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KAGUYA observation of global emissions of indigenous

carbon ions from the Moon
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Carbon is a volatile element that has a considerable influence on the formation and evolution of planetary bodies,
although it was previously believed to be depleted in the Moon. We present observations by the lunar orbiter
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KAGUYA of carbon ions emitted from the Moon. These emissions were distributed over almost the total lunar
surface, but amounts were differed with respect to lunar geographical areas. The estimated emission fluxes to
space were ~5.0 x 10* per square centimeter per second, which is greater than possible ongoing supplies from
the solar wind and micrometeoroids. Our estimates demonstrate that indigenous carbon exists over the en-
tire Moon, supporting the hypothesis of a carbon-containing Moon, where the carbon was embedded at its forma-

tion and/or was transported billions of years ago.

INTRODUCTION

For decades, it has been believed that carbon and other volatile
elements are depleted in the Moon because of early analyses of the
Apollo samples (I). The notion of a volatile-depleted Moon is one
of the greatest premises behind the hypothesis that a giant impact
occurred between nascent Earth and Mars-sized body, which generated
high-temperature events (2). However, the consensus of such a “dry”
Moon has subsequently been challenged by advanced analyses that
have determined volatile elements, such as water and carbon, in
volcanic lunar glasses (3, 4). Analyses of hydrogen isotope and carbon
in the deep portions of the lunar materials were used to investigate
their origin, respectively. Since the results of these analyses imply
that the lunar magma ocean and internal materials contained volatile
elements, models based on a giant-impact hypothesis have recently
been modified to explain their existence (5).

Analyses of meteorites and returned samples are the most precise
methods currently available for determining the chemical composi-
tion of the parent bodies and investigating their geologic origins
and histories, although it is acknowledged that a small number of
samples are potentially biased (6). The existence of indigenous
water in lunar materials has been supported not only by analyses of
Apollo samples (3) but also by conducting wide-area observations
using neutron spectrometers (7) and neutral mass spectrometers
(8) on lunar orbiters. In the case of carbon, however, no such obser-
vations have been conducted around the Moon to date (9) because
both the neutron interactive properties and brightness in the ultra-
violet (UV) range are insufficient for spaceborne instruments. It
should be noted that neutral mass spectrometers require large
abundances of gases emitted from targeted bodies to discriminate
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them from instrument outgassing, because collected gases are ionized
before analyses (10).

Emissions of secondary particles, which are caused by interactions
with the solar wind, solar UV, and micrometeoroids, are common
characteristics of airless small bodies, such as asteroids and moons.
Neutral atoms or molecules emitted from the lunar surface form very
thin atmosphere (exosphere) (11), while a small fraction of the emitted
particles are ions. In addition, optical observations by spacecraft have
found the lunar exosphere of alkali and noble gas atoms (9) and
methane molecules (12). Although the densities of carbon atoms
around the Moon are smaller than the instrumental sensitivities (9),
it is estimated that secondary ion fluxes sputtered by solar wind
bombardments are sufficiently large to be detected by standard
spaceborne ion instruments (13, 14). Some of the exospheric particles
are ionized mainly by solar UV. Since the emitted ions and photo-
ionized exospheric particles are picked up by the electric and magnetic
fields of the solar wind, orbiters can effectively collect these pickup
ions when the solar wind conditions are adequate (see Fig. 1) (15, 16).
It is considered that these pickup ions may retain information regard-
ing the chemical composition of the surface materials in a similar
way to laboratory secondary ion mass spectrometry (SIMS) (13, 14).

In situ observations of lunar ions, which were recently conducted
by an ion mass spectrometer on the KAGUYA spacecraft, found C*
fluxes from the lunar surface (15, 17). In this study, we assess the
global existence of indigenous carbon in the Moon using a map of
its C* emissions derived from 1.5-year KAGUYA observation data.

RESULTS

KAGUYA was a lunar polar orbiter conducting global-mapping ob-
servations of the entire surface of the Moon. The nadir-pointing ion
mass analyzer (IMA) primarily observed ions originating from the
Moon (pickup ions), while the ion energy analyzer (IEA) on the
opposite side measured solar wind ions (Fig. 1A) (17). In this study,
in addition to the ion energy and mass spectrum data from the
IMA, we use the magnetic field data (B) measured by the lunar
magnetometer (LMAG) (18) and calculate the electric field (E) by
E = -V x B, where V is the solar wind velocity measured by the IEA
(for details, see Materials and Methods).

10f6



SCIENCE ADVANCES | RESEARCH ARTICLE

A
zZ
Tons from
X SW the Moon
Y —
KAGUYA orbit .
SW L
> 1IEA ‘ :
SW Qﬁ 7
- MAS L=x/El
. I =
SW R H
- T Jo.. Moon
ﬂV’ B @ Originating point
Foot point of B

B
SW @-,&
o)
o
uv o
Micrometeoroid
2 \ o@
+
.© E
Photoionization g /

©©_@

Lunar
surface

Fig. 1. Pickup ion observation by KAGUYA above the Moon. (A) Schematic view of the observation in the Selenocentric Solar Ecliptic coordinates. The solar wind (SW)
blows around to the -x direction. Two ion sensors, IEA and IMA, on the three-axis stabilized KAGUYA measure mainly solar wind ions and ions emitted from the lunar
surface and exosphere, respectively. The solar wind electric and magnetic fields (E and B) transport (pickup) ions emitted from the Moon. The length, L, between the
points of origin of measured pickup ions and spacecraft’s positions is determined by L = k/ | E |, where « indicates the measured ion energies. Blue arrows denote fluxes
of pickup ions. (B) Schematic of C* emissions due to the solar wind, solar UV, and micrometeoroids. Secondary C* emitted from the surface and photoionized exospheric
C* are picked up by the solar wind to space. The solar wind and micrometeoroids supply carbon to the lunar surface. Indigenous carbon contained in the lunar surface

and interior materials contribute substantially to C* emissions.

The initial energies of the secondary particles emitted from the
surface are less than a few electron volts (19). Since the Larmor
radius of the ions is much larger than the KAGUYA altitude of
100 km, the pickup ions move in a nearly straight direction along E
from their points of origin to the spacecraft’s position at an altitude
of 100 km (20). The measured ion energies (k) are, thus, mainly
determined by the acceleration due to E, which is expressed by
K~ |E|L, where L is the length between the spacecraft’s positions
and the points of origin of the pickup ions (Fig. 1A). When E directs
from the lunar surface to the spacecraft, the maximum energy of the
ions from the Moon is given by the potential gaps (x < |E|Lo)
where Ly denotes the length between the spacecraft’s positions and
the foot points of E. Under ordinary solar wind conditions, the typical
values of | E| Ly is ~200 eV, which is different from the energy of the
solar wind H' of around 1 keV.

Figure 2 shows an example of ion observations conducted by
KAGUYA. The IMA observed intense solar wind protons (H") of
~800 eV, which resulted in ghost counts over the entire time-of-flight
(TOF)/mass range. In addition, substantial amounts of pickup ions
were distributed in the low-energy and wide TOF/mass ranges
(Fig. 2A). We derived the TOF/mass spectrum of the lunar pickup
ions (Fig. 2B) from ions with energies that were lower than 60%
of those of the solar wind H'. The IMA distinguishes light species
(such as He", C*, and O") and alkali species from each other, whereas
the mass resolution is M/AM ~ 20 (21).

Using the 1.5-year C" data within the full width at half maximum
(FWHM) of the calibration curves (Fig. 2B), we built a distribution
map of lunar C* emissions (Fig. 3). Each foot point of E at the lunar
surface was used as each point of origin. To reduce contamination
from random noise, we selected the data obtained when foot points
of E were on the dayside lunar surface (for details, see Materials and
Methods). To evaluate the background noise level, we rebuilt a figure
of IMA ion observations for the same day as those of the observations
shown in Fig. 2 but used only data obtained in the lunar wake region
(fig. S1), where solar UV and the solar wind are shielded by the Moon.
KAGUYA was in the wake around 40% of its revolution. Although
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KAGUYA detected a small number of solar wind and lunar pickup ions
that intruded into the wake, we confirm that the background level was
small compared to the signals of the lunar pickup ions shown in Fig. 2.

Figure 3 shows C* emissions of ~5.0 x 10* cm™ s™! over large
areas above the Moon, which are partly dependent on geographical
regions such as the mares and highlands. To verify that the measured
C" was not related to artificial events such as instrument outgassing
(10), we compared the energies of measured pickup ions and potential
gaps (x and |E| L), both of which were derived from KAGUYA
data. The comparison consistently showed that ¥ < |E| L, (fig. S2),
which indicates that the C* data were mostly composed of pickup
ions generated above or at the lunar surface before being accelerated
by E. We also compared the distribution map of C* emissions
(Fig. 3) with the map of the lunar magnetic anomalies observed by
the LMAG (fig. S3) (22). Since B of 10 nT limits the Larmor radius
to less than 50 km for 10-eV C*, some large-scale magnetic anomalies,
such as those at the South Pole-Aitken basin, effectively trap ions
emitted from the lunar surface. The comparison of the two maps
shows that large structures with strong magnetic anomalies agree
with the areas of weak C* emissions. In addition, we compared each
5° x 5° map pixel (fig. S4). It is shown that large B value, derived
from lunar magnetic anomalies, effectively limits emissions of C".
These agreements also suggest that the origin of the measured C*
was the lunar surface or exosphere. In the remainder of this paper,
we consider the lunar magnetic anomalies to discuss the global
distribution of C" emissions.

DISCUSSION

Although C" fluxes of approximately 5.0 x 10* cm™ s~ are distrib-
uted over wide areas, the UV spectrometer on Apollo 17 was unable
to detect the carbon exosphere. It, thus, provided an estimated up-
per limit of ~200 atoms cm™ (23). The recent far-UV spectrograph
on Lunar Reconnaissance Orbiter (LRO) determined a smaller upper
carbon density limit of 1.6 atoms cm™ (9). In addition, the ioniza-
tion lifetime of carbon at 1 astronomical unit was observationally
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Fig. 2. Observation data by IMA on KAGUYA on 21 October 2008. (A) Energy TOF/
mass profile of ions. PACE, Plasma energy Angle and Composition Experiment. (B) TOF/
mass profile of low-energy (<~500 eV) ions derived from data in (A). The black curve
is the sum of all calibration curves (colored lines) with random noise to fit the obser-
vation data (rectangles). The error bars indicate a confidence interval of 68% (1c). Three
TOF peaks are generated by one sort of incident ions, since ultrathin foil was used for
start signals, which resulted in their charge state being converted to negative, neutral,
or positive particles in the TOF chamber (21). For the incident C*, the peaks at 140 and
200 ns were made by C” and a combination of C and C, respectively.

estimated at ~10° s (24). Assuming that the space below KAGUYA

atan altitude of 100 km s filled with carbon exosphere of 1.6 atoms cm >,

the exosphere would generate C* emissions of 1.6 x 10 ions cm s~
These optical observations, thus, imply that the ionized exospheric
particles contribute negligibly to the observed C* emissions. The LRO
estimated the upper limit of the C* density as 0.63 ions cm™ (7),
which would generate larger C* fluxes than the observed C* emissions,
assuming that C* of 0.63 ions cm ™~ was evenly distributed below the
100-km altitude. Therefore, the C" emissions observed by KAGUYA
are consistent with previous estimates of the lunar carbon exosphere
from optical observations.

If the solar wind and/or micrometeoroid bombardment dominantly
cause secondary particle emissions, then the measured pickup ions
would partly reflect the surface abundance in a similar way to labo-
ratory SIMS analyses (13, 14). However, the measured C* fluxes are
of nearly the same order as those of He", O*, and other heavier
metallic ions (Fig. 2). Since sample analyses show that the carbon
abundance is much smaller than oxygen and metal species (4), we
consider other source mechanisms for the measured C* fluxes. The lunar
C" may be selectively desorbed by solar UV, as are the lunar Na* and
K" emissions (25), and/or may be outgassed from the surface layers
and possibly the interior (26, 27) together with the noble gases (28).

The Lunar Atmosphere and Dust Environment Explorer obser-
vations of the lunar CH,4 exosphere estimated that carbon as CHy
escapes at a rate of 1.5 X 10?! to 4.5 x 10*' s7! (12). This CH,4 escape
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flux would be comparable with flux of C, if the flux was spatially
uniform over the cross section of the Moon (1R, ~ 10'7 cm?, where
Ry, is the lunar radius). The density of the measured CH,4 exosphere
was up to 100s molecules cm™, nearly equal to the upper limit of
the carbon exosphere density (23). Even if all CH4 molecules were
dissociated, the CH, exosphere might generate the C" emission up
to 10° ions cm % s~' due to the photoionization lifetime of ~10° s
(24). We conclude that the CH, exosphere is not the dominant source
of the measured C" emissions although the escaping CH, exosphere
and C* emissions are comparable outflows of carbon to space.

The solar wind and micrometeoroids not only stimulate C*
emissions but also supply carbon to the Moon. The solar wind
includes C** and C®" in addition to H', He'*, 0%, O’*, and O*
(29). The abundance ratios of He/O and C/O in the solar wind are
83.2 and 0.672, respectively (30). The He™™ flux in the solar wind
of 3.4 x 10% ions cm™ s averaged over the KAGUYA observation
period was derived from the OMNIWeb. Thus, we estimated
2.7 x 10* ions cm > s~ for the average C** and C®* fluxes in the solar
wind. It should be noted that ~20% of incident solar wind H" is
back scattered from the lunar surface to space (31). Therefore, the
KAGUYA observations suggest that only a fraction of the C* emitted
from the Moon originates from the solar wind.

Micrometeoroids may also continuously supply carbon to the Moon
because they are relatively rich in volatile elements (32). The micro-
meteoroid flux to the Moon has been estimated at ~1 x 10" gcm ™ s~
(33). If the composition of micrometeoroids is derived from meteorite
fluxes to Earth, which consists of 79.5% ordinary chondrite and
4.2% carbonaceous chondrite (34), then the carbon supply would be
1.5 x 10* atoms cm ™ s ™", This estimation supposes that the ordinary
and carbonaceous chondrites contain carbon of 0.2 weight % (wt %)
(35) and 3.5 wt % (36), respectively. In the biggest scenario, where
the micrometeoroid composition is the same as that of carbonaceous
chondrite including carbon of 3.5 wt %, micrometeoroids would supply
an amount of 1.7 x 10° carbon atoms cm s~ to the Moon. Although
there are no available direct measurements of the flux and composition
of micrometeoroids around the Moon, we conclude that the carbon
supply from micrometeoroids is less than the measured C" emissions.

The representative C* emissions from mares and highlands were
calculated by averaging the amounts from the two areas (see Materials
and Methods and fig. S5). The observed emissions around lunar mares
such as Oceanus Procellarum were substantially higher (5.1 x 10*
5.4% ions cm 2 s™') than those around highlands (4.5 x 10*
2.4% ions cm ™2 s”Y). It should be noted that the solar wind and micro-
meteoroids uniformly supply carbon to the upper stream sides of the
Moon and that we estimated this to be a total of 4.2 x 10* atoms cm s,
These extraneous carbon supplies are less than the ongoing outflow
and are inconsistent with regional differences. The possible explana-
tions for regional differences are not extraneous but internal factors,
such as the distributions of C,;H4 and CO, stored in remnants of
ancient lunar volcanism (37) and/or outgassing paths from the interior
reservoir (26, 27). Different from the carbon in volcanic lunar glasses
(4), which is possibly explained by these extraneous supplies in the
lunar volcanically active period, the difference in C" emissions
between the two areas indicate that the materials of younger mares
must relatively retain indigenous carbon within the lunar surface
and/or interior portions, as shown in Fig. 1B.

Considering the duration of mare magnetism (37) and the depth
of young sources, our observations of global and persistent C* emissions
from the lunar surface suggest that the Moon deeply obtained

+
+
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Fig. 3. Orthogonal views of distribution map of C* emissions from the Moon. Positions are normalized by the lunar radius (Rn); colors indicate the flux
intensity; each pixel size is 5° x 5°. The mean statistical error (1) of the C* emissions in the pixels is 27%, which is determined with respect to the number of

C* observations obtained.

nonnegligible carbon at its formation and/or was supplied billion
years ago (at least before the lunar cataclysm). Thus, contrary to the
notion of a volatile-depleted dry Moon, the observed C* emissions
unveil a volatile-contained “wet” Moon (5). It would be useful to
further evaluate initial amounts of volatiles in the Moon, (for example,
future isotope analyses of the C* emissions from the lunar surface) to
provide a quantitative estimation of the mass balance of indigenous
carbon, the solar wind, and micrometeoroids.

Last, this study suggests that volatile particles emitted from other
small bodies in the solar system could be effectively observed using ion
instruments. We, thus, plan to perform secondary ion observations
around Mercury and Phobos during the BepiColombo/Mercury
Magnetospheric Orbiter and the Martian Moons eXploration missions,
respectively.

MATERIALS AND METHODS

Observations by the IMA, IEA, and LMAG onboard

the KAGUYA spacecraft

KAGUYA was a lunar polar orbiter that cruised at an altitude of
~30 to 100 km and conducted observations for 1.5 years until it
crashed on the lunar surface on 10 June 2009. It contained the
scientific instrument known as the MAgnetic field and Plasma ex-
periment (MAP), which comprised the LMAG (18, 38-40), IMA, IEA,
and two electron sensors (17, 41). The LMAG was a triaxial flux gate
magnetometer that measured the magnetic field vector with a sampling
frequency of 32 Hz and a resolution of 0.1 nT. The IMA and IEA
were capable of measuring three-dimensional distribution functions
of ions below 28 keV/q at a resolution of 10% (FWHM) with electro-
static energy analyses and 2nt-steradian field of views. The IMA was
also equipped with a TOF mass spectrometer at a resolution of
M/AM ~ 20 (FWHM) (21). Since KAGUY A was a three-axis stabilized
satellite, the IMA pointed continuously toward the Moon to measure
ions mostly coming from the Moon, whereas the IEA was mounted
on the opposite side of the spacecraft to measure ions from outer
space, such as those in the solar wind (Fig. 1A).
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Calculation of C* emissions and development of

distribution map

Net fluxes of C" and solar wind velocities were computed on the
ground using calibration data (42), obtained during preflight exper-
iments (21, 41) and in-flight specific operations (17). Pickup Na*
fluxes of 4.2 x 10* ions cm™ s™" were estimated around the Moon
(20) using exospheric sodium densities observed by ground-based
telescopes (43) and secondary Na" yields caused by solar UV
(19, 25) and the solar wind (13) measured in laboratory experiments.
Thus, we used the measured Na* fluxes (44) to calibrate absolute C*
fluxes. To build a global distribution map of C* emissions, we used
C" data of which energies were less than 60% of those of the solar
wind H" and within the FWHM of the C" calibration curve in the
TOF/mass range (Fig. 2).

Emissions of secondary ions and photoionization require irradia-
tion with the solar wind, solar UV, and/or micrometeoroids. Thus,
pickup ion observations above the dayside area are effective. More-
over, the solar wind E that transports the ions to the spacecraft is
also indispensable (20). For the distribution map (Fig. 3), we selected
data obtained when KAGUYA was above the dayside surface and
when E was directed from the Moon to KAGUYA, as shown in
Fig. 1A. This data selection was conducted for reducing the back-
ground random noise. The foot points of E located on the lunar
surface were used as the points of origin of measured pickup ions.
Under ordinary solar wind conditions, the direction of B and V are
determined within 5° by LMAG (18) and IEA (17), respectively. Thus,
E =-V x B are calculated at an accuracy of around 7°, which could cause
errors of 12 km with respect to the foot point origins of E. However,
these errors are considered sufficiently small when using the 5° x 5°
pixels of the lunar surface except for within the polar regions.

Since the yields and photoionization rates of secondary particles
depend on the flux intensities of solar photons and the solar wind,
we further selected data obtained when the Moon was outside the
terrestrial magnetosphere and sheath region. It should be noted
that during the 1.5-year observation period from January 2008 to
June 2009, the solar Lyman alpha flux was nearly constant (~3.5 x
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10'" photons cm™ s™!) according to the Laboratory for the Atmo-
spheric and Space Physics Interactive Solar Irradiation Data Center
and that the solar wind fluxes derived from the OMNIWeb were
also stable (~1.4 x 10® + 20% ions cm™2s7}), except for several-time
enhancements due to corotating interaction regions, which were
excluded. Statistical errors correspond to the SD (16).

Estimation of C* emissions from mares and highlands

Two representative C* emissions from mares and highlands were
derived from the global distribution map shown in Fig. 3. We selected
the areas at 12.5° to 47.5° north latitude and 22.5° to 77.5° west
longitude for the mare and the far side areas at 27.5° to 57.5° north
latitude for the highland areas (fig. S5). Since the magnetic anomalies
may trap ions emitted from the lunar surface, we selected two areas
to avoid the pixels with magnetic fields over 5 nT averaged across
the 5° x 5° pixel. The mean C* emissions from the selected mare and
highland areas were 5.1 x 10* + 5.4% ions cm™* s~ and 4.5 x
10* + 2.4% ions cm > s, respectively. Statistical errors were deter-
mined with respect to the number of C* observations obtained (1c).

SUPPLEMENTARY MATERIALS

Supplementary material for this article is available at http://advances.sciencemag.org/cgi/
content/full/6/19/eaba1050/DC1
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