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Automated Lunar and Meteor Observatory (ALaMO)

* Telescopes
* Two 14” (0.35m), south dome and tower
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Meteor Showers:
Watching an impact from Earth... May 2, 2006

A piece of debris from Comet Encke struck the plains of Mare Nubium, making a crater about 3 meters wide.

lunar impact light curve
I|", May 2, 2006 — Mare Nubium

0.z 0.3
seconds

https://www.nasa.gov/visi
on/universe/solarsystem/1

Video-recorded by MSFC engineers Heather McNamara and Danielle Moser ~ vn-unersporadientm
(Meteoroid Environment Office)
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Suggs et al. 2014

107

@ Satellite data (Brown et al. 2002)

= Best fit line (Brown et al. 2002)

== Small fireballs (Halliday et al. 1996)

== Lunar cratering (Werner et al. 2002)
LINEAR (Stewart 2001)
LINEAR (Harris 2002)
Spacewatch (Rabinowitz et al. 2000)
NEAT (Rabinowitz et al. 2000)
Infrasound/acoustic bolides (ReVelle 2001)
Lunar impacts, n=2e-3 (Ortiz et al. 2006)
Lunar impacts, n=6e-3 (Ortiz et al. 2006)
Lunar impacts, n=see text (this work) |
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Two meteoroid populations, low and high density
Higher density impactors cause more ejecta and at faster speeds
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Figure 2.4: Average interplanetary meteoroid speed as calculated by MEM 3 for a
spacecraft that is orbiting the Sun at 1 au but is not near the Earth. Color
indicates the average speed of all meteoroids originating from a particular
direction. The directionality is plotted in a body-fixed frame, in which the center
(0° in azimuth and 0° in altitude) corresponds to the spacecraft’s direction of

motion.

Figure 10: Meteoroid density distribution according to the MEM3 User Guide. The
apex and toroidal meteoroid sources constitute the low-density population, while the
helion/antihelion source constitutes the high-density population. Each set of densities

follows a log-normal distribution [c.f. Figure 11, Moorhead et al., 2019].




Meteoroid flux at lunar surface Is dependent on latitude
and longitude location

Equator at eastern limb Near north pole at far side

adestefa/OneDrive - NASA/MEM output files/run000/HiDensity/igloo _avg.txt adestefa/OneDrive - NASA/MEM output files/run070/HiDensity/igloo_avg.txt
lat = 0.0 deg lat = 84.7755 deg
lon = 90.0 deg lon = 148.469 deg

0.00090 0.00108
0.00075 0.00090
0.00060 | 0.00072 Il
0.00045 | 0.00054 ¢
0.00030 . , | 0.00036 .
0.00015 2 0.00018
0.00000 0.00000

0 50 100 150 200 250 300 350 100 150 200 250 300 350
Azimuth Angle [degrees] Azimuth Angle [degrees]

2.923E+00
3.145E+00

W
£
g
-
[1H]
il
j= 8
u
¥
©
j=
E

Impact Speed [km/s]

Net flux [#/m™2/year]
Net flux [#/m™2/year]

10



Meteoroid flux at lunar surface is dependent on latitude
and longitude location

Equator Pole
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Meteoroid flux at lunar surface is dependent on
and longitude location
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(a) Mollweide view of the low density (b) All-sky view of the low density population
population impacting at —45° latitude. impacting at —45° latitude.
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(c) Moliweide view of the high density (d) All-sky view of the high density population
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Mass Distribution of Near-Earth Objects (NEOSs)
used to scale NEO fluxes to different mass ranges

The largest impactor mass 108 g is equivalent to one impact on the Moon with a 1/760 chance in 19 years

The mass-limited flux at the lunar surface can be shown to be [see, Moorhead, 2020]
1 cm 119? [34}

where m is the mass of the impactor in kg.

OSMA /MEO /Lunar-001 -

This memo describes a brief analysis we have conducted to estimate the flux of small asteroids and comets
(those between about 0.1 and 1000 meters in diameter) onto the lunar surface. We have based this analysis
on the Brown et al. (2002) large impactor flux at the Earth and the impact velocity distribution of bolides
reported by the Center for Near Earth Object Studies (CNEOS).! Both of these data sources are kinetic-
energy-limited and correspond to the impact flux at the same location: the Earth’s atmosphere.
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Speed Distribution of NEOs based on observations

10 20 30 40 50 60 70
v (km/s)

Figure 14: Mass-limited speed distribution at the lunar surface.

The speed distribution of NEO's is shown in Figure 14. The values (fraction of flux
per bin) in each bin are midpoint values, where the bins have a size of 2 km s—!. Note
also that because the flux is a power law, this speed distribution is independent of
limiting mass.
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Sporadic meteoroids dominate over long-term
Meteoroid showers can dominate over short-term
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Figure 15: Meteor shower flux (variable lines) and sporadic meteoroid flux (horizontal
lines) over the course of 2021. Fluxes are quoted to four limiting particle kinetic
energies; these kinetic energies correspond to particles with diameters of 0.04 cm,

[see Figure 1, Moorhead et al., 2020].
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Theory: Crater Formation and Ejecta Transport
1. Contact & Compression, 2. Excavation, 3. Modification

EXCAVATION AND DISPLACEMENT
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Effects of secondary cratering

Original - B Primary ejecta
ground level

[ Local material
APPARENT CRATER

Brececia fill from fallback Fig. 4.6. Ejection processes and interaction of ejecta with the lunar surface. Ejecta leave the crater cavity
and from slumping of along discrete, relatively shallow ballistic trajectories. At any given time (t) these trajectories define an

TG wall and rim outrunning ejecta curtain. Coarse-grained, low-velocity ejecta travel along low-angle trajectories and are
concentrated at the base of the curtain. They impact close to the crater and excavate modest amounts of local
substrate material (see insert; Vp = impact velocity of ejecta; Vp:z = radial flow velocity of the resultant debris
surge combining “primary” and “secondary” ejecta). Finer-grained fragments reside higher in the ejecta
curtain, having been ejected at increasingly higher Vp and steeper angles. As the curtain sweeps radially

across the surrounding target, higher-velocity ejecta impact the surface causing local materials to be
Fig. 4.3. Model of the formation of a simple crater. (a) Formation of the transient cavity by a combination of incorporated in the debris surge, resulting in increasingly higher flow velocities of the debris surge (after
excavation and displacement induced by the cratering flow field, which in turn is established by the shock and Oberbeck, 1975).
rarefaction waves. (b) Inward collapse of the transient cavity walls and rim to form an interior breccia lens and

the final apparent crater [see text (section 4.1.2) for further details]. Lunar SOUFCGbOOk, Heiken et al. 1991

TRUE CRATER




Crater Radius & Bounding Ejecta Speeds

Crater radius R depends on impactor mass m, bulk density §, & speed U + lunar gravity g +
regolith bulk density p, strength Y, & material type (H{, H,, U, v)

Maximum vs Minimum Ejecta Speed from 7469618 number of crater samples
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Ml

ratering Efficiency

Percentage of Total Craters

ecta Yield = Ejected Mass / Impactor Mass

Total Ejecta Mass vs Impactor Mass from 7469618 number of crater samples

Ejecta Yield from 7469618 number of crater samples Binary su rface pa rameter&_‘
(highlands and mare) .
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Cratering Efficiency: Total Kinetic Energy of Ejecta

Roughly 91-99.9% of the impactor kinetic energy is lost to inelastic cratering processes

Lunar Regolith Target (sand fly ash) Lunar Regolith Target (weakly cemented basalt)
Regolith Bulk Density p = 1.3 g/cc, Impactor Density 6 Regolith Bulk Density p = 1.3 g/cc, Impactor Density 6
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Example Ejecta Trajectories
For each crater distance, only ejecta with certain speeds and -

angles can hit the asset

Red = top hit
Blue = side hit

Crater |~




Results: Mass Distribution

Agrees with observations for larger particles

Flux [#/m™2/yr]

Example for h =50m tall, 9m diameter asset

Compare with SP-8013: all
mass slopes are -1.2

Carrier 2003 (observations)
fits to a slope of about -1.18
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How far did the ejecta travel and at which speeds?

Slow < 1.7 km/s: 100 m to 50 km away, Medium 1.7 — 2.4 km/s: > 10 km away,

Fast > 2.4 km/s: 4.5 - 13 km away
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Elevation vs Speed Distribution, most ejecta flux
occurs at low horizon angles and slow speeds

Mass > 1E-6 g
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80

60

40

20

T T
INENENEEEE

Elevation [degrees]
(=]

} Vo = 2380 mi's

------------.
L[] 1 .

------------
T [ [ ]

J-----------

------------
5 I I O N
------------
------ -l_-
-------
---------l --
[ [ O 0 [ SISy |
[ ISR I
==---------

Flux [#/m2/yr]

]
- -10
-

!E

=12

] ||
| HEESS

DSNE Ranges

2. 0
Speed [km/s]

Speed Bin  [m/s] 100 - 300

300 --1000 1000-2400 2400-3600 3600-4800

Elevation [degrees]

Mass > 3.2E-2 g

50 T
B e T

t Vesc = 2380 m/s

T T - T T
1.5 2.0 2.5 3.0 3.5 4.0
Speed [km/s]

25

-6

|
@

|
=
o

-12

Flux [#/m?2/yr]



Ejecta Energy compared to Ballistic Limit Equations

The more flux above the BLE curve, the more
pze N et rat|o NS h = 50m tall, 9m diameter asset
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