K. As 
would be expected, at higher impact angles the surviving projectile 
fragments become increasingly concentrated around the crater, but are 
subject to higher temperatures, making them even less attractive as 
possible sites for C- and N-rich resources. Note that the concentric 

Table 4 
Percentage of CC projectile material (assumed macro-porosity of 40%) that re-
mains solid after impact, based upon peak temperatures reached within the 
projectile at any time during the simulation.  

Angle (◦) Velocity (kms-1) 

5 10 15 

15 85% 58% 21% 
30 74% 0% 0% 
45 65% 0% 0% 
60 57% 0% 0%  

Table 5 
Proportions of projectile volume in their respective final locations after impact 
for scenarios where solid material survived. Results are rounded to the nearest 
percent, apart from proportions <0.5% to avoid misrepresentation of a small 
amount of material that does in fact remain within the craters formed.  

Scenario Proportion of projectile material in final location 

Landed in crater Landed ejecta Escaped 

a15_v5 <0.5% 96% 4% 
a15_v10 <0.5% 52% 48% 
a15_v15 <0.5% 29% 71% 
a30_v5 9% 47% 44% 
a45_v5 34% 56% 10% 
a60_v5 51% 48% 1%  
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banding of final projectile locations apparent in Fig. 6b and c is an 
artefact of the ballistic projections resulting from the 0.5s timesteps of 
the model; in reality, some of the material plotted within these bands 
will be distributed into the spaces between them, resulting in lower 
surface concentrations at distal locations than implied by these figures. 

4. Discussion 

4.1. Surviving masses of resource-rich material 

We can estimate the masses of surviving C- and N-rich material 
available as potential resources by (i) converting the fractional mass 
within each cell exposed to temperatures below each compound’s 
vaporisation temperature (Table 1); and (ii) converting to kg based on 
the initial mass of the projectile and the assumed abundances of C- and 
N-rich compounds within it. These mass calculations are based on the 
mass of the 40% porous, 1 km diameter, serpentine material impactor, 
with a total impacting mass of ~7.6 × 1011 kg. 

As discussed above, the most favourable case for the survival of 
resource-rich materials is lowest velocity (5 km s− 1), lowest angle (15◦) 
impact considered (i.e., model a15_v5; Fig. 5a) as this is the only one 
where significant N-bearing compounds are not heated to above their 
vaporisation temperatures. The least shocked projectile material will be 
found within the ‘decapitation zone’ (purple points bounded by a black 

rectangle in Fig. 5a), approximately 20–30 km downrange of the impact 
site. Fig. 7a depicts the maximum temperatures reached within the total 
mass of surviving material in this decapitation zone. Approximately 3 ×
1010 kg of material in this zone experiences maximum temperatures 
permitting the survival of glutamic acid (<700 K), with up to 7 × 1010 kg 
experiencing temperatures suitable for glutamine (<850 K). Organic 
carbon, the form of carbon with the highest wt.% in CCs (Table 1) is 
likely to survive in ~5 × 1010 kg of the decapitated projectile, with 
temperatures suitable for carbonate survival in ~8 × 1010 kg. Factoring 
in the abundances of the various C- and N-bearing compounds within 
known meteorite classes (Table 1), we estimate that the decapitation 
zone of 1 km-diameter CI asteroid impacting at 5 km s− 1 and 15◦ to the 
horizontal would be expected to contain ~5.7 × 109 kg of C and ~5.7 ×
108 kg of N; the corresponding values for a CM impactor are ~2.6 × 109 

kg and ~1.1 × 108 kg, respectively (the breakdown for specific com-
pounds can be found in table 6.7 of Halim, 2023). 

Fig. 7b shows the results for a comparable analysis for the next most 
favourable case (i.e., model a15_v10; Fig. 5b). Here, the total mass of 
projectile debris surviving in the decapitation zone is about twice as 
much as for the a15_v5 case, but both the fractional and absolute masses 
of non-volatilised C- and N-bearing compounds is lower owing to the 
higher peak shock temperatures. Still, if a substantial fraction of C and N 
were to remain trapped within the solid projectile fragments, despite 
transient heating to above their vaporisation temperatures, then our 

Fig. 5. Peak temperature and location plots of the fate of a 1 km diameter projectile following impact on the lunar surface in scenarios (a) a15_v5, (b) a15_v10, and 
(c) a15_v15. Each tracer represents a cube of projectile material with initial dimensions 31.25 × 31.25 × 31.25 m. Light blue (cyan) coloured dashed line shows the 
approximate location of the transient crater rim. Direction of impact is from right to left, with the initial impact point located at [0,0]. Black boxes in (a) and (b) 
highlight the areas where surviving CC projectile material is expected to be concentrated. 
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models predict ~1.2 × 1010 kg of C and ~1.2 × 109 kg of N for the same 
1-km diameter CI impactor; the corresponding values for a CM impactor 
are ~5.5 × 109 kg and ~2.3 × 108 kg, respectively. 

It is interesting to compare the predicted C abundances with those 
inferred for ices preserved in permanently shadowed regions (PSRs) at 
the lunar poles (Cannon, 2021). Brown et al. (2022) have estimated the 
masses of water ice in several PSRs and obtain values in the range 
107–1010 kg. Applying Cannon’s (2021) estimate that lunar ices prob-
ably contain ~6% C (mostly in the form of molecules such as CO, C2H4, 
CO2, CH3OH, and CH4), we estimate that a typical lunar PSR might 
contain ~6 × 105 to 6 × 108 kg of C. Given that the LCROSS impact 
results (Colaprete et al., 2010) found that NH3 in PSRs also has an 
abundance of ~6% of the water abundance, we would expect similar 
masses of N in a typical PSR. Thus, the debris surviving from a single 
large (~1 km diameter) CC asteroid with the Moon could potentially 
provide over an order of magnitude more C, and up to an order of 
magnitude more N, than a typical PSR. Moreover, the PSR deposits 
would likely be spread over areas of several hundred square km (Brown 
et al., 2022), whereas surviving debris from a CC impactor will be 
significantly more concentrated (i.e. within a few tens of km2 in the 
‘decapitation zone’ of an oblique impact). Therefore, the remains of low 
velocity, oblique CC impactors may provide the most concentrated form 
of these important elements at the Moon’s surface. 

4.2. Probability estimates for oblique, low velocity CC impacts into the 
moon 

Having determined that the best locations for finding a high pro-
portion of surviving C- and N-rich projectile fragments will be the 
decapitation zone downrange of low velocity (~5–10 km s− 1), low angle 
(~15◦) impacts (Fig. 5a and b), we need to assess how many such im-
pacts are likely to have occurred on the Moon throughout its history. The 
probability (Pr) of a projectile impact into a target surface at an angle <θ 
(measured from the surface) can be determined via the empirical and 
theoretically well-established equation (Michikami et al., 2017, adapted 
from Elbeshausen et al., 2013; Shoemaker, 1962): 

Pr = 0.5(1 − cos(2θ))

Using this equation, we can determine that the probability of an 
oblique impact for any projectile at ≤ 15◦ is ~6.7%. 

We also need to determine the probability of such an oblique impact 
occurring at a sufficiently low velocity. Unfortunately, from a resource 
survival perspective, the probability of low-velocity impacts on the 
Moon is very low. Based on the present-day configuration of the Solar 
System (which is probably representative of the last 3 billion years), 
Marchi et al. (2009) find that only ~1% of all impactors will strike the 
Moon with velocities ≤ 5 km s− 1, and that ~17% impact with velocities 
≤ 10 km s− 1. 

Combining this with the assumption that about one third of all lunar 

Fig. 6. As for Fig. 5 for scenarios (a) a30_v5, (b) a45_v5, and (c) a60_v5. The concentric nature of the modelled ejecta deposition is an artefact owing to limitations in 
the temporal and spatial resolution of the simulations (see text). 
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impacts are produced by C-type asteroids (Shoemaker et al., 1990), the 
fraction of lunar impacts similar to scenarios a15_v5 and a15_v10 
(Fig. 5a and b) is ~2 × 10− 4 and 4 × 10− 3, respectively. Using the model 

cumulative size distributions of the number of impactors on the Moon 
with diameters ≥1 km (1 × 10− 14 km− 2 yr− 1; Marchi et al., 2009), and 
the surface area of the Moon (3.794 × 107 km2), we would predict ~5 

Fig. 7. (a) Cumulative mass of the decapitated portion of the projectile highlighted in Fig. 5 (simulation a15_v5) as a function of peak temperature experienced 
during the impact event; vaporisation temperature thresholds from Table 3 are plotted as dashed lines. (b) As for (a) but for the a15_v10 simulation; note that a 
smaller fraction of the surviving mass experiences peak temperatures below the vaporisation temperatures of key C- and N-bearing compounds than in (a) but that the 
total mass of unmelted projectile material in the decapitation zone is higher. 
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impacts with the combination of a CC asteroid with a diameter >1 km, 
an impact angle <15◦, and a velocity <10 km s− 1 over the past ~3 
billion years. Identifying such a small number of CC-rich impact sites 
will be challenging (see Section 4.3 below), but, given that their 
resource potential compares favourably with polar PSRs, doing so may 
still be worthwhile. In any case, this number should be viewed as a 
minimum estimation for impacting bodies of a relatively large size (>1 
km diameter) because impact rates earlier in Solar System history may 
have been higher than at present (and were certainly higher earlier than 
3 Ga ago; e.g. Stöfler et al., 2006). Decreasing the diameter impactor 
considered from 1 km to 0.1 km increases the estimated number of 
impacts by about two orders of magnitude (Marchi et al., 2009), 
implying ~500 suitable locations on the lunar surface (although 
reducing the size of the impactor by a factor of ten reduces the mass of 
potential C- and N-rich resources by a factor of a thousand). 

Finally, we reiterate that our estimates of the survival of C- and N- 
rich compounds is likely to be an underestimate because we have 
assumed that all such material is lost if the projectile fragments exceed 
their melting temperature (and if individual compounds transiently 
exceed their vaporisation temperatures). In reality, some of the material 
is likely to be retained locally to the impact site even for the higher 
velocity and impact angles considered here. 

4.3. Detection of surviving CC meteoritic material 

If, as we have argued, CC material may survive impact with the lunar 
surface, the next step will be to locate it. We have shown that highly 
oblique impacts (<15◦) at low velocity (~5–10 km s− 1) maximise the 
potential for finding surviving C and N compounds in projectile frag-
ments, so a survey of craters that show evidence for a highly oblique 
angle of impact would narrow down the number of potential areas to 
search. These craters would be elliptical, with crater rims elongated in 
the direction of impact and will likely exhibit secondary craters and 
scouring damage downrange from the impact site. Cratering experi-
ments and numerical models have shown that the ellipticity of a crater 
increases dramatically with decreasing impact angle after impact angles 
fall below 15–20◦ (Bottke et al., 2000; Collins et al., 2011b; Elbeshausen 
et al., 2013; Michikami et al., 2017). Moreover, elliptical craters are 
more likely to form for low impact velocities (Michikami et al., 2017). 
Approximately 5% of lunar impact craters with diameters >1 km are 
designated as elliptical (Bottke et al., 2000), and these craters would, 
therefore, be the places to search for surviving CC material. 

A start might be made in searching for low albedo material associ-
ated with elliptical craters. Dark patches associated with impact craters 
on the surface of asteroid 4 Vesta have been interpreted as surviving 
material from CC impactors (Reddy et al., 2012a, 2012b; McCord et al., 
2012; De Sanctis et al., 2012; Prettyman et al., 2012). The detection of 
hydrated minerals in some of Vesta’s dark material (De Sanctis et al., 
2010, 2012; Russell et al., 2012; Palomba et al., 2014) lends further 
evidence to the idea that carbonaceous impactors have provided a 
projectile component to the Vestan regolith. Both experimental (Daly 
and Schultz, 2015) and modelling impact scenarios (Turrini et al., 2014, 
2016) at typical Vestan impact velocities (<5 km s− 1) have shown that 
CC-like projectiles can survive and be retained within the regolith in 
proportions significant enough to explain dark material around impact 
craters on Vesta. It is true that average impact velocities on Vesta are 
significantly lower than those on the Moon (~5 km s− 1 and ~15 km s− 1, 
respectively; O’Brien et al., 2011; Marchi et al., 2009), which will favour 
CC survival, but this is consistent with Vesta having many more dark 
impact-related splotches than the Moon. As discussed in Section 4.2 
above, we already expect that surviving CC projectile material will be 
rare on the Moon, so the observational problem is to try to find it where 
it does occur. 

Dark-haloed craters (DHCs) are common on the Moon (e.g., Salisbury 
et al., 1968; Kaydash et al., 2014; Kaur et al., 2015; Checketts et al., 
2023), but these are mostly interpreted as pyroclastic volcanic deposits 

(Salisbury et al., 1968; Schultz and Spudis, 1983), differences in surface 
roughness or maturity (Kaydash et al., 2014), impact melt deposits 
(Hawke and Head, 1977; Bell and Hawke, 1984), or excavations of 
cryptomare (where dark basaltic material underlies higher albedo 
highland materials; e.g., Kaur et al., 2015; Checketts et al., 2023). To our 
knowledge, spectral analyses of lunar DHCs has yet to uncover any as-
sociation with hydrated minerals, in contrast to those found on Vesta, 
but a determined search, especially in the vicinity of elliptical craters, 
may be worthwhile. 

An additional method of detection could include a search for phyl-
losilicates, which are present in CCs, but are essentially non-existent in 
indigenous lunar materials (Joy et al., 2016). Analysing continuum 
slopes in near-infrared spectra has been used previously (Ostrowski 
et al., 2010) to identify and compare spectra of phyllosilicates on C-type 
asteroids to known phyllosilicates and CC samples and the same tech-
nique could be used for targeted areas on the Moon, concentrating in 
and around elliptical craters. The M3 instrument on Chandrayaan-1 
(Green et al., 2011) has provided a suitable dataset, although it mostly 
has a resolution of ~140 m pixel− 1 so it may only be suitable for iden-
tifying CC-rich fragments of the largest impactors. Finding evidence for 
surviving CC material after smaller impacts (e.g., closer to 100 m pro-
jectile diameters) would require a finer spatial resolution to identify 
smaller fragments. One possibility will be the High-resolution Volatiles 
and Minerals Moon Mapper (HVM3) instrument on the forthcoming 
Lunar Trailblazer Mission (Ehlmann et al., 2022) which will have a 
resolution of 50–90 m pixel− 1 in the range 0.6–3.6 μm. The HVM3 in-
strument will be complemented by the Lunar Thermal Mapper (LTM), a 
pushbroom, multichannel imaging thermal radiometer; LTM will have a 
spatial resolution of 40–70 m, capable of simultaneously mapping 
temperature (110–400 K), physical properties, and composition of 
water-bearing areas in HVM3 pixels. These instruments may be able to 
detect hydrated clay minerals and associated features in smaller craters, 
detecting the remnants of survived carbonaceous chondrite material. 

5. Conclusions 

We have presented the results of impact simulations investigating the 
survival of CC material after impact with the lunar surface. In this case, 
survival is defined as material experiencing temperatures under a spe-
cific threshold, most importantly the material melt temperature (~2100 
K). Additionally, survival of individual C- and N-bearing compounds 
after impact is deemed to occur if the maximum temperatures to which 
they are subjected is less than their vaporisation temperatures (Table 1). 
The only scenario in which significant amounts (16% of the original 
projectile mass) of nitrogen-bearing compounds survive is at the lowest 
impact velocity (5 km s− 1) and angle (15◦). Impacts with velocities >10 
km s− 1 and angles >30◦ do not yield any significant amount of surviving 
solid material. Highly oblique impacts (≤15◦) are expected to lead to 
concentrations of well-preserved projectile material downrange of the 
crater (Fig. 5). This material may be the most useful from a resource 
perspective, as it is likely to contain abundant C and N-bearing com-
pounds within a small area away from the impact site. We have shown 
that as potential sources of C, and especially N, such impact sites 
compare favourably with polar PSRs. 

Such low-velocity, oblique impacts are likely to have been rare on 
the Moon. We estimate that only ~5 CC-rich asteroids are likely to have 
hit the moon with velocities ≤10 km s− 1 and impact angles ≤15◦ over 
the last 3 Ga (assuming the current lunar cratering rate). However, this is 
likely to be a conservative estimate because impact rates may have been 
higher earlier in Solar System history. If we consider smaller impactors, 
say 0.1 km rather than 1 km in diameter, the number of suitable impacts 
would be expected to be orders of magnitude higher (although each 
impact would yield a lower total mass of potential C- and N-rich 
resources). 

We propose that a search for dark patches associated with elliptical 
impact craters, followed up with high-spatial resolution near-IR spectral 
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measurements, would be first step in prospecting for these potentially 
valuable resources on the lunar surface. Finally, we note that the ex-
pected small number of CC-rich deposits resulting from low-velocity 
oblique impacts provides another example of highly concentrated 
lunar resources (comparable in this respect to PSRs and the so-called 
‘peaks of eternal light’; Elvis et al., 2016), the management of which 
will benefit from international coordination if the risk of conflict be-
tween commercial and/or national operators engaged in their exploi-
tation is to be avoided (e.g., Elvis et al., 2021; Crawford, 2021). 
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