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Studies based on global subsurface radar sounding of the Moon by SELENE (Kaguya) Lunar
Radar Sounder (LRS): A summary
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The Lunar Radar Sounder (LRS) onboard the SELENE (Kaguya) spacecraft successfully performed
subsurface radar sounding of the Moon and passive observations of natural radio and plasma waves
from the lunar orbit. The operation of LRS started on October 29, 2007. Until the end of the
operation on June 10, 2009, 2363 hours worth of radar sounder data and 8961 hours worth of natural
radio and plasma wave data were obtained [Ono et al., 2010]. We found subsurface regolith layers at
depths of several hundred meters, which were interbedded between lava flow layers in the nearside
maria. [Ono et al., 2009]. Using the measured depths and structures of the buried regolith layers,
we could determine several key parameters on tectonics, surface layer evolution, and volcanism in
the maria: Base on the determined parameters such as the formation age of the ridges, effective
permittivity of the uppermost basalt layers, and the lava flow volumes in the nearside maria, we
made the following suggestions: (1) Global cooling, which forms ridges in southern Serenitatis,
became dominant after 2.84 Ga. [Ono et al., 2009], (2) The porosity of the uppermost basalt layer
in Mare Humorum was estimated to be 19-51%, much more than the average of Apollo rock samples (7%)
[Ishiyama et al., 2013], and (3) The average eruption rate of the lava flow in the nearside maria
was 107 km™/yr. at 3.8 Ga and decrease to 10" km”/yr at 3.3 Ga [Oshigami et al., 2014]. Thanks to
the high downlink rate from the SELENE/LRS (@.5 Mbps), we could obtain almost raw (simply
pulse-compressed) waveform data from the lunar subsurface radar sounding. Using this dataset,
synthetic aperture radar (SAR) processing was applied with trying several permittivity models in
the analyses on the ground [Kobayashi et al., 2012]. This dataset is provided via SELENE Data
Archive (http://12db.selene.darts.isas.jaxa.jp/index.html.en), which will be useful for researchers
who have new ideas for applying them to the investigations of the lunar surface structures and
there evolutions.
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Global Survey of Exposure Areas of Volcanic Glass-Rich Sites on the Moon based on
Hyperspectral Remote Sensing
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Spectral Profiler (SP) onboard SELENE/Kaguya has obtained continuous spectral reflectance data
(hyperspectral data) for about 70 million points on the Moon in the visible and near-infrared
wavelength ranges. Using a data ming approach with all the SP data, global distributions of large
area sites with exposed end-member of various lunar major minerals have been revealed: olivine-rich
sites, purest anorthosite sites, high Ca pyroxene-rich sites, low Ca pyroxene-rich sites, and
spinel-rich sites. In addition to these sites, it is expected that there are exposure sites of
quenched glasses from volcanic eruptions on the lunar surface. Although several remote-sensing
observations for the volcanic glasses on the Moon have been reported, the global distribution of
the glass-rich sites on the Moon has been unknown. Thus, we conducted the global survey using SP
data to reveal the global distribution of the glass-rich sites on the Moon. From the global
distribution data, we will discuss the compositional variation of the lunar mantle and/or the
distribution of the amount of volatiles in the mantle.
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Compositional estimation of the lunar interior based on the mineralogy of impact melt pool
of South Pole-Aitken basin
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The South Pole-Aitken (SPA) basin is the largest basin (2400 x 2050 km) that is clearly identified
on the Moon. The basin impact is very large, so it has been suggested that most of the crustal
material within the SPA was excavated, and it is likely that the mantle materials have been exposed
within the basin. However, the mineralogy of the SPA basin was not well known previously because it
is one of the oldest basins (pre-Nectarian in age), and its surface has become obscured by
intensive cratering and mixing since its formation. Therefore, it is very important to investigate
the mineralogy and composition of the impact melt pool and to evaluate if the impact melt pool had
undergone magmatic differentiation to acquire rare direct information of the lunar interior
(possibly mantle) composition. In this study, we used a mineralogical map based on
high-spatial-resolution reflectance spectra using the SELENE (Kaguya) Multiband Imager (MI). We
investigated not only the mineralogy but also the layer thickness, distributions, chemical
abundance, and stratigraphy within the central area of the basin.

As the results, we classified the rock types for six units as, 1) LCP-dominant unit (L1) located
around the central depression, 2) HCP-dominant unit (H1) located within the depression, 3)
HCP-dominant unit (H2) with relatively deeper spectral absorption at 1050 nm than the 950 and 1000
nm and tends to have longer wavelengths in the band center than the H2 unit, 4) an LCP-dominant
unit (L2) observed at the central peaks of the large craters, which formed after the SPA basin
impact, 5) the HCP-dominant unit (MB) having even longer wavelengths in the band center and higher
iron content than H1 and L2 units, 6) plagioclase dominant rock (An). HCP-dominant rock types (H1
and H2) have the largest coverage in the central depression. Based on the crater wall and floor
observation on the L1 unit, it is clear that the H1 unit extends under the L1 unit. The L1
thickness is estimated to be 100 to 500 m based on the estimated excavation depth of the observed
craters. Based on the crater central peak observation of the H1 unit, the LCP-dominant L2 unit
underlays the H1 unit, and the H1 thickness is from 6.5 to 6.9 km. Similarly, H1 extends under the
H2 unit and is up to 2 km thick. The thickness of L2 is at least 8 km thick, based on the diameters
of the smallest and largest craters that have central peaks of the red layer. As a result, columnar
sections of the area are determined as L2> H1> (L1/H2) from bottom to top.

We interpreted the L1 unit as mantle material ejected by an SPA formed impact event based on its
spectra, thickness, and chemical composition. We also interpreted the H1 and L2 units as the impact
melt of the SPA basin that had undergone magmatic differentiation because this layer is larger and
thicker than the normal mare basalt observed on the Moon. In addition, the average FeO abundance is
2 wt.% lower than that of mare basalt.

Hurwitz and Kring (2014) studies SPA impact melt differentiation and derived estimated stratigraphy
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considering the different lunar bulk composition (different impact melt composition) and mantle
overturn. Stratigraphy of our observation (lower LCP layer of at least 8 km and upper HCP layer of
6~7 km) is matched to the stratigraphy of a post-overturn model in their study, which estimated
relatively thick olivine layer (~3@ km)> LCP layer (12 km)> HCP layer (5 km) from bottom to top in
the differentiated column. This suggest that the composition of the SPA impact melt indicates the
lunar upper mantle after the mantle overturn. In other words, the SPA impact event occurred after
the LMO cumulate overturn. This is possibly direct evidence that the mantle overturn occurred early
in the history of the Moon.
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Spectral charactaristics of possible antipodal ejecta deposits of Tycho crater
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Heterogeneity in magma eruption on the lunar farside
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BOEODMIEMD K UROBUEIHICRSNTUS. COZEE, BETRESNS VI VELRENDtIE
HEVYRILIEHFTBIVIVEREDKERBEICLDEDEITTELS, RANDVIVERNRKREBESICK
TCEEEZ(TTVDBCEETRT. Morota et al. (GSL Special Publications, 401, 127-138, 2015) T
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Lunar geologic map based on auto classification of Kaguya spectral data

L E . AR S8R AY BRF. BE 2L W B AR 85, TE K. BE gt | 2
_5

*Makoto Hareyama', Yoshiaki Ishihara’, Makiko Ohtake’, Yuzuru Karouji?, Naoki Kobayashi’, Chikatoshi
Honda®, Naru Hirata®’, Tomokatsu Morota®, Shunichi Kamata’

1BV 7 VFERAZABEZHAE (MEZDE) « 2. FHNEMTMARER. 3. 22XKF. 4.2HEX

2. 5.apEEXE

1.St. Marianna University School of Medicine, 2.Japan Aerospace Exploration Agency, 3.University of
Aizu, 4.Nagoya University, 5.Hokkaido University

Geologic mapping is essential to understand the history of the crust formation and the volcanic
activity of its plant or satellite. For the Moon, many researchers have made the lunar geological
map. Those work were mainly based on albedo, texture and topography of the lunar terrain, and
relative age from crater counting, which were obtained in the Apollo era. There is no mineral and
chemical composition-oriented geologic map of the entire Moon up to today, while those have been
reported about many local area.

By using reflectance spectrum data set obtained by the Spectral Profiler (SP) and Multiband Imager
(MI) aboard Kaguya, we have started a project to make a new geological map that is mineral and
chemical composition-oriented. The SP observed lunar reflectance with 296 bands in the wavelength
range of 510 to 2600 nm with footprint of 500 mx500 m. The SP data of 160 bands between 510 and
1600 nm was averaged pixel by pixel of 0.5 degree interval in longitude and latitude and was
removed a continuous part from each reflectance spectrum, called as SP-Cube Depth. And, the
abundance map of titanium oxide calculated from MI data was also used for this work.

To construct the geologic map, the unsupervised clustering methods as K-means and ISODATA were
adopted to classify the SP-Cube Depth. These are similar algorithm, but the input parameters for
the classification are different. One of them is the final number of class. While the K-means needs
it, the ISODATA do not need it. Since nobody knows the true number of class as the lunar spectral
surface unit, the ISODATA is more suitable for this work than the K-means. However, comparing with
the K-means, the ISODATA requires more calculation time, as the data increase. Therefore, at first,
we divided the entire Moon into 7 classes by K-means, which correspond approximately to two mare
regions, South Pole-Aitken (SPA), two highland regions, boundary regions between mare/SPA and
highland, and relatively fresh crater ejecta. Then, the 3 classes corresponding to the mare regions
and the boundary region between mare and highland were divided into 5 classes in each by the
titanium content, because the sensitivity for that is small in the SP-Cube depth. Finally, all
classes were applied to the ISODATA to classify the SP-Cube Depth. As a result, the SP-Cube Depth
was divided into 66 classes in total.

Focusing on the Aristarchus and Marius regions, Aristarchus crater, the Aristarchus plateau and the
Marius hills can be classified as other classes. At Aristarchus crater, inside and outside of the
crater was divided into other classes. The crater ejecta in the outside were recognized as some
classes near the crater and one of their classes has SPA-like spectrum as low calcium pyroxene
type.

This report presents the analytical procedure and the result of automatic classification of lunar
reflectance spectra.
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The detailed distributions of Th and K in the high-Th concentration regions of the
Procellarum KREEP terrane observed by Kaguya Gamma-ray Spectrometer
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Thorium (Th) and potassium (K) are incompatible elements that remained in the melt phase during the
crystallization process of the lunar magma ocean. Therefore, the distributions of these elements on
the lunar surface provide valuable information regarding magmatic activity and differentiation of
the Moon.

Kaguya Gamma-ray Spectrometer (KGRS) [Hasebe et al., 2008] onboard Japanese lunar explorer Kaguya
determined elemental composition of the lunar surface with the high precision among previous
gamma-ray remote sensing missions. The KGRS, which employed a high-purity germanium (Ge) detector,
observed lunar gamma rays from the high altitude (100+20km) from December 14, 2007 to December 10,
2008. Subsequently, the KGRS resumed observation from the low altitude (50+20km) from February 10,
2009. The energy resolution of gamma-ray lines at 2615 keV was ~0.8% in full width at half maximum
throughout the low-altitude phase, which was better than that of the high-altitude phase and was ~9
times better than that of Lunar Prospector Gamma-Ray Spectrometer (LP-GRS). It contributed to
unique and high-precision identification of Th and K lines. Furthermore, the spatial resolution of
the KGRS was ~(67km)? throughout the low-altitude phase, which was ~4 times better than that of the
high-altitude phase. It enabled us to produce higher spatial resolution maps of Th and K.

Global distribution maps of Th and K on the lunar surface derived from the data acquired by LP-GRS
and the data acquired by the KGRS during the high-altitude observation have been reported.
According to them, there are several areas where Th concentration is prominently higher than their
surrounding regions on the lunar surface. Th concentrations in some of the high-Th regions located
in the province known as the Procellarum KREEP terrane (PKT) of the near side (e.g., Aristarchus
crater, Aristillus crater, Mairan crater, La Condamine crater, Birmingham crater, and Archytas
crater) are 7-12 ppm, whereas they are 3-5 ppm in their surrounding regions. In this study, using
the low-altitude data set of KGRS, we derive higher spatial resolution maps of Th and K abundance
of the PKT, based on 3°x 3°pixels, and we discuss the detail distributions of Th and K in the
high-Th concentration regions of the PKT.

Keywords: Moon, gamma ray spectroscopy, thorium, potassium, the Procellarum KREEP terrane
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Time variation of radon gas emanation on the lunar surface observed by Kaguya/ARD
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We analyzed the data obtained by the Alpha-Ray Detector (ARD) onboard the lunar orbiter Kaguya and
detected intensity increases of alpha-particles from “’Rn on the lunar surface. Although the time
variation of the radon alpha-particle intensity was implied by the observations of Apollo 15, 16,
and the Lunar Prospector, we observed the variation directly for the first time. We divided the
entire observation period of January to June 2008 into the time periods of 2 weeks which
approximately corresponds to the time necessary for Kaguya/ARD to observe the entire lunar surface.
Then, we evaluated the “?Rn alpha-particle intensity using the sliding-window algorithm for each
period and detected at least 7 events of statistically significant signal higher than 4s. In all
cases, duration of the alpha-particle intensity increase was less than 2 weeks. The result implies
that the observed radon gas emanation is a sporadic event caused by opening of some path to the
lunar surface after subsurface accumulation of gas. We examined the timing of the events relative
to the passage of the terminator and found that 5 out of 7 events were within 5 days around the
terminator passage. Thus, at least some of the gas emission events are possibly triggered by the
stress due to the temperature gradient in the lunar crust.

Keywords: Moon, radon, alpha-particle, Kaguya, ARD
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Mass dependence of solar wind ion reflection over lunar crustal magnetic anomalies
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A unique type of electromagnetic waves can occur when the Moon is inside the Earth’s magnetotail.
First detected by the Apollo Lunar Surface Magnetometers, these waves are narrowband ion cyclotron
waves (ICW's), and their occurrence is due to the presence of the Moon. The exact generation
mechanism of these narrowband ICW's at the Moon is still an open question. Here we investigate the
excitation of ICW's at the Moon through ARTEMIS observations near the Moon and wave dispersion
analysis. Two types of narrowband ICW’s have been observed by ARTEMIS. The first type is found when
ARTEMIS was close to and magnetically connected to the Moon. The ESA instrument aboard ARTEMIS
detected keV ions that are typical of the Earth’s plasma sheet. The velocity distribution of ions
shows a half-sphere geometry, except for ions with higher energies that can come over from the
other side of the Moon through gyration motion. The second type is detected when ARTEMIS was
several lunar radii from the Moon and was not magnetically connected. The ESA instrument detected
ions at energies of around 100 eV, and the ion velocity distribution was mostly symmetric with a
net flow velocity. With the dispersion analysis by WHAMP, we find that the observed particle
distributions for both types of wave events are ion cyclotron unstable. These wave and particle
observations support the hypothesis that each of two different processes near the Moon could lead
to ion cyclotron waves. First, the ICW events at locations near and magnetically connected to the
Moon strongly hint a wave generation through the absorption of ions by the Moon. This process is
similar to the loss-cone-induced ion cyclotron instability in the inner magnetosphere, and it
implies that the presence of the Moon can modify the local plasma condition in the Earth’s
magnetotail. Second, the ICW's located at several lunar radii from the Moon are likely caused by
PUI's that originate from the lunar exosphere. Because PUI's are one of the major loss mechanisms
of the lunar exosphere, the observations of ICW's at the Moon can help understand the loss of
volatiles from the Moon.

Keywords: Lunar exosphere, Ion cyclotron waves, Terrestrial magnetotail
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Simulation analysis on the electron dynamics in the magnetosphere boundary above a lunar
crustal magnetic anomaly
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Particle simulations on charged dust dynamics in the lunar plasma environment

=% FF. MK BE. AR 52X

*Yohei Miyake', Yuji Funaki?, Masaki N Nishino®

1 HRXRZHBRIZEE LYY —. 2L.HBPRZEXRERY X7 LABRFEHAERL 3. 2aEXZEFHMIKIRIEME
Fi

1.Education Center on Computational Science and Engineering, Kobe Univ., 2.Graduate School of
System Informatics, Kobe Univ., 3.Institute for Space-Earth Environmental Research, Nagoya Univ.

AREE#EERFEVZSH. TORAIIABRATIS IV EEEHEEFAL. FBLTULS, CDEERILS]
ZERICELD. BREOL I XZBRIT SWRIFO—EMNFEL THED. FXLEFENTLS, DI X
FARBEO-N—EEDREECERCEZEEZRETARENTREINTSD. IARBOTSIVICH
BYZERADEUBC LD, AMAEORBHURREZNDENDNKE LRI B ENFEIND, 1R
DAERENOZEZHH TS LCEANDTEEI X ~DEHEERI S EEEETH S,

AR TE. CNITAIRE - TSIAVHEEFRAOMEICBLKBVWSNTERTISIVRIFY
Zalb—YavEMEIGAL. FHBARRICS T3HFEI X ~DIRSEVEEEN(CFHMET 5. DT
C. OXBRTISIVOEDAHEANBFHRHEICIDERTNSAEMBRENOER. QAMAFE TSI VH
(CHIFTBHNI A -DFBRHEDBIEET ) VT, Z1722DXT. OFBI X ~DFES L VX BEE
B9 %, FSLAELIITEEL BEENSOFE THRRE S NHHIIMALIMEICEEZER L. T OWIHRENT
GREBNTI B

F—O—R:!A Xk SV, AEFE. #itfl. KiF=aL—T3 Y
Keywords: the Moon, dust grains, plasma, lunar surface charging, vertical hole, PIC simulation

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS13-12 -



PPS13-13 HAMERSER S EA2016EAS

AiEENorthwest Africa 27279hD U DY v FERR DIMZERFNATREEADI VDY v FIL
X BEEN & DREEM

Mineralogy and petrology of a rock fragment of felsite in lunar meteorite Northwest Africa
2727 breccia: Implications for silica- and Th-rich volcanism and scientific targets toward
a future landing mission on the Moon
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Based on previous study of lunar returned samples and meteorites, the main suites of pristine
nonmare igneous rocks have been classified into the following four types: (1) ferroan anorthosite
(FAN) or ferroan anorthositic-suite (FAS), (2) magnesian suite (Mg-suites), (3)
alkali-anorthosite-suite and (4) KREEP basalt and possibly related rocks such as quartz-monzogabbro
(QMG) /monzodiorite (QMD), granite and felsite. The latest suite type, the evolved rock samples
related to KREEP, may have been derived from residue of the lunar magma ocean (urKREEP), or from
low degrees of partial melting or some other process to account for their high incompatible trace
element (high-ITE) compositions. Granite and felsite have Th-rich compositions (10 to 6@ ppm), and
such lunar samples with bulk Si0, content of >60wt% originated from silicic volcanic or exposed
intrusive material. Recent global remote sensing data have presented several candidates of silicic
volcanism over the Moon based on indicators such as ITE-rich compositions, dome-like topography,
characteristic infrared spectra (Christiansen Feature), and high albedo. Silica-rich, broadly
granitic samples have been identified in lunar returned samples and lunar meteorites, but are rare.
Lunar meteorite Northwest Africa (NWA) 2727 is a breccia paired with NWA 773 and the other
meteorites of the NWA 773 clan. An olivine cumulate gabbro (0C) is common to most of these lunar
meteorites within the NWA 773 clan; in fact NWA 2977 and 6950 consist entirely of 0C lithology.
However, in addition to the OC lithology, several clast types, including in olivine phyric basalt,
pyroxene phyric basalt, pyroxene gabbro, ferroan symplectite, and alkali-rich-phase ferroan (ARFe)
rocks have been discovered from the NWA 773 clan. The ARFe clasts have K-feldspar and/or felsic
glass, a silica phase and minerals rich in incompatible elements such as merrillite. In this work,
we characterize a felsic clast in NWA 2727 and compare our results with other lunar samples to
discuss silicic volcanism.

A polished thin section (PTS) of NWA 2727 was investigated by a combination of petrographic
microscopy and electron probe micro-analysis. The NWA 2727 breccia includes a variety of
large-scaled lithic clasts (>1mm) including: OC, ferrogabbro, pyroxene-phyric basalt, and the
felsic igneous clast. The felsic clast has a modal composition of 37% silica, 34% plagioclase, 14%
K-feldspar, 6% high-Ca pyroxene, 5% fayalite, 3% Ca-phosphate, 1% ilmenite, and traces of troilite
and chromite. Feldspar compositions of the plagioclase are near An85-9@. Two compositional types of
pyroxene were identified—one near hedenbergite (Wo46Fs53, Mg#=1 [calculating Mg# as
Mg/(Mg+Fe)x100]) and the other with zoning and more magnesian compositions (Wo25-3@Fs55-65,
Mg#=8~20). The K-feldspar is also zoned with variable concentrations of Ba, clearly detected in
elemental X-ray maps (quantitative analyses of Ba are planned). The abundance of silica + feldspars
(>80 mode%), the high proportion of K-feldspar to plagioclase, and the very ferroan compositions of
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mafic minerals attest to the felsic composition of this clast. Subhedral-euhedral olivine crystals
up to 0.3 mm in maximum length are preserved, and silica and K- and Ba-feldspar occur in elongate
parallel crystals indicating an igneous origin. These observations indicate that this clast was
derived from silica-rich magma.

Silicic volcanism is also interesting from the viewpoint of landing site candidates for future
lunar landing mission. Global gamma-ray observations have presented several high-Th regions in PKT,
but the main lithology of the Th-rich regions remains a subject of dispute; possibilities include
mafic impact-melt breccia, KREEP basalt, QMD, and felsite/granite. If a lander/rover mission to a
high-Th region is equipped for analysis of major elements, in situ analyses on the Moon can be
compared with silica-rich samples such as the felsic clast in NWA 2727.

F-O—F 1 HERSE RAEA

Keywords: felsite, lunar meteorite
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Origin of water and water reservoirs on the Moon as considered from the perspective of
material sciences
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Review of lunar water studies and the implication to future exploration program.
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On-site isotope laser spectrometry aiming underground lunar water
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DHBZEXNDI(CFE. BMFEBROBEHEREECTH D, L. YU FILY I —VIFKDEEEMERTDFERE
EZXBEBETEHFL. K> TAHETHARET BT EEREICIBEAIEELRENNE TH Do
BADEEITDEE(F. KORKPGREDRU2.7(CHVTHEHOPHRNL —F — (DFB. £ U < (FEr:ZBLAN
J71N—L—Y—) ZHVZL—Y—REHEDHETHD. AEMTHSIMEDUN L ekESE—B. BHE
ENL. BEXRS/ILT. H, D, KU 0, "0, “0RAMHADIRIMRICEFALZL —Y—(CLBEHAETS
ENTH 3. £ URNMAEELMN, HERE BEREDD/H, %0/°02.0 £TB &, EEDLanbert-BeerBll ) (ZHL)
TLEMZE(CT DB MRBH D, NASADMars Science Laboratory: CuriositylciB&Eid iz L —Y —REHARIE
BEIERNBEERAVAUZ Y cZILTHIGL TE D, HIROK - kE - BEREUAIERECERERHNEZ
HAPENDETHVWTRULHAEBREFEMR L Tcavity enhanced spectroscopyZXRI|BL TL\B,
HAMDPayloadDEFENS. BIRIAHTHKIEL DL DPTEREN DTV SA YAV LT —TCHBELDEREMNE
FLL, 8K (D) L—F—EULLEWMEZ 71/ \—L—5 (L—Y—HE&E(F#g) (CLDBENHITHDE
EEENDE, SBEBRHNBEARVELT 71/ \—cavitytz)LPEFHICRDS (cavity ring-down) DEIF%E
EHTUDB,

1) Feldman et al., Science 281. pp.1496 (1998)

2) Saal, et al., Nature 454. pp.192 (2008)

3) Saal et al., Science 340. pp.1317 (2013)

4) Binder, Science, 281. pp.1475 (1998)

5) Hashizume, private comm.

F—O—R: BOK. BAHE. L—Y—ENEEHE

Keywords: lunar water, isotope, Laser isotope measurement

©2016. Japan Geoscience Union. A1l Right Reserved. - PPS13-16 -



PPS13-17 HAMERSER S EA2016EAS

Approach=w < 3 Y TORIZERIC L DR
Expected results on the lunar science from scientific observations in Approach mission
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