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Abstract The Moon is continually bombarded by interplanetary meteoroids. While many of the
meteoroid sources are near the ecliptic plane, a significant population of high-inclination meteoroids exists
at 1 au that bombards the lunar polar regions. Building on previous measurements of the response of the
lunar impact ejecta cloud to known meteoroid sources, we develop an ejecta model for the entire lunar
surface by incorporating the high-inclination sources. We find that the polar regions of the Moon experience
similar quantities of impact ejecta production as the equator. Due to the enhanced impactor fluxes near
the equator and at high latitudes on the dawn side, lunar regolith is preferentially distributed to the mid
to high-latitude regions over long timescales, providing a pathway to mix regolith from different regions.
We find impact ejecta yields at the Moon to be significantly lower than the Galilean moons, suggesting
meteoroids deliver more energy to the local regolith and can be an important driver in the evolution of
volatiles near the lunar surface. Additionally, we find that a polar orbiting spacecraft equipped with a dust
analyzer can measure appreciable quantities of lunar ejecta near the poles to constrain the water content in
the polar regions.

Plain Language Summary The Moon is continually impacted by small particles shed primary
from comets, which impact the Moon from a variety of organized directions. These impacts kick up a
significant amount of the lunar soil above the lunar surface and sustain a permanently present cloud of
ejecta around the Moon. Previous work categorized the ejecta cloud in the Moon’s equatorial plane. Here
we extend that work to understand the ejecta environment in the high-latitude polar regions of the Moon.
We find that there are significant quantities of impact ejecta generated in the polar regions. Over long
periods of time, lunar material is preferentially distributed to the mid to high-latitude regions, providing a
pathway to mix equatorial and polar regolith. Additionally, we find that a polar orbiting spacecraft equipped
with a dust analyzer can measure appreciable quantities of lunar ejecta near the poles to constrain the water
content in the polar regions.

1. Introduction

Airless surfaces like the Moon’s are completely exposed to interplanetary dust particles (IDPs) or meteoroid
impacts. The lunar surface is covered with a layer of loose rocky material, including fine dust particles. This
regolith has been formed and remains continually reworked by the intermittent impacts of comets and aster-
oids and the continual bombardment by meteoroids. Each meteoroid impact produces more ejecta mass
compared to the primary impactor mass, most of which at the Moon remains bound and returns to reblanket
the surface in a process known as impact gardening (Arnold, 1975; Gault et al., 1974; Morris, 1978; Pieters &
Noble, 2016).

Impact gardening is an active process occurring on all airless bodies in the solar system and may also be an
important driver in the evolution of water on the lunar surface. Water is thought to be continually delivered to
the Moon through geological timescales by water-bearing comets and asteroids and produced continuously
in situ by the impacts of solar wind protons of oxygen-rich minerals exposed on the surface (Arnold, 1979).
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In addition to potentially delivering water over long timescales (e.g., Füri et al., 2012), high-speed meteoroid
impacts can mobilize secondary ejecta dust particles, atoms, and molecules (Farrell et al., 2015; Hodges, 2002;
Hurley et al., 2017, 2012). Additionally, the bound ejecta will continually rain back onto the lunar surface
and may bury exposed volatiles over time. Other surface processes that can lead to mobilization, transport,
and loss of water molecules and other volatiles include solar heating, photochemical processes, and solar
wind sputtering. However, since these drivers are minimized at high latitudes, permanently shadowed regions
(PSRs) are thought to be efficient volatile traps (Colaprete et al., 2010; Watson et al., 1961). Meteoroid impacts
are an important driver governing the evolution of volatiles in these regions (Crider & Vondrak, 2003; Mandt
et al., 2016). Hence, knowledge of the high-latitude meteoroid flux and subsequent burial rate of bound ejecta
are important to understand the evolution of volatiles in the lunar polar regions.

The meteoroid environment at 1 au is composed of dust grains shed from comets and asteroids. A combi-
nation of size-dependent forces causes the ejected grains to decouple from their parent bodies and follow
divergent trajectories over time. These grains comprise the “sporadic background,” which is highly anisotropic
and typically organized into six sources: the helion/antihelion (HE/AH), the apex/anti-apex (AP/AA), and the
northern/southern toroidal (NT/ST) sources (Campbell-Brown, 2008; Janches et al., 2000; Jones & Brown, 1993;
Pokorný et al., 2014). Each of the sporadic sources has distinct parent body sources, which leads to different
characteristic directionalities and impact velocities.

Impactor fluxes to lunar polar regions have been historically difficult to constrain, given the paucity of
available data. However, recent Earth-based observational and modeling efforts have revealed a persistent,
high-speed and high-inclination source of meteoroids at 1 au shed from Halley-type comets that continually
bombard the lunar polar regions (Pokorný et al., 2014). Additionally, recent in situ ejecta measurements made
at the Moon have enabled a detailed understanding of the structure of the impact-generated, permanently
present lunar ejecta cloud and subsequent gardening rates near the lunar equatorial plane (Horányi et al.,
2015; Szalay & Horányi, 2016a). Here we extend those equatorial measurements to the lunar polar regions
by incorporating the high-latitude toroidal meteoroid sources to constrain the associated impact gardening
rates. In section 2, we describe the impact ejecta data set and ejecta production model. Combining equatorial
impact ejecta observations with a global model of the impact ejecta mass production at the lunar surface, we
estimate the impact ejecta burial rate in section 3. In section 4, we apply similar analysis to predict the impact
ejecta cloud structure at high latitudes and discuss the potential for constraining the water content in the
polar regions from future measurements of this cloud in section 5. We conclude in section 6 with a discussion
on the implications of these results.

2. Ejecta Model Description

In this section, we describe the impact ejecta model we use to estimate the lunar burial rates. First, we derive
a model of all upgoing ejecta due to meteoroid bombardment by expanding the previous equatorial lunar
ejecta model to the entire lunar surface. Next, we assume all upgoing ejecta is launched into a narrow 10∘
cone and track where this ejecta redistributes on the surface, integrating over the entire surface. Taking the
difference of the upgoing ejecta and downgoing redistributed ejecta, we then calculate the net uncovering
or burial rate.

Impact ejecta measurements at the Moon have been taken by the Lunar Dust Experiment (LDEX), an
impact-ionization dust detector (Horányi et al., 2014) that flew aboard the Lunar Atmosphere and Dust Environ-
ment Explorer (LADEE) mission (Elphic et al., 2014) from October 2013 to April 2014. LADEE visited altitudes of
a few to ∼260 km and selenographic latitudes of −23∘ to +24∘. The LDEX instrument was capable of detect-
ing grains with radii a ≥ 0.3 μm at the LADEE orbital speed of 1.6–1.7 km/s. LDEX measurements revealed
a permanently present, asymmetric dust cloud engulfing the Moon (Horányi et al., 2015), with a large den-
sity enhancement on the lunar apex hemisphere (in the direction of orbital motion). These measurements
also determined the size distribution, where the ejecta exhibited a consistent power law for particles as small
as a = 0.3 μm. Following previous analyses (e.g., Szalay & Horányi, 2016a), we assume that the power law
found by LDEX can be reasonably extended down to a grain size of a0 = 0.1 μm, and hence, all gardening
calculations utilize a lower limit of a0 = 0.1 μm.

Previous analyses of the observed lunar impact ejecta cloud found that its structure was well matched by
the response of the surface to sporadic sources in the equatorial plane (Szalay & Horányi, 2015a). Specifically,
the HE/AH and AP sources (e.g., Campbell-Brown, 2008). A minor contribution from the AA source was later
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included to account for the small ejecta densities near dusk (Szalay & Horányi, 2016a). In this study, we expand
that fit to include the high-latitude NT/ST sources (Pokorný et al., 2014). Each source is modeled as a collimated
beam from a specific radiant direction, and the subsequent impact ejecta response is assumed to follow

M+ ∝ Fmm𝛼v𝛽 cos2 𝜑, (1)

where m is the characteristic mass of the impactors, Fm is the mass flux, v is the impactor speed, 𝛼 = 0.23 and
𝛽 = 2.46 are experimentally determined constants, and 𝜑 is the angle of impact ejecta relative to the surface
normal (Gault et al., 1974; Koschny & Grün, 2001a; Szalay & Horányi, 2015a). Equation (1) is given as a pro-
portionality relation since M+ is scaled to the actual lunar values derived by LDEX measurements, described
below. Following the previous empirical fit to the lunar dust cloud (Szalay & Horányi, 2016a), where M+ is
directly proportional to the density of ejecta at the surface. The density n (m−3) as a function of altitude h
(km), local time 𝜙, latitude 𝜆, and particle radius a𝜇 (μm) is then given by

n(h, 𝜙, 𝜆, a) = e−h∕h0 a−q
𝜇

nw

∑
s

ws cos3(Δ𝜑s)Θ(|Δ𝜑s| − 𝜋∕2), (2)

where h0 = 200 km, q = 2.7 (Horányi et al., 2015), nw is a normalization density (m−3) that is scaled to be
consistent with LDEX measurements, s is the index for the sources, ws is the relative weight of each source
where

∑
s ws = 1, Δ𝜑s = cos−1[cos𝜙 cos𝜙s + sin𝜙 sin𝜙s cos(𝜙 − 𝜙s)] is the angle to a given source, and Θ is

the Heaviside function. The additional cos𝜑 in the cos3 𝜑 is from the surface area projection of the flux. Here
we use Solar-Selenocentric-Ecliptic coordinates. Based on previous analyses (Szalay & Horányi, 2015a, 2016a),
the AP/AA sources are centered at 𝜙AP = 6 LT and 𝜙AA = 18 LT. The HE/AH sources are offset from the apex
direction at 𝜙HE = 10.3 LT and 𝜙AH = 1.7 LT. All four of these sources reside in the 𝜆 = 0∘ plane. Previously,
relative weights were determined to be wHE = wAH = 0.24, wAP = 0.49, and wAA = 0.03 from comparison to
LDEX data (Szalay & Horányi, 2016a).

Here we introduce the NT and ST sources, centered at 𝜙 = 6 LT (dawn) and offset by angle 𝜆NT = −𝜆ST in
latitude. For simplicity, we set 𝜆NT = 60∘ based on the approximate center of the dawn feature (Pokorný
et al., 2014); however, we will test our results to the sensitivity of this assumption. To determine the relative
weight of ws for the NT/ST sources, we make further simplifying approximations. First, we assume that the
NT/ST sources have the same characteristic mass as the HE/AH source, thereby allowing us to ignore the mass
dependence in equation (1). Without loss of generality, we compare the weights of the HE and NT source. The
ratio of these two sources is then given by

r =
wNT

wHE
=

FNT⟨vNT⟩𝛽
FHE⟨vHE⟩𝛽 , (3)

where

⟨v⟩𝛽 =

(
∫ ∞

0 f (v)v𝛽dv

∫ ∞
0 f (v)dv

)1∕𝛽

, (4)

is the characteristic speed corresponding to the 𝛽 moment of the speed distribution function. Using previ-
ous models of the speed distribution for the HE (Nesvorny, Janches, et al.,2011) and NT (Pokorný et al., 2014)
sources at Earth, we determine the speed distribution at the Moon by unfocusing the Earth-based distribu-
tions to infinity then focusing it to the surface of the Moon, following existing focusing relations (Colombo
et al., 1966; Spahn et al., 2006). For 𝛽 = 2.46, we find ⟨vHE⟩𝛽 = 13 km/s and ⟨vNT⟩𝛽 = 30 km/s at the Moon and
for the flux ratio, we use FNT∕FHE = 0.2 to 0.4 (Campbell-Brown & Jones, 2006). This leads to wNT = 0.5wHE to
0.9wHE with an average value of 0.7wHE . With the inclusion of the NT/ST dawnside sources, they will contribute
to the equatorial dust density near dawn. Therefore, to maintain a good match with the measured equatorial
ejecta cloud structure, we reduce the total contribution of the AP source, where a reduction by 25% was found
to maintain reasonable consistency. The new weights are now wHE = wAH = 0.198, wAP = 0.303, wAA = 0.025,
and wNT = wST = 0.138, and in this new setup, nw = 4.7 × 10−4 m−3.

Figure 1a shows the impact ejecta density at the surface, n0(𝜙, 𝜆) = n(h = 0, 𝜙, 𝜆, a = 0.3 μm), where the
top row shows each source separately to illustrate the differences in each source’s ejecta production. While
we calculate gardening quantities in the following section for a ≥ 0.1 μm, here we show n0 for a ≥ 0.3 μm in
order to directly compare with the existing LDEX measurements taken with this threshold. Note that all maps
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Figure 1. (a) Ejecta density n0 at the surface in a Mollweide projection for the various sources individually (above) and
combined (below) in a “windshield” view looking from the center of the Moon outward. Latitude/longitude lines are
shown every 30∘ . (b) Total upgoing ejecta flux as a function of LT over all latitudes. The inset shows polar stereographic
projection of n0 in the northern hemisphere, also in the same windshield view as (a), but with a viewpoint looking
north. HE = helion; AH = antihelion; AP = apex; NT = northern toroidal; ST = southern toroidal.

in Figure 1 are shown in a “windshield” view from the vantage point of an observer sitting in the center of the
Moon looking outward. This is chosen to be consistent with the large majority of meteor radiant maps shown
in the literature. For Figure 1a, this viewpoint is centered on the apex direction, or direction of the Moon’s
orbital motion about the Sun. For Figure 1b, the viewpoint is from an observer in the center of the Moon,
facing the apex direction and looking up toward the north pole.

3. Estimating the High-Latitude Gardening Rate

The surface density is directly proportional to the bound upgoing ejecta flux

Fav(𝜆) = ⟨n0(𝜙, 𝜆)⟩𝜙v̄, (5)

where v̄ = ∫ vesc
0 vf (v)dv ≈ 660 m/s is the average ejecta speed, vesc = 2.4 km/s is the lunar escape speed, and⟨n0(𝜙, 𝜆)⟩𝜙 is the local time averaged surface density. Here Fav represent the average upgoing flux from a patch

on the lunar surface near the equator over a lunar day. This number is a derived result from the LDEX measure-
ments at the Moon and is a direct consequence from converting impact rates observed at LADEE’s altitude to
the upgoing ejecta flux at the surface necessary to reproduce these measurements. Previous empirical mod-
els of the lunar ejecta cloud provide an analytic estimate for the total bound surface flux as a function of angle
from apex in the lunar equatorial plane (Szalay & Horányi, 2016a). At the equator, Fav(𝜆 = 0∘) = 24±13 m−2⋅s−1

for a ≥ 0.1 μm. The error is calculated following previous analyses, by incorporating a 20% error from assum-
ing all grains are at their turning points and an average 35% error from the fitted and observed values of the
lunar ejecta density.

We scale the model output yield map such that its longitude averaged value at the equator is
Fav(𝜆 = 0∘) = 24 m−2 ⋅ s−1 to create a surface bound ejecta flux map, scaling the ejecta densities in Figure 1a.
Figure 1b shows the surface bound upgoing ejecta flux as a function of LT individually for every 5∘ latitude. As
an implicit assumption of our model, the northern and southern fluxes are identical. As shown in this figure,
near the equator the bound ejecta flux is highly pronounced in the apex direction, due to the large character-
istic speed of the apex source meteoroids and their efficiency in generating large quantities of impact ejecta.
For increasing latitudes, this asymmetry is less apparent, as the apex source is not able to access high-latitude
terrain and the toroidal sources become more prominent. As implicitly assumed, the toroidal mass production
peaks at (𝜙 = 6 LT, 𝜆 = 60∘). With such a high-latitude meteoroid flux, the toroidals are able to access a por-
tion of the anti-apex hemisphere, similar to Mercury’s impactor environment (Pokorny et al., 2018) and lead
to the more symmetric high-latitude ejecta flux profiles shown in Figure 1b. Very high latitudes experience
nearly constant bound ejecta fluxes of ∼ 10 m−2 ⋅ s−1.

To determine how the soil redistributes due to impacts, we convolve the response of a single plume with
the upgoing ejecta flux predicted from the model to determine the net flux. Previous analyses for the LDEX
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Figure 2. Normalized flux distribution of impact ejecta for a single plume at
the equator with a 10∘ cone angle.

data set calculated gardening rates assuming all grains were launched
with no horizontal velocity component (Szalay & Horányi, 2016a). This
allows for the calculation of how much material is excavated and over-
turned over a given time span, but it is not possible to determine soil
redistribution from a purely vertical motion framework. Here we relax that
assumption. Analysis of LDEX observations of dense ejecta plumes indi-
cates the high-speed impact ejecta may be distributed into a narrow cone
with an opening angle of approximately 10∘ from surface normal (Bernar-
doni et al., 2018). For simplicity, we assume all impacts create a symmetric
impact ejecta plume. We model a single ejecta plume and track where its
material accumulated. In this simple setup, we simulated the ejection of
grains with a uniform angular distribution and a speed distribution of

f (v̂) = 𝜂v̂
(1 − v̂2)2

e−
𝛽v̂2

1−v̂2 , (6)

where v̂ = v∕vesc, 𝛽 = 8.69, and 𝜂 = 7.2 × 10−3 s/m (Szalay & Horányi,
2016a). Only grains with initial speeds less than lunar escape speed are
tracked.

This speed distribution is derived from the high-altitude (>1 km) LDEX
measurements and accounts for the high-speed, narrow angle component

of impact ejecta. As LADEE did not transit lower than 1 km for an appreciable amount of time, LDEX was not
able to characterize or observe any slower ejecta populations that might exist with initial ejection speeds less
than approximately 60 m/s, the minimum initial ejection speed needed to reach 1-km altitude at the Moon.
The shape of the derived speed distribution in equation (6) has a monotonically decreasing flux of ejecta for
decreasing speeds below∼600 m/s and suggests a very small amount of ejecta exists below 60 m/s should the
speed distribution trend hold to near-zero ejection speeds. The ejecta modeled here is then the high-speed
component able to reach kilometer-scale altitudes, and there may be an additional population of slow-speed
and/or high-angle ejecta not captured by the LDEX measurements.

We emphasize that the LDEX measurements cannot conclusively determine if there is an additional popula-
tion of low-speed ejecta below 60 m/s. Were such a population were to exist, this slow-speed ejecta could
contribute to the near-impact cratering blanket and to very local gardening near the impact. The impactors
generating the ejecta measured by LDEX are most likely small, submillimeter impactors at very high speeds
in the range a few up to ∼60 km/s. These impacts are excavating material from the very top portion of the
lunar regolith, which is highly porous in the top few millimeters to centimeters (Hapke & Sato, 2016; Ohtake
et al., 2010). Near-crater ejecta blankets from impacts into porous materials can be suppressed under cer-
tain conditions (Housen et al., 2018); however, experiments under the exact impactor and target properties
considered here have not been performed to our knowledge. The exact structure of impact craters in such
a regime remains to be quantitatively constrained and would warrant additional laboratory investigations.
As such, we do not consider the effects of any possible low-speed ejecta populations and model the ejecta
population directly measured by LDEX. Additionally, if a population of low-speed ejecta exists for the ejecta
plumes investigated in this study, it would not effectively redistribute material over large distances since its
ejection speeds would be so low.

Note that we do not account for secondary ejecta production from meteoroid bombardment. The ejecta
considered in this work is generated by impacts of meteoroids with average speeds of tens of kilometers
per second. For example, average impact speeds for the HE and NT sources are ⟨vHE⟩1 = 11 km/s and⟨vNT⟩1 = 29 km/s, respectively. The subsequent ejecta that reimpacts the lunar surface is bound and must
have “reimpact” speeds smaller than the lunar escape speed of 2.4 km/s. There are significantly less particles
with large ejection speeds near escape, as equation (6) has an average ejection speed of ∼0.7 km/s and gives
∼15% of bound ejecta with speeds over 1 km/s. Even the small portion of higher speed ejecta, for example,
the 15% from 1 to 2.4 km/s, have significantly lower impactor speeds than tens of kilometers per second of
the primary meteoroids sustaining the lunar ejecta cloud. Since impact ejecta production scales steeply with
the impactor speed, ∝ v2.46 as given in equation (1), secondary impactors are not able to generate apprecia-
ble amounts of high-speed secondary ejecta considered in this work compared to the primary meteoroids at
tens of kilometers per second.
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Figure 3. (a) Burial rate in the northern hemisphere in a stereographic projection. (b) Local-time-averaged burial rate as
a function of latitude. Gray lines indicate the burial rates over a variation of toroidal parameters (𝜆NT = 55∘ to 70∘ and
FNT∕FHE = 0.2 to 0.4). Over long timescales, material is lost from the equatorial region and redistributed towards the mid
to high latitudes. High-latitudes >75∘ also lose material towards lower latitudes due to the toroidal impactors.

Figure 2 shows the results of this single plume simulation, where the bulk of ejecta material accumulates in
a ring around 100–200 km from the ejecta plume center and is a consequence of the average ejecta speed
of ∼0.7 km/s. Note that this ejecta redistribution profile is calculated for the high-speed ejecta measured by
LDEX and does not consider any slow-speed near-impact ejecta that may be produced by the impact. As
previously discussed, the exact quantity of slow-speed ejecta for small, high-speed impactors into the porous
upper lunar regolith remains to be determined and warrants additional study. We can convolve the response
of a single plume (the downgoing flux) with the upgoing ejecta flux predicted from the model to determine
the net flux.

The characteristic cross-sectional area for this flux is calculated by integrating over the size distribution func-
tion, 𝜎 = ∫ amax

a0
f (a)𝜋a2da ≈ 0.13 μm2, where the approximation has been made for amax ≫ a0 following pre-

vious analyses (Szalay & Horányi, 2016a). The accumulation timescale, after which the surface will be entirely
covered by a single layer of impact ejecta is 𝜏 = 1∕F𝜎 with a characteristic thickness of d ≈

√
𝜎 = 0.37 μm.

Hence, the burial rate, the rate at which a flat plate on the surface would accumulate bound impact ejecta, is
𝛿 = d∕𝜏 = F𝜎3∕2.

Figure 3a shows the burial rate in a stereographic projection looking toward the north pole from the cen-
ter of the Moon. Since the AP source is the dominant impact ejecta producer, it excavates and redistributes
the most material at the Moon, as evidenced by the large net loss of ejecta in the equator centered on 6 LT
(dawn). The toroidal sources, also centered at dawn, but at ±60∘ latitude, excavate and redistribute material
away from the toroidal radiant. The combination of all impactor sources, which are concentrated on the dawn
hemisphere with the exception of the weak anti-apex source, leads to the majority of dawnside lunar surface
to be in a net negative flux (loss) state, redistributing itself to the duskside. Figure 3b shows the LT-averaged
burial rate as a function of latitude. Since impact ejecta has a higher production rate in the equatorial region
due to the retrograde, high-speed AP impactors, as well as the prograde HE/AH impactors, material is prefer-
entially redistributed towards higher latitude regions over long timescales. We find that within ∼ 30∘ of the
equator, the depth of the lunar regolith is very slowly decreasing, which is redistributed to higher latitudes.
The high-latitude toroidal sources serve to excavate polar material and redistribute it toward lower latitudes
such that above ∼75∘ latitude, the polar regions are also in a net loss due to IDP bombardment. This provides
a pathway to redistribute material from different regions of the lunar surface over long timescales.

To constrain the error of our results, we varied 𝜙NT from 55∘ to 70∘ in increments of 5∘ and the ratio r =
wNT∕wHE (equation (3)) from 0.5 to 0.9 in increments of 0.1, corresponding to FNT∕FHE = 0.2 to 0.4. The gray
lines in Figure 3 show the results for this range of parameters. The curves in our parameter study predict a
similar trend as the nominal assumption, with equatorial uncovering rates in the range of 0.2–0.3 μm per
106 years and mid-latitude burial rates of up to 0.4 μm per 106 years (𝜏 = 106 years for a single layer of burial).
Strengthening and raising the latitude of the toroidal sources would also lead to larger losses in the polar
regions, as indicated by the gray curves which fall below the nominal case in the polar regions.
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Additionally, with a model for the ejecta production over the entire surface, we can revisit estimates of the
total ejecta mass of the lunar dust cloud (Horányi et al., 2015). The average ejecta flux over the entire surface
is 16 m−2 ⋅ s−1 (for a ≥ 0.1 μm). Assuming the ejecta size distribution follows a power law (cumulative size
index of 2.7) between 0.1 μm and 1 mm, and a bulk density of 2.5 g/cm3, the average mass for a single ejecta
particle is 1.4 × 10−15 kg (0.5-μm radius). Integrating over the entire surface, the Moon produces ∼18 t/day
of high-speed ejecta. The average lifetime of grains is given by T = ∫ t(v)f (v)dv = 17 min, where t(v) is the
ballistic lifetime from launch to reimpact of surface ejecta accounting for the radially varying gravitational
force. The total ejecta mass is 210 kg, given by the product of average mass flux and lifetime and about a factor
of two higher than previous initial estimates of 120 kg (Horányi et al., 2015).

Scaling the total meteoroid influx at Earth of 43 t/day (Carrillo-Sánchez et al., 2016) to the Moon’s
cross-sectional area, we would expect a few tons per day of meteoroid material to bombard the lunar sur-
face. Our observed ejecta production rate of 18 t/day suggests that the mass yield of meteoroids producing
high-speed ejecta is on the order of 10, which is substantially lower than that for the icy Galilean satellites
(Krüger et al., 2003), which had estimated yields of 103 to 104, 2 to 3 orders of magnitude higher than that
observed here. This discrepancy could be due to a number of reasons.

If a large fraction of the impact ejecta is launched from the surface at low speeds, LDEX would not have
measured such a population. LDEX visited down to altitudes of a few kilometers and observed a consistent
exponential scaling of the density. LDEX could not observe dust particles ejected from the surface at less than
50–100 m/s, so it is possible there is an enhancement of low-speed impact ejecta that was never observed by
LADEE. If the lunar surface yield is similar to the icy Galilean satellites, this would imply that < 1% of the total
impact ejecta reaches altitudes greater than 1 km.

Another possibility is that the dusty, regolith surface of the Moon does not respond to meteoroid bombard-
ment in the same manner as hard, icy surfaces. While the canonical yield experiment was performed for
different mixtures of ice and silicate content (Koschny & Grün, 2001b), all targets were shot into an icy solid
surface from which the ejecta yield was estimated. Impacts of small meteoroids (∼100 μm) into the Moon’s
regolith surface may not eject as much material as a hard surface, as discussed in recent work (e.g., Costello
et al., 2018), and previously modeled (Anders et al., 2012). The ejecta observed by LDEX may have been
launched from the surface under an entirely different regime of impact ejecta physics, where a much larger
fraction of the energy is available to be partitioned into local heating of the regolith instead of into the kinetic
energy of launched particles. If this is the case, small meteoroids may be highly efficient at depositing their
energy into the lunar regolith and may therefore be even more important in governing the evolution of ice
in the polar regions (e.g., Farrell et al., 2013) than previously thought.

4. Ejecta Measurements for Polar Orbiting Spacecraft

Impact ejecta, in addition to modifying surface features over time by continually raining back onto the surface,
carries key information about the surface composition. A spacecraft equipped with an impact-ionization dust
detector with chemical analysis capability would be able to map the compositional features of the ejecta to
their surface origins with a resolution of the altitude of the spacecraft. Here we discuss measurements that
could be made with an orbiting spacecraft. We employ a canonical orbit of 100-km altitude with an orbital
speed of 1.6 km/s, which gives a detection threshold for an LDEX-type instrument of 0.3 μm (Horányi et al.,
2014). Using equation (2), we can estimate the structure of the high-latitude lunar impact ejecta cloud. We do
not expect significant quantities of electrostatically lofted dust to be present at high altitudes as previous in
situ efforts did not detect this population (Szalay & Horányi, 2015b); hence, we only model the contribution
of impact ejecta to the overall dust density.

Figure 4a shows side views of the predicted impact ejecta cloud in three separate polar orbits: from 6 to 18,
9 to 21, and 12 to 0 LT, along with the location of the 100-km orbit. The size of the ejecta cloud/orbit is not
to scale with the Moon. The bottom row of Figure 4 shows density and impact rate profiles for the three LT
slices in black as a function of latitude, where the beginning of the orbit is at the south pole. Impact rates are
calculated as if LDEX were transiting these locations, with 70-cm2 effective area (Horányi et al., 2014). The polar
orbits all have very similar average densities and subsequent average impact rates (about 1 min−1) compared
to LADEE’s equatorial orbit.
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Figure 4. (a) Side view of the lunar dust densities for three planes perpendicular to the +z axis, up to 250-km altitude
(not to scale). The location of the 100-km orbit is shown on each. (b) Local dust density and impact rate for an orbiting
spacecraft as a function of latitude. The inset shows the three orbits in a view from the top. All quantities shown for
a ≥ 0.3 μm. Lunar image credit: NASA/Bill Dunford.

5. Detectability of Water in Impact Ejecta Spectra

With such large impact rates near the polar regions and PSRs, which may contain enhanced surface water
content (e.g., Li & Milliken, 2017), we investigate the possibility of identifying water on particles originating
from the lunar surface. In this section, we discuss a potential mechanism that would allow detection of water
on dust grains impacting an orbiting dust analyzer. With such a capability, impact ejecta measurements near
the lunar polar regions would not only constrain meteoroid bombardment in the polar regions but would
also potentially be able to characterize the water cycle at the Moon.

Dust analyzer instruments are capable of measuring time-of-flight (TOF) mass spectra from impact ionized
dust particles (e.g., Srama et al., 2005; Sternovsky et al., 2007, 2015). Laboratory experiments showed the
relation between the measured mass spectra and the elemental composition of the dust particles, poten-
tially allowing identification of mineralogical information from in situ TOF spectra (e.g., Fiege et al., 2014). At

Figure 5. Possible cleavages of the ionization of a water molecule assisted by the surface, and generating OH− , H2O+ ,
and H3O+ ions. Dashed lines show the electrostatic interactions between the surface and the water molecules, and the
pink arc indicates where the cleavage occurred.
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low-impact speeds, typically below 3–5 km/s, mass spectra are dominated by easy-to-ionize species (e.g., Na,
K, or Ca), while elements from the bulk composition with higher ionization energies (e.g., C, O, and Si) only
appear at higher impact velocities.

A recent experiment studied the impact ionization of olivine and magnesite dust samples over a wide impact
speed range of about 3–30 km/s (Hillier et al., 2018). One surprising outcome of this study is that water fea-
tures are present in the spectra even at the lowest impact speeds studied. Water/hydroxyl species (O, OH, H2O,
and H3O) are present in cation spectra for both samples, although more pronounced for magnesite. Similarly,
anion spectra also exhibit O and OH features. While this study was limited to impact speeds ≳3 km/s, the data
for magnesite suggest that water features may very well be observable at even lower impact speeds, that is,
down to typical lunar spacecraft orbit speeds of ∼1.6 km/s.

The ionization energy of a water molecule in a gas phase is 12.4 eV and ∼9.5 eV in the condensed phase
(Novakovskaya, 2007). This value, however, is still high for the ionization of water molecules from the bulk of
the dust particles. Recent analysis suggests ionized water signatures in spectra at low velocities are likely to
originate from the surface, where OH groups and/or physisorbed water molecules are abundant (Hillier et al.,
2018). The surface can act like a catalyst, decreasing the energy barrier needed to break a bond within the
water molecule. These bonds are weakened through electrostatic interactions (H-bond, dipole-dipole force)
with the surface. Upon desorption after a dust particle impact, the surface may retain an ionic particle from
the water molecule (e.g., H+ or e−), generating a water/hydroxyl ion. Figure 5 illustrates three scenarios for
the energy from a dust impact to result into cleavages generating OH−, H2O+, and H3O+ ions on a hypoth-
esized surface. Lucking et al. (2015) performed molecular dynamics theoretical calculations of the oxidation
of water on a TiO2 surface. In this more complex, yet analogous case, the presence of the polar surface can
reduce the energy needed for ionizing water molecules down to 1.2 eV. The lunar regolith is known to have
an active surface, such that the atomic network on the interface contains active sites where strong electro-
static interaction with polarizable molecules will occur. The surface of the lunar regolith can act as a highly
active heterogeneous catalyst containing both acidic and basic sites. Such a catalyst then can lower the effec-
tive energy for ionizing water molecules, leading to detectable water spectra in impact measurements near
the polar regions. Since water features may manifest either as positive or negative ions, it would be best to
perform TOF analysis of polar ejecta for both polarities.

Recent efforts have been undertaken to constrain water content on the lunar surface by using data sets from
multiple spacecraft observations (e.g., Fisher et al., 2017; Hendrix et al., 2012; Li & Milliken, 2017; Li et al., 2018;
Sim et al., 2017; Wöhler et al., 2017). These studies have indicated the water distribution on the lunar surface
varies as a function of latitude, degree of space weathering, maria versus highland terrain, and local time, yet
many mysteries still exist regarding the lunar water cycle. If impact ejecta are able to retain a chemical imprint
of the water content from its source region, in situ dust analyzer measurements of lunar ejecta could be critical
in understanding the water cycle at the Moon in a complementary manner to remote observations.

6. Discussion and Conclusions

In this work, we find the toroidal sources (i.e., high-inclination meteoroids from Halley-type comets) are
responsible for producing significant quantities of impact ejecta in the lunar polar regions. Meteoroids from
these sources should also liberate large quantities of neutral species (e.g., Colaprete et al., 2016; Hurley et al.,
2017; Szalay et al., 2016). Due to the enhanced impact ejecta production near the lunar equator and around
60∘ on the dawnside, equatorial material can migrate to the mid to high-latitudes over long timescales.
While lunar polar wander was constrained by meter-depth water features that persisted over the last approx-
imately billion years (Siegler et al., 2016), which is consistent with the low values of polar burial rates of
<1 μm/106 years derived here, impact bombardment may contaminate the top layer of regolith in the mid to
high-latitude regions. Secondary ejecta is not considered due to the low reimpact speeds of ejecta compared
to the high-speed primary meteoroids sustaining the lunar impact ejecta environment at high altitudes. Addi-
tionally, while the net transport is from the equator and polar regions to the mid-latitudes, there will be some
mixing of both polar and equatorial regions due to bombardment. Material from the polar regions may be
excavated by the toroidal sources and redistributed to the equatorial regions as previously suggested (Farrell
et al., 2013).

The impactor sizes considered here are typically much smaller than those that generate observable craters.
LDEX may be measuring impact ejecta from primary impactors at largest up to ∼30 g (Szalay et al., 2018),

SZALAY ET AL. 9



Journal of Geophysical Research: Planets 10.1029/2018JE005756

notably during meteoroid showers such as the Geminids. Large sporadic impactors >30 g, such as those
detected by the Lunar Impact Monitoring Program (Suggs et al., 2008), are not expected to be observed
due to their low flux. For example, flux estimates of sporadic impactors >30 g are 6 × 10−4 km−2 ⋅ year−1

(Suggs et al., 2014). Assuming LDEX can detect an impact that occurs within an area on the surface equal
to its altitude squared, it is able to detect impacts within A = 2, 500 km2 for an average altitude of 50 km.
LDEX operated with total operating time of 80 cumulative days and would have needed to double that
total detection time to detect just a single ejecta plume from a sporadic impactor >30 g. Additionally, larger
impactors (e.g., Speyerer et al., 2016) may generate more ejecta per event but are most likely confined to more
equatorial orbits. While estimates from LDEX may serve as a lower limit near the equatorial plane, at high
latitudes the total burial/uncovering rate may be closer to those estimated here.

Accounting for the impact ejecta production over the entire surface, the total quantity of ejecta produced is
surprisingly low compared to our expectations from impact ejecta measurements at the icy Galilean moons.
One explanation for this could be that the Moon’s fluffy regolith surface is not able to produce as much impact
ejecta compared to a hard, icy surface. If this is the case, the impact energy of incident meteoroids to the
surface could be partitioned more into local heating of the regolith than into the kinetic energy of ballistic
ejecta. Such a finding suggests meteoroids may play a more important role in governing the evolution of ice
in the polar regions than previously thought.

All results derived in this work utilized a model for impact ejecta generation, summing six separate sources
represented by cos3 𝜑 functions. Corrections to the model using a dynamical interplanetary dust particle
impactor model (e.g., Janches et al., 2018; Nesvorny, Janches, et al., 2011; Nesvorny, Vokrouhlický, et al., 2011;
Pokorný et al., 2014, 2017) could potentially improve ejecta estimates. For example, the toroidal source is
more of a ring-like flux structure (e.g., Pokorný et al., 2014) than a collimated beam at 60∘ latitude as assumed
here. A more spread out flux distribution will lead to a different overall burial rate profile; however, we do
not expect the estimates given in this paper to be modified by more than a factor of a few, given the sen-
sitivity test discussed in section 3. Additionally, we assumed the sources were symmetrically distributed in
Solar-Selenocentric-Ecliptic coordinates and static in time. However, the impactor distribution is not perfectly
symmetric and there are synodic and annual variations, as previously observed by LDEX (Szalay & Horányi,
2015a) and recently modeled (Janches et al., 2018). Additionally, we assume that the various sources all have
similar mass distributions, however, modest changes in the expected M+ maps may be expected for relaxing
this assumption. The speed dependence used here follows an existing laboratory calibration for impacts into
icy-silicate mixtures (Koschny & Grün, 2001a) and does not necessarily capture all the relevant physics involved
in meteoroid-regolith impacts. While changes to the speed dependence for the lunar ejecta production could
modify the structure of the predicted ejecta cloud, we do not anticipate a large discrepancy from the results
presented in this paper as we have already constrained the equatorial ejecta cloud with LDEX measurements.

We also find that a polar orbiting spacecraft can detect similar average impact rates compared to the equa-
torial LADEE orbit. During several of the known meteoroid showers, LDEX measured localized dust density
enhancements, many of which allowed full or partial reconstruction of the shower radiants (Szalay & Horányi,
2016b). During the Geminids, LDEX observations revealed fine structure in this shower in a manner unique
to dust detector data (Szalay et al., 2018). Were a polar orbiting spacecraft to make impact ejecta measure-
ments during a meteoroid shower, for example, the Quadrantids in a similar orbit to the 6 to 18 LT one
included here, these measurements may similarly uncover additional substructures in high-latitude mete-
oroid streams. Additionally, preliminary data from the laboratory and theoretical considerations suggest that
water molecules adsorbed on the lunar regolith may get ionized and liberated to gas phase at the orbital
speed of a spacecraft. We presented a mechanism that would allow detection of surficial water on grains and
suggest laboratory results are needed to further quantify the amount of detectable water in lunar ejecta. Mod-
ern dust impact analyzers are capable of identifying increased water content in ejecta particles originating
from more water-rich regions and can provide critical constraints on the water cycle at the Moon.
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