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Introduction: The Moon is continually bombarded by 
on the order of 106 kg/y of interplanetary dust particles 
(IDP) that are micrometeoroids of cometary and aster-
oidal origin. Most of these projectiles range from 10 
μm to about 1 mm in size and impact the Moon with 
speeds in the characteristic range of 10 to 72 km/s. At 
Earth, the passage through the atmosphere ablates most 
of these particles turning them into “shooting stars”. 
However, they directly reach the surface of the Moon, 
generate secondary ejecta particles and leave a crater 
record on the surface from which the micrometeoroid 
size distribution has been deciphered [1]. Most of the 
ejecta particles have initial speeds below the escape 
speed from the Moon (2.4 km/s) and following ballistic 
orbits return to the surface, blanketing the lunar crust 
with a highly pulverized and impact gardened regolith 
with ≫ 1 m thickness. Micron and sub-micron sized 
secondary particles that are ejected at speeds up to the 
escape speed form a highly variable, but permanently 
present, dust cloud around the Moon. Such tenuous 
clouds have been observed by the Galileo spacecraft 
around all lunar-sized Galilean satellites at Jupiter [2]. 
Our understanding of the lunar dust exosphere is based 
on  NASA’s Lunar Atmosphere and Dust Environment 
Explorer mission (Fig.1)  [3]. The findings provide a 
unique opportunity to map the composition of the lunar 
surface from orbit and identify regions that are rich in 
volatiles, providing opportunities [4] for future in situ 
resource utilization (ISRU). 
In Situ Resource Utilization is a key element in es-
tablishing human habitats on the Moon. The expected 
availability of water ice, and other volatiles, in Perma-
nently Shadowed Regions (PSR) makes the lunar poles 
of prime interest. However, the relative strength of the 
various sources, sinks, and transport mechanisms of 
water into and out of PSRs remain largely unknown. 
The quantitative characterization of the temporal and 
spatial variability of the influx of IDPs to the polar 
regions of the Moon is critical to the understanding the 
evolution of volatiles in PSRs. A dust instrument 
onboard a polar orbiting lunar spacecraft could make 
fundamental measurements to assess the availability 
and accessibility of water ice in PSRs. 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 
on the surface. IDPs are an unlikely source of water 
due to their long UV exposure in the inner solar sys-

tem, but their high-speed impacts can mobilize sec-
ondary ejecta dust particles, atoms and molecules, 
some with high-enough speed to escape the Moon. 
Other surface processes that can lead to mobilization, 
transport and loss of water molecules and other vola-
tiles include solar heating, photochemical processes, 
and solar wind sputtering. Since the efficiency of these 
are reduced in PSRs, dust impacts remain the dominant 
process to dictate the evolution of volatiles in PSRs.  

 
Fig.1 The dust ejecta cloud observed by LDEX for 
each calendar month LADEE was operational in 2014 
(left), and the modelled average lunar dust density 
distribution for particles with radii  (right 
panel) shown in a reference frame where the Sun is on 
the left [5]. 
 
In the absence of an atmosphere, each incoming IDP 
directly hits the lunar surface and generates a copious 
number of secondary particles, with sufficient speeds, 
reaching  over 200 km altitude before most of them 
returns to the surface. The continually present dust 
ejecta cloud was observed by LADEE/LDEX. A more 
capable dust instrument, in addition to the size and 
speed of an impacting particle, can also measure the 
composition of secondary ejecta particles, resulting in 
a surface composition map with a spatial resolution 
comparable to the height of the spacecraft. This talk 
will describe the available instrumentation, its testing 
and calibration using the SSERVI /IMPACT dust ac-
celerator  facility at the University of Colorado, Boul-
der.		
Summary: A polar-orbiting spacecraft will directly 
sample the lunar ejecta, providing the critical link be-
tween IDP bombardment and water in PSRs. 
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Interplanetary dust particles hit the surfaces of airless bodies in the
Solar System, generating charged1 and neutral2 gas clouds, as well
as secondary ejecta dust particles3. Gravitationally bound ejecta
clouds that form dust exospheres were recognized by in situ dust
instruments around the icy moons of Jupiter4 and Saturn5, but
have hitherto not been observed near bodies with refractory rego-
lith surfaces. High-altitude Apollo 15 and 17 observations of a
‘horizon glow’ indicated a putative population of high-density
small dust particles near the lunar terminators6,7, although later
orbital observations8,9 yielded upper limits on the abundance of
such particles that were a factor of about 104 lower than that neces-
sary to produce the Apollo results. Here we report observations of a
permanent, asymmetric dust cloud around the Moon, caused by
impacts of high-speed cometary dust particles on eccentric orbits,
as opposed to particles of asteroidal origin following near-circular
paths striking the Moon at lower speeds. The density of the lunar
ejecta cloud increases during the annual meteor showers, especially
the Geminids, because the lunar surface is exposed to the same
stream of interplanetary dust particles. We expect all airless plan-
etary objects to be immersed in similar tenuous clouds of dust.

The Lunar Atmosphere and Dust Environment Explorer (LADEE)
mission was launched on 7 September 2013. After reaching the Moon
in about 30 days, it continued with an instrument checkout period of
about 40 days at an altitude of 220–260 km. LADEE began its approxi-
mately 150 days of science observations at a typical altitude of 20–100
km, following a near-equatorial retrograde orbit, with a characteristic
orbital speed of 1.6 km s21 (ref. 10). The Lunar Dust Experiment
(LDEX) began its measurements on 16 October 2013 and detected a
total of approximately 140,000 dust hits during about 80 days of
cumulative observation time out of 184 total days by the end of the
mission on 18 April 2014. LDEX was designed to explore the ejecta
cloud generated by sporadic interplanetary dust impacts, including
possible intermittent density enhancements during meteoroid
showers, and to search for the putative regions with high densities of
0.1-mm-scale dust particles above the terminators. The previous
attempt to observe the lunar ejecta cloud by the Munich Dust
Counter on board the HITEN satellite orbiting the Moon (15
February 1992 to 10 April 1993) did not succeed, owing to its distant
orbit and low sensitivity11.

LDEX is an impact ionization dust detector (Methods subsection
‘The LDEX instrument’). When pointed in the direction of motion of
the spacecraft, LDEX recorded average impact rates of about 1 and
about 0.1 hits per minute of particles with impact charges of q $ 0.3
and q $ 4 fC, corresponding to particles with radii of a> 0.3 mm and
a> 0.7 mm, respectively (Fig. 1). Approximately once a week, LDEX
observed bursts of 10 to 50 particles in a single minute. Particles
detected in a burst are most likely to originate from the same well-
timed and well-positioned impact event that happened just minutes
before their detection on the ground-track of LADEE. Several of the

yearly meteoroid showers generated sustained elevated levels of LDEX
impact rates, especially those where the majority of the incoming
meteoroids hit the lunar surface near the equatorial plane, greatly
enhancing the probability of LADEE crossing their ejecta plumes.
The Geminids generated the strongest enhancement in impact rates
for 61.5 days centred around 14 December 2013.

The distribution of the detected impact charges remained largely
independent of altitude, and throughout the entire mission it closely
followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
that the initial mass distribution of the ejecta particles is, to a good
approximation, independent of their initial speed and angular distri-
butions (Methods subsection ‘Dust ejecta clouds’), and that the num-
ber of ejecta particles generated on the surface per unit time with
mass greater than m follows a power law: N1(.m) / m2a. The
LDEX measurements indicate a < 0.9, surprisingly close to the value
aG 5 0.8 suggested by the Galileo mission at the icy moons of Jupiter12
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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The Geminids generated the strongest enhancement in impact rates
for 61.5 days centred around 14 December 2013.

The distribution of the detected impact charges remained largely
independent of altitude, and throughout the entire mission it closely
followed a power law: pq(q) / q2(1 1 a) (Fig. 2). This alone indicates
that the initial mass distribution of the ejecta particles is, to a good
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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Figure 1 | Impact rates throughout the mission. The daily running average of
impacts per minute of particles that generated an impact charge of q $ 0.3 fC
(radius a> 0.3 mm) and q $ 4 fC (radius a> 0.7 mm) recorded by LDEX. The
initial systematic increase until 20 November 2013 is due to transitions from the
high-altitude checkout to the subsequent science orbits. Four of the several
annual meteoroid showers generated elevated impact rates lasting several days.
The labelled annual meteor showers are: the Northern Taurids (NTa); the
Geminids (Gem); the Quadrantids (Qua); and the Omicron Centaurids (oCe).
The observed enhancement peaking on 25 March 2014 (grey vertical line) does
not coincide with any of the prominent showers. During the Leonids meteor
shower around 17 November 2013, the instrument remained off due to
operational constraints. From counting statistics, we determine that the daily
average impact rate of particles generating a charge of at least 0.3 fC is 1.25 hits
per minute and, hence, the 1s relative error is about 2%, while for particles
generating an impact charge . 4 fC the average rate is 0.08 hits per minute and,
hence, the 1s relative error is about 10%.
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Figure 1: Impact rates observed by LDEX through-
out the LADEE mission. The daily running average
of impacts per minute of particles with radii > 0.3µm
and a > 0.7µm recorded by LDEX. Four of the sev-
eral annual meteoroid showers generated elevated impact
rates lasting several days. The labelled annual meteor
showers are: the Northern Taurids (NTa); the Geminids
(Gem); the Quadrantids (Qua); and the Omicron Centau-
rids (oCe) [9].

Compositional Mapping of the Lunar Surface: The
dust particles comprising the lunar ejecta cloud are small
samples from the surface and could be used to map the
chemical composition of the Moon from orbit [5], and
could be used to identify regions that could be most valu-
able for In Situ Resource Utilization (ISRU), a key ele-
ment in establishing human habitats on the Moon. The
expected availability of water ice, and other volatiles, in
Permanently Shadowed Regions (PSR) makes the lunar
poles of prime interest. However, the relative strength
of the various sources, sinks, and transport mechanisms
of water into and out of PSRs remain largely unknown.
At high latitudes, the lunar surface is exposed to the
continual bombardment from the northern and southern
toroidal meteoroids as well as intermittent, intense mete-
oroid showers [11]. Impact bombardment produces tran-
siently large quantities of lunar dust ejecta, which serves
to re-blanket and cover the surrounding terrain, and also
produces impact vapor from the volatile distribution at
the 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 min-
erals exposed on the surface. IDPs are an unlikely source
of water due to their long UV exposure in the inner solar
system, but their high-speed impacts can mobilize sec-
ondary ejecta dust particles, atoms and molecules, some
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Figure 3. The annually averaged lunar dust density distribution, given
in equation (2), for particles with a � 0.3 �m in a reference frame where
the Sun is in the �x direction and the apex motion of the Moon about
the Sun is in the +y direction.

and shown in Figure 4. Using the
turning point approximation to calcu-
late F(�, a) via equation (3) introduces
�10–20% error compared to using
the true velocity distribution [Horányi
et al., 2015, Methods] for a similar cal-
culation. Integrating equation (3) over
all local times, we derive an average
flux for all sizes (a�a0),

F = F0

�
a0

ath

��3�

, (4)

where F0 =1.2 ± 0.7 m�2 s�1. The error
is calculated by incorporating a 20%
error from the turning point approx-
imation with the average 35% error
from the fitted and observed values
of n(h).

To determine the impact gardening
rate, the characteristic cross-sectional
area for this flux is calculated by inte-
grating over the distribution function,

� = �
amax

a0

f (a)�a2da = 3��
3� � 2

�
a�(3��2)

0 � a�(3��2)
max

a�3�
0 � a�3�

max

�
� 3

3� � 2
�a2

0 (5)

where the approximation has been made for amax � a0. The accumulation timescale, after which the surface
will be entirely covered by a single layer of impact ejecta is

� = 1
F�

= 3� � 2
3�F0a3�

th

a3��2
0 (6)

with a characteristic thickness of d �
�
�. Therefore, the depth accumulation rate is

� = d�� = F�3�2 = F0a3�
th

� 3�
3� � 2

� 3
2 a3(1��)

0 (7)

Figure 4. The total number flux of ejecta particles onto the surface as
a function of local time. The dashed line shows the average value of
1.2 m�2 s�1 and the grey portion indicates the error of 0.7 m�2 s�1.

The size distribution for lunar regolith
has been accurately measured down
to a few microns [Heywood, 1971; Görz
et al., 1971], and recent analysis indi-
cates that the lunar fines are lognor-
mally distributed with a peak at radius
0.1 to 0.3 �m [Park et al., 2008], indi-
cating that a0 is lower than the LDEX
observation threshold ath. However,
determining the size distribution for
grains with a < 1 �m remains chal-
lenging [Liu and Taylor, 2011]. Labora-
tory impact experiments found impact
ejecta fragments down to 50 nm in
radius [Buhl et al., 2014]; therefore, we
investigate the impact gardening rates
for a0 in the range of 0.05 to 0.3 �m.
Table 1 shows � and � for critical radii
of 0.05, 0.1, and 0.3 �m.
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Figure 2. The average cloud density for each calendar month LADEE
was operational in 2014. Each color ring corresponds to the density
every 20 km.

constraint, the ratio between the HE and
AH mass production values directly yields
their flux ratio and we find FHE�FAH =M+

HE�
M+

AH�2.1 ± 0.2 on average, from January
to April 2014.

3. Annual Variation and
Synodic Modulation

From January to April 2014, the cloud
structure was observed to vary (Figure 2).
The changes in the observed densities are
caused by changes in the relative contri-
butions of the three dominant sources.
To investigate this temporal dependence,
we find the best fit for each M+

s through-
out 2014 in a sliding window of 30 days
(Figure 3).

The flux ratio FHE�FAH decreases by a
factor of two from �2.7 at the beginning
of 2014 to �1.5 in mid-April. Ground-
based measurements indicate a similar
factor of two decrease in this ratio, how-
ever, for a smaller range of �1.7 to 1.0
[Campbell-Brown and Jones, 2006].

In addition to its sensitivity to the variation of each source flux, the lunar ejecta cloud density is also sensitive
to changes in the impact velocity of incoming meteoroids, since M+ � v�

imp. The impact velocity of each source
is modulated by the Moon’s 1 km/s orbital velocity around the Earth, hence vs(�) = vs,av + cos(� ��s), where
� is the lunar phase and has a value of 0� at full moon. Hence, the mass production of each source peaks at
�s,peak = �s and oscillates throughout the Moon’s synodic period. Since the AP and HE sources dominate the
mass production over the AH source, the lunar dust cloud is expected to peak during the waning gibbous
phase between �AP,peak = 0� and �HE,peak = 65�.

Figure 4 shows the observed lunar dust cloud distribution for lunar phases in increments of 45�. Each depicted
lunar phase is averaged from 1 January 2014 to 18 April 2014. The lunar dust cloud is found to wax and

Figure 3. (top) The best fit M+
s for the HE (blue), AP (green), and

AH (red) sources. (bottom) The flux ratio between the HE and
AH sources from LDEX (solid) and ground-based measurements
(dashed) [Campbell-Brown and Jones, 2006]. Errors for each of
the M+

s sources are no greater than 0.02.

wane with lunar phase as expected, peaking
when the Moon is in its waning gibbous phase.
The phase of this peak further validates the con-
clusion that the HE source dominates over the
AH source for the period of measurement.

4. Discussion

We are able to estimate the HE/AH flux ratio as
a function of time, noting a factor of 1.5–2 dis-
crepancy from radar based observations. Mete-
oroids impacting the lunar surface generate
ejecta in a mechanism entirely different than
how they ablate and ionize in the Earth’s atmo-
sphere. Detecting the signatures of primary
impactors in each scenario relies on signifi-
cantly different parameters. The discrepancy in
FHE�FAH between this method and radar-based
methods is most likely due to the difference
between these two very different mechanisms.
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Figure 2: left: The average dust ejecta cloud density
observed by LDEX for each calendar month LADEE was
operational in 2014. Each color ring corresponds to the
density every 20 km [16]. right: The modeled annually
averaged lunar dust density distribution for particles with
a � 0.3µm. These plots are in a reference frame where
the Sun is on the left (-x direction) and the apex motion
of the Moon about the Sun is towards the top of the page
(+y direction) [17].

with high-enough speed to escape the Moon. Other sur-
face processes that can lead to mobilization, transport
and loss of water molecules and other volatiles include
solar heating, photochemical processes, and solar wind
sputtering. Since none of these are at work in PSRs, dust
impacts remain the dominant process to dictate the evo-
lution of volatiles in PSRs. The mobilized atoms and
molecules can get trapped in PSRs, and the accumula-
tion of water in these regions has been suggested since
the early days of the space age [12, 13]. While there are
several processes leading to the accumulation of volatiles
in PSRs, the only recognized and possibly significant
loss mechanism is due to IDP impacts. The competing
effects of dust impacts are: a) ejecta production lead-
ing to loss out of a PSR; b) gardening and overturning
the regolith; and c) the possible accumulation of impact
ejecta, leading to the burial of the volatiles. The compe-
tition between the volatile influx and these dust impact
induced processes determine the ability of a PSR to ac-
cumulate volatiles, as well as their accessibility for ISRU
[14]. Hence, the measurement of the temporal and spa-
tial variability of the dust influx, and the characteristics
of the impact generated secondary dust particle plumes
are critical to assess the availability of water in PSRs.
A polar-orbiting spacecraft (Figure 3) could directly
sample the lunar ejecta, providing the critical link be-
tween IDP bombardment and the evolution of water
ice in PSRs [5, 15].

Near-surface Dust Transport Observations: In addi-
tion to bombardment by interplanetary dust, the exposure
of airless surfaces to ultraviolet radiation and solar wind

≥ 0.3 μm


