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Refilling of the tenuous lunar wake by solar wind plasma has been one of the fundamental phenomena of
planetary plasma sciences. Because a portion of the solar wind electrons has much higher speed than
protons, it has been widely accepted that suprathermal electrons precede protons to come into the wake
along the interplanetary magnetic field. In this model, ambipolar (inward) electric fields around the wake
boundary generated by the charge separation attract the surrounding solar wind protons into the central
lunar wake. However, such treatment has implicitly assumed one-dimensional motion of the solar wind
plasma along the magnetic field perpendicular to the solar wind flow. Here we propose a new model of
the wake boundary close to the Moon, based on Kaguya observations in orbit around the Moon; Solar
wind protons come into the lunar wake owing to their gyro motion and large inertia without help of
suprathermal electrons, and those protons form positively charged regions and outward electric fields
around the wake boundary that should attract surrounding solar wind electrons. This new model well
explains electron signatures around the wake boundary detected by Kaguya at 100 km altitude from the
lunar surface.

Keywords: Lunar wake, Solar wind, Electric field, Kaguya (SELENE)

©2017. Japan Geoscience Union. All Right Reserved. - PPS08-01 -



PPS08-02 JpGU-AGU Joint Meeting 2017

BEFR#FEEZAVZABMREE<TYEY S
Global mapping of the lunar magnetic anomalies by electron reflection
method

gk AT, FHEE B0 MHE RS AR EA M) FxX

*Daiba Kato', Yoshifumi Saito?, Shoichiro Yokota?, Masaki N Nishino®, Hideo Tsunakawa”

1. REREREREZRARB KR ENZER, 2. FEMEMAAREEFERNZMAM. 3. AHEXEZFHMBKIRE
R, 4 RRIFEAFRZRETZMARMIKRERZFNR

1. Department of Earth and Planetary Science, The University of Tokyo, 2. Japan Earospace Exploration Agency
Institute of Space and Astronautical Science, 3. Institute for Space-Earth Environmental Research, Nagoya University,
4. Deparment of Earth and Planetary Sciences, Tokyo Institute of Technology

TR RIS IS IR, KB, BREICEETZIEIAOLNTEY., A RAREKICEENICEET B HEH
BH2, AELHNLERHIZIERFLRVD, BKES EWEN 2 BARNAKBRIEES AR ORATH
%, TDH, BBMREREICE > TRAZBIFSMRWERY ., KEERIEBEICEEEGRT %, > TAAID
TSATKFE AMSESEEEOREERIZ. BALO7SAVEBEEYERADFHRECERREICEELRY
B%552%, ARMSEEEBOMBEHADIDE LT, EFRFEICLZAUENMTONTEL, EFRITELE
FARIEFOHMII S —WRE2FAL TARAMIZGEREEZROZ2HETHZ, AICEELLETFIZ. B#ES
EENEELATNEAEICKNINDD, FETZ2HBEEEY FAOEULORFEFAFHELTHATE
5, ZDEZDAY A T7EYFALFBERDOMBEEHAT S LT, MREFTHREEAHET 2, EF RS
FREESEICKS TICAMREOMZGEE AR 2 I &N TE, BBV EREKINT)EBEE TRIET S
ZENTED,

Apolloic & > TWK DA D AKREMITCEFRHFEHANITHO N, Lunar ProspectoriC & > TR DLIFHIZE S
BHSESHWMBOAEN THN, N PHEOHAUAT —YETNLOFESRANT—9 LY EFVEEDERE
THRAINTHY, LY EFRLMSBEEOMANTE S,

NCPFEICEH INL TS X7 - BIBERIREEMAP-PACE, LMAG OFEIT—4 = A, BMSERIC
O TR SINAEFEMBORKFAEAIT o7z, AFRKRTIE., TONSPHERUT S ERVTER L
BB REECSkm) THOREIGY Y THBNT %, £/, BRHICBVWTARALEHEDBOEMNEDHELS
. BFOEY FASBICIRILF—EKEEIEFEET /L’ ONELNEZ, T T, ZOEMEICK S
ERERANDEEIIODVWTERT S, SO0BFRIVEICLZHERE., WAL 2 BRISEBHIBOLE 51T
W, BELZDEFREDIZEWVICOVWTEHERT 5.

F—o— kB, SRS HCP. BFREE
Keywords: Moon, Magnetic anomaly, Kaguya, Electron reflection method

©2017. Japan Geoscience Union. All Right Reserved. - PPS08-02 -



PPS08-03 JpGU-AGU Joint Meeting 2017

AEMSHEHEND KRR BR. BEO2RA 74V
Secondary ions of carbon, nitrogen and oxygen from the Moon
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KAGUYA observation of terrestrial oxygen transported to the Moon
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Oxygen, the most abundant element of Earth and Moon, is a key element to understand the various
processes in the Solar system, since it behaves not only as gaseous phase but also as the solid phase
(silicates). Here, we report observations from the Japanese spacecraft Kaguya of significant 1-10 keV O"
ions only when the Moon was in the Earth’ s plasma sheet. Considering the valence and energy of
observed ions, we conclude that terrestrial oxygen has been transported to the Moon from the Earth’ s
upper atmosphere (at least 2.6 x 10* ions cm™@sec™). This new finding could be a clue to understand the
complicated fractionation of oxygen isotopic composition of the very surface of lunar regolith (particularly
the provenance of a '°0-poor component), which has been a big issue in the Earth and Planetary science.
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10-year summary of the studies based on global subsurface radar
sounding of the Moon by SELENE (Kaguya) Lunar Radar Sounder (LRS)
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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 10~ 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 (0.5 Mbps),
we could obtain almost raw (simply pulsecompressed) 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). Even after the SELENE
operation ended, subsurface explorations of the Moon were carried on by several missions such as GLAIL
and Chang'E-3. Detailed comparisons among subsurface datasets with different scale and different
coverage will be important in future studies.
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Introduction: Remote sensing data obtained by the SELENE (Kaguya) Spectral Profiler (SP) found
exposures with olivine-rich spectral features, globally distributed on the lunar surface[1], and it was
suggested that they are possibly originated from the mantle.

Previous studies of returned lunar samples and the lunar magma ocean differentiation model indicate that
olivine-rich rocks have the following three major origins: 1) mantle material, 2) volcanic material with
olivine-rich composition, and 3) crustal material including rocks intruding into the crust (troctorite) [2].
Though most of the olivine exposures identified in [1] were located near basin rings, the origins of
individual olivine sites may not be the same. Furthermore, no mantle material and only a small number of
olivine-rich mare materials are available in the lunar sample collection. Therefore, understanding the
origin of individual olivine exposures and advancing our knowledge about the distribution and
composition of the three types of olivine-rich materials are important for understanding the composition
and evolution of the lunar interior.

To address these issues, we geologically and morphologically investigated all of the identified olivine
exposures in detail to assess the origin of each site in this study.

Methods: All of the 70 million latest calibrated reflectance spectra obtained by Kaguya SP [3] were used
to re-identify olivine-rich exposures on the lunar surface by finding diagnostic absorption features of
olivine around 1050 nm as described in [1]. Data of the Kaguya Multiband imager (Ml) [4], Lunar
Reconnaissance Orbiter Camera (LROC) [5], and SLDEM2013 (digital elevation model generated using the
Kaguya Terrain Camera [6], MI, and Lunar Orbiter Laser Altimeter aboard LRO) of each of the identified
olivine sites were used to evaluate reflectance, space weathering, geologic context, distribution and size
of the exposures, composition, surface texture, and local slopes.

Results: About 150 SP reflectance spectra were re-identified as having unambiguous olivine-rich
absorption features. Locations of the spectra were grouped into 50 sites located within the same latitude
and longitude. We also evaluated the origin of all grouped sites. Note that we identified the clearest
olivine-rich spectra among SP datasets, therefore olivine-rich material with less clear spectra may be
present at other areas. We categorized their origins as likely mantle, volcanic, crustal, and “unclear” .
About 60% of the sites are estimated to be mantle origin, and 5% are volcanic, 30% are crustal, and 5%
are of unclear origin respectively. Mantle origin sites surround large basins whereas volcanic origin sites
are within mare, and crustal origin sites are either surround or far from large basins.

Discussion: Though the percentage of each origin is not necessarily proportional to the volumes (surface
area) of each category, at least there are many olivine sites of mantle origin around Crisium, Imbrium, and
Nectaris. Estimation of excavation depth of these basins indicates it is likely they reach the mantle, which
is consistent with the estimation of mantle origin for these olivine sites. We also identified volcanic
olivine-rich sites, which have not been reported previously.

References: [1] Yamamoto et al. (2010), Nature GeoSci. 3, 533-536. [2] Shearer et al. (2015), Meteorit.
Planet. Sci., 50, 1449-1467. [3] Matsunaga et al. (2008), Geophys. Res. Let., 35, L23201. [4] Ohtake et al.
(2009), Nature 461, 236-240. [5] Robinson et. al. (2010), Space Sci. Rev., 150, 81-124. [6] Haruyama et
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We determined the abundance of olivine, low-calcium pyroxene, clinopyroxene and plagioclase for the
entire lunar surface at “80 m/pixel (512 ppd) using 1°x1° mosaics of the Multiband Imager reflectance
data [1,2] corrected for the shading effects of topography (MAP level 02 [2]) and Hapke’ s radiative
transfer equations. We constructed a spectral lookup table of the reflectance spectra of 6601 mixtures of
olivine, low-calcium pyroxene, clinopyroxene and plagioclase, at 7 amounts of submicroscopic iron
(SMFe), an Mg# (Mg/Mg+Fe) of 65, and a grain size of 17 microns. We also modeled the reflectance
spectra of these mixtures for a grain size of 200 um for plagioclase to account for the band depth
observed in the Multiband Imager data [4], for a total of 92,414 spectra. We compared the modeled
spectra that contained +2 wt% FeO of a given pixel [5], and assigned the composition to the best spectral
match (in terms of correlation and absolute difference in continuum removed reflectance). We then
validated the mineral abundances we obtained with global elemental maps from Lunar Prospector [6]. We
also produced global maps of FeO using the algorithm of Lemelin et al. [5], and global maps of OMAT
based on the algorithm of Lucey et al. [7].

The mineral maps obtained using the Multiband Imager data shows some notable differences with the
mineral maps obtained using Clementine data [1]. The Multiband Imager data suggests there is much
more low-calcium pyroxene than what Clementine suggested, and that low-calcium pyroxene is by far the
dominant mafic mineral found in the South Pole-Aitken basin. The data also suggests that Mare Serenitatis
contains much more olivine than Mare Tranquilitatis, in agreement with Mare Serenitatis having excavated
mantle material [8]. The highest olivine abundances ("25 wt.%) are found in the Procellarum KREEP
Terrane. High abundances (750 wt.%) of low-calcium pyroxene and clinopyroxene are also found in the
Procellarum KREEP Terrane and in Mare Tranquilitatis. Plagioclase abundances are very high in the
Feldspathic Highland Terrane, but mature surface should be analyzed with caution. Indeed, there is
currently a mineral identification for every pixel in the Multiband imager data. However, mature surfaces
exhibit subdued absorption bands, which can lead to an overestimation in plagioclase abundances, even
though we included the presence of SMFe in our modeling. Therefore, the mineral maps presented herein
should be interpreted with the aid of the OMAT map. Also, we provide global mineral maps for the
complete range of latitudes, but the Multiband Image data has been better calibrated within 50° in
latitude [5], therefore caution should be taken when interpreting regions at higher latitudes.

References: [1] Kodama S, Ohtake M, Yokota Y, Iwasaki A, Haruyama J, Matsunaga T, Nakamura R, Demura
H, Hirata N, Sugihara T, Yamamoto Y. Space science reviews. 2010 Jul 1;154(1-4):79-102. [2] Ohtake, M.
et al. (2008) EPS, 60, 257-264. [3] Haruyama, J. et al. (2008) EPS, 60, 243-255. [4] Ohtake, M. et al.
(2009) Nature, 461, 236-241. [5] Lemelin, M. et al. (2015) JGR, 120, 869-887. [6] Prettyman et al. 2006.
[7] Lucey, P.G. et al. (2000) JGR, 105(E8), 20,377-20,386. [8] Miljkovic, K. et al. (2015) EPSL, 409,
243-251.
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The Moon’ s crust has been penetrated and modified by impact craters of all sizes over its history,
ranging from micron-sized pits to basins thousands of kilometers in diameter. These craters provide a
valuable three-dimensional view of the lunar crust by exposing material from depth, making material from
throughout the crustal column and perhaps even the lunar mantle accessible to remote sensing
observations. However, the same cratering processes that expose subsurface material also act to obscure
the true local composition by contributing to extensive mixing of the surface at all scales and by
producing impact melt, even on the steep slopes of central peak craters (e.g. Ohtake et al., 2009, Dhingra
et al.,, 2016)

Taking two central peak craters (Jackson and Tycho), we isolate impact melt regions on and off the central
peaks using the geologic maps of Dhingra et al. (2016) and analyze their spectral, compositional, and
physical properties utilizing datasets from the Kaguya Multiband Imager (MI) and Terrain Camera (TC), the
LROC Narrow Angle Camera (NAC), and the Diviner Lunar Radiometer.

Consistent with previous work (Ohtake et al., 2009; Kuriyama et al., 2012), we find that the regions of
Jackson’ s central peak identified as impact melt are compositionally distinct, with higher iron (avg. FeO
5%) and lower modeled plagioclase content (avg. plagioclase 79%) than the rest of the very
plagioclase-rich central peak (avg. FeO 2%, avg. plagioclase 90%). This indicates that for central peaks
like Jackson with substantial impact melt, it is important to exclude melt from compositional analyses to
understand the true local composition. However, the impact melts mapped on Tycho’ s central peak are
not substantially different in iron content than the average central peak (both average 6% FeO).

While detailed geologic maps based on high resolution imagery such as Kaguya Terrain Camera or LROC
Narrow Angle Camera are an effective tool for eliminating potentially contaminated regions of central
peaks, this approach is time consuming and subjective. For large-scale surveys, a quantitative metric for
narrowing data to areas less affected by mixing and contamination is needed in order to ensure only the
most reliable spectra are interpreted. We investigated three possible discriminators (LOLA/TC slope,
Diviner rock abundance, optical maturity) for identifying fresh and uncontaminated surfaces, and find that
rock abundance may be a promising metric.

The rock abundance of the impact melt deposits on Jackson’ s central peak is very low, with average rock
fractions near 0.03, in contrast to the rest of the central peak, which has an average rock abundance of
0.056. The rock abundance distributions for the melt regions both on and off the central peak are also
skewed strongly to the right, with skewness values greater than 1, whereas the average central peak and
mapped boulder regions have skewness values below 1. The slopes and optical maturity values for the
impact melt units vary, and do not appear to provide a diagnostic measure of the presence of melt.

While our analysis suggests that rock abundance is an effective discriminator of impact melt, at least for

©2017. Japan Geoscience Union. All Right Reserved. - PPS08-09 -



PPS08-09 JpGU-AGU Joint Meeting 2017

Jackson crater, it may only be applicable to central peak craters within a certain age range, as older
craters have much lower rock abundances, and regolith development throughout the central peak might
mask the anomalously rock-free signature of melts. Efforts are underway to map impact melt on older

central peaks and compare melt rock abundance distributions with average central peak values for these
more weathered craters.

Ohtake, M. et al. (2009) Nature, 461, 236-241. Kuriyama, Y. et al. (2012) LPSC 43“d, Abstract #1395.
Dhingra, D. et al. (2016) Icarus, 000, 1-14.

Keywords: Moon, Impact Processes, Central Peaks, Spectroscopy, Kaguya, Lunar Reconnaissance Orbiter

©2017. Japan Geoscience Union. All Right Reserved. - PPS08-09 -



PPS08-10 JpGU-AGU Joint Meeting 2017

BRHEBINZARY MLOEIRDFEME & AT KICET 25
Global classification map of lunar absorption spectra and new
impression of lunar crust formation.
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This report presents the global classification map of lunar absorption spectra by unsupervised
classification methods and new impression of lunar crust formation based on the map.

Geologic map is an important tool to understand formation process of lands. Many Moon’ s geologic
maps has been made by many researchers based on their own criteria. Therefore we are hard to compare
different sites on the Moon far from each other.

In order to solve such problem, the study of making global geologic map of the Moon has been started 3
years ago, and we made the global classification map of lunar absorption spectra based on hyper
spectrum data of Spectral Profiler/Kaguya. Since this map was produced by both K-means and ISODATA
of unsupervised classification methods under unified criteria for whole Moon, we can easily compare a
region with others far from there.

The entire Moon was divided into 66 classes of lunar absorption spectra. The entire Moon was divided
into 66 classes of lunar absorption spectra by unsupervised classification methods and those were
categorized as 5 regional groups based on major corresponding location, which were Mare (M) group,
Highland (H) group, South Pole-Aitken (S) group, Boundary between groups of M/S and H (B) group and
Ejecta from fresh highland craters (E) group.

Some local class distributions showed good agreement with past those such as Aristarchus region,
Orientale region, SPA region and highland region. Also, it was found that some area of B group covered
cryptomaria and some spectrum classes corresponded to craters itself in maria and highland region.
Furthermore, some new impressions of the lunar crust formation related to cryptomaria and/or layer
structure of subsurface were found through comparison of different sites far from each other based on the
presenting global map.

F—T—K: A, hBEM. HREK

Keywords: Moon, geologic map, crust formation
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Near-Far Asymmetry of Magma Production and Conditions of Magma
Eruption of the Moon: Constraints from Mare Volumes within the
Impact Basins
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Characteristics of mineral compositions of lunar late mare volcanism
revealed from Kaguya data
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Re-evaluation of deep moonquake source parameters and implication
for thermal condition of deep lunar interior.
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While deep moonquakes are seismic events commonly observed on the Moon, their source mechanism is
still unexplained. The two main issues are poorly constrained source parameters and incompatibilities
between the thermal profiles suggested by many studies and need for brittle properties at these depths. In
this study, we reinvestigated the deep moonquake data and uncover the atypical feature of deep
moonquake that completely differs from those of the Earth. We first improve the estimation of source
parameters through spectral analyses using virtual “new” broadband seismic records made by
combining those of the Apollo long and short period seismometers. We use the broader frequency band
of the combined spectra to estimate corner frequencies and DC values of spectra, which are important
parameters that constrain the source mechanism. We use the spectral features to estimate seismic
moments and stress drops from 3 deep moonquake source regions. Secondly, we show that the large
strain rate from tides makes the use the new sets of source parameter and re-evaluate brittle-ductile
transition temperature at deep moonquake source regions. We finally take the temperature as an
additional constraint and estimate the temperature profile that is compatible with deep moonquake
occurrence and other geophysical observations such as surface heat flow measurements and geodetic
observations.

F—U—R: ARZE HMEF REMNZE
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Re-determination of lunar crustal thickness around the Apollo landing
site by analyzing Apollo artificial impacts’ seismic data combined
with LRO’ s products
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It has been about 50 years since the seismometers were deployed on the Moon in the Apollo missions.
Since then, some topics have been studied by analyzing the lunar seismic data. For example, core size,
composition of the Moon, velocity structure of the lunar interior and so on. The lunar internal structure
gives us important information about origin and evolution of the Moon. For instance, we can estimate bulk
abundance of Al from lunar crustal thickness and it gives constraints for the lunar formation. In the
previous lunar seismic analyses, the artificial impacts were often used to constrain the lunar crustal
thickness because of known source locations and impact times from the tracking of the impactors. Five
S-1IVB rocket boosters and four Lunar Module impacts were deliberately impacted on the surface of the
Moon to generate the seismic waves. All of them were succeeded to track except for Apollo 16 S-IVB
booster. Loss of radio contact between the Apollo 16 S-IVB left large uncertainties on the location of the
impact. However, the precise source locations of the five S-IVB impacts were updated with Lunar
Reconnaissance Orbiter(LRO) image data recently. The updated locations resulted in change in the
reference source locations for the travel time analysis with these artificial impacts. Especially, as for Apollo
16 S-1IVB, we found that its impact site estimated in Apollo era was different from the precise one by about
30 km. In this study, we re-analyzed artificial impacts’ seismic data using the precise source locations to
determine more accurately the crustal thickness of the Moon. We will present the crustal thickness
around the Apollo landing site and discuss the effect of local structure that might affect the travel time
analyses. We will also discuss implications for future lunar seismic exploration for better understandings
of lunar crustal structure.

¥F—7—NK:A, 7TROARET—%. BREHEBERE. LRO
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Studies for the source region of lunar basaltic brecciated meteorites,
Northwest Africa 773 group on the geochemical, mineralogical and
petrological analyses
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Lunar meteorites originate from craters that are randomly distributed on the surface and thereby provide
valuable information on geochemistry, mineralogy, and petrology of the source regions that are not
obtained from the Apollo and Lunar mission samples. The recent-improved remote sensing data (e.g.,
Kaguya, LRO, Chandrayaan-1) are very powerful tool to interpret their source regions. Identification of the
source region of lunar meteorite could be almost equivalent to the sample return from that region. Lunar
meteorites, Northwest Africa (NWA) 773 clan consist of a group of paired meteorites with different
lithologies (NWA 773, 2727, 2977, 3160, 3333, 6950, and more). Some of them contain olivine cumulate
gabbro (OC) as lithic clasts in a basaltic breccia, while NWA 2977 and NWA 6950 entirely consist of OC.
Furthermore, NWA 773 clan contains a variety of clasts other than OC: olivine phyric basalt, pyroxene
phyric basalt, pyroxene gabbro, ferroan symplectite, alkali-rich phase ferroan rocks, and silicic rock. Such
a variable lithological types indicated the complex igneous petrogenesis and subsequent brecciation of
the source region of NWA 773 clan. In this work, the geochemical, mineralogical and petrological
characteristics of their source region were discussed by comparing the lunar sample and Kaguya
observational data.

Lunar meteorites, Northwest Africa 773 clan were investigated with geochemical, mineralogical and
petrological microanalyses: 1) the bulk chemical compositions were obtained by neutron-induced prompt
gamma-ray analysis (PGA) and instrumental neutron activation analysis (INAA) in the Japan Atomic Energy
Agency; 2) mineralogical and petrological data of NWA 773 clan were investigated by Scanning Electron
Microscope (SEM) and Electron Prove Micro-Analyzer (EPMA) at Waseda Univ., visible and near-infrared
reflectance spectra obtained by a JASCO reflectance spectrometer at JAXA; 3), where their radiogenic
ages were discussed by references of several literatures.

Rare Earth Element (REE) compositions from NWA 773 breccia have similar KREEP-enriched patterns of
their light-REE-enriched and heavy-REE-depleted patterns, and negative Eu anomaly. The NWA 773 clan
breccias show the wide range REE values among each portion of NWA 773 clan breccias (La=40-170 x
Cl chondrite), which probably reflects variable abundances of KREEP-rich clasts in the breccia. In fact, we
observed an evolved igneous clast (high-silica) in NWA 2727 breccias. Silica-rich rocks (e.g., felsite,
granite) from the Apollo missions are highly enriched in incompatible elements (REE, K, Th).

NWA 773 clan represents the following characteristics: 1) the included igneous clasts derived from
basaltic to rhyolitic magma composition on the Moon, 2) NWA 773 clan breccias represent high-Th (max
5.15 ung/g), -FeO (>15wt%), and very-low-Ti (<1wt%) composition, 3) the included OC lithologies
represent one of youngest crystallization ages (3 Ga) among lunar samples. The first suggests that the
silica-rich rocks in NWA 773 clan could be associated with putative silicic volcanism observed by the
recent remote sensing data. The above features of NWA 773 clan were permitted in Procellarum KREEP
Terrane (PKT), as putative silicic volcanism mostly occurs in PKT. NWA 773 clan allows us knowledge of
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complex igneous activities in PKT. Furthermore, the source region of NWA 773 clan will be narrowed
down within PKT region by comparing with the following data: 1) bulk FeO, CaO, TiO,, K, Th contents of
NWA 773 clan breccia vs. elemental distribution maps obtained by Kaguya gamma-ray spectrometer; 2)
visible and near-infrared reflectance spectra of NWA 773 clan vs. reflectance spectra obtained by Kaguya
spectral profiler, 3) the crystallizaition ages of NWA 773 clasts vs. the eruption ages obtained by Kaguya
Terrain Camera. As described here, the source regions can be well interpreted on the basis of the
combination of data from lunar meteorite and remote sensing observations.

*—7— K : BEA. KREEP., XIL;ES
Keywords: meteorite, KREEP, volcanism
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Moganite in lunar meteorite, Northwest Africa 773 clan: Trace of H,O
Ice in the Moon’ s Subsurface
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Lunar water locally concentrates as a result of the migration of H,O molecules on the sunlit surface
towards the colder regions. The molecular water is subsequently cold-trapped as ice on the permanently
shadowed regions, the poles and theoretically Moon’ s subsurface. Although a few trace of subsurface H,
O has been observed by remote sensing spectrometers (e.g., LCROSS), it has not been reported in the
Apollo and Luna samples and lunar meteorites yet. In this study, lunar meteorites, the Northwest Africa
(NWA) 773 clan, were investigated and thereby moganite, a monoclinic SiO, phase precipitated from
alkaline fluids, was discovered by various microanalyses. A formation process of this lunar moganite was
also interpret to evaluate origin of the Moon’ s subsurface H,O0.

Lunar meteorites of the NWA 773 clan were selected for Raman spectroscopy, electron microscopies and
synchrotron X-ray diffraction (SR-XRD). The KREEP-like NWA 773 clan commonly consists of gabbroic
and/or basaltic clasts.

Silica occurred as anhedral micrograins between the constituent minerals in the lunar meteorite. Raman
spectra of the silica micrograins exhibited pronounced peaks at 128, 141, 217 and 503 cm™', which
corresponded to those of moganite. Coesite Raman peaks were also identified together with the moganite
signature. Raman intensity mapping revealed that the silica micrograins contain abundant moganite in its
core, surrounded by coesite. SR-XRD of several silica micrograins also confirmed moganite and coesite.
Transmission electron microscopy clarified that the silica micrograins consist of nanocrystalline particles
with an average radius of 4.5 nm. Most of the SiO, nanoparticles were identified as moganite by selected
area electron diffraction (SAED) patterns. Moganite was accompanied by small amounts of coesite,
according to SAED analyses of the SiO, nanoparticles.

Moganite-bearing silica micrograins in the NWA 773 clan precipitated from lunar alkaline fluids rather
than terrestrial weathering for the following reasons: (1) Occurrence only in a part of the NWA 773 clan.
(2) Moganite surrounded by the coesite rim. (3) High moganite content contradicting reduced content to
<20 wt% under dry desert condition over terrestrial age.

A formation process for lunar moganite can be explained as follows. A host gabbroic and basaltic rock of
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the NWA 773 crystallised within the Procellarum KREEP Terrene (PKT). Subsequently,
carbonaceous-chondrite collisions occurred on the surface of the PKT, followed by ejection of the host
rock due to the impact events. The alkaline water delivered by the carbonaceous chondrite was captured
as a fluid during the brecciation on the impact basin. Below the freezing point, this fluid got cold-trapped
as H,O ice in the subsurface. Simultaneously, the moganite-rich silica micrograins precipitated from the
captured alkaline fluid on the sunlit surface. The NWA 773 clan was launched from the PKT by the latest
impact event, thus producing transformations to coesite from moganite.

F—7—F:RABRA. B, TRk K
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EFIDRKICHBDIE, ABELET I TH B, ABELETILIZHERD —REFREBRAZHBALZEDTH
Y. (1) ExcHiihik—BRH4.53GallHEL. (2) 2DHE. 4.37-4.20GadDEICABEL
BombardmentiC & 2 TKK - IBERL DN RICHIKR—BARICE LSS, &ET2EDTH D,

ABEL BombardmentiZ&BWT, NKXEDOEHRIFBORAISEIRMICEE., TOEREIIT Y MURERICHE
L7, #4.37GaDHmARBEOEAERIEYY MLERBLTRAOERMOIA MrUIlEREERIFL. £
oo BRMUEMEBEHKLAZZSICEYMKTY MLOMEE TIF2EE 2R L, BREEHRELS 2 BFZB
T25IHICE. YNV RPRICE>T, IV MUDEREBHOREBICHL LAY VL —9—ABT—EDOLR
BEEIEE, COLIBRINTY RERAITOAHFS5NZIRRT. EfICKIEFEAEREET RN ST,

CITHLKRRTZ2BOERDEERAIARY MIAD T DICENINE, (1) HHEK—BXR%EEo1
S ATV RA VRO R, (2) RIRFT—2 v VOFKEBEL. (3) 4.37—4.20Gal# & 7~ABEL
BombardmentiZ & KD D REIAMN,. (4) 7OESIVLMIBICAOND L BT Y MLYNRYTY RIC
LKBLRAEDEH., (5) MARMBORE, (6) ARIV=ZIAROBEERE,. (7) AEZHS ARDIE
Ho

F—7— R :ABELET /. BOME, KIIBFRKDD RN
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The heterogeneities in Lunar interior: Role of High Titanium materials

KA FAR. AR BT, RS Bt 8 KB
*Eiji Ohtani', Mako Igarashi1, Tatsuya Sakamaki', Dapeng Zhao?
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1. Department of Earth and Planetary Materials Science, Graduate School of Science, Tohoku University, 2.
Department of Geophysics, Graduate School of Science

Tomographic images of the lunar mantle have been reported by Zhao et al. (1) using the Apollo seismic
data. They reported existence of P and S-wave anomalies in the lunar mantle which could relate also to
the epicenters of the deep moonquakes. There is a possibility that the cause of the lunar P and S-wave
anomalies is completely different from that of the Earth’ s mantle. In the Earth, slow seismic anomalies
are the signature of hot plumes ascending in the Earth’ s mantle. On the other hand, the seismic
anomalies in lunar mantle may be caused by compositional heterogeneities. Elkins-Tanton et al. (2)
presented a model of solidification of the lunar magma ocean. In their model, titanium rich cumulates
were formed in the later stage of its solidification, and gravitational overturn occurred in the early Moon.
This overturn provided titanium rich regions in the lunar deep interior. Some of these materials might have
stagnated and could have produced chemical heterogeneities in the lunar mantle. Titanium enriched
materials are denser and slower in seismic wave velocity compared to that of the normal lunar mantle,
which causes slow seismic velocity anomalies. Previous measurements of density and sound velocity of
Ti-rich materials and magmas (3) indicate clearly that the Ti-rich materials which are remnant of the early
overturn can cause slow velocity anomalies. Igrashi et al. (4) measured the solidus temperature of the Ti
enriched materials at around 3-5 GPa corresponding to the base of lunar mantle, and showed the solidus
temperature is lower than the lunar geotherm, i.e., the partial melting occurs in the lunar lower mantle
generating dense magmas at the depths (3). Thus, the molten high Ti melts can cause high attenuation
and slow seismic velocity regions at the base of the lunar mantle. More precise seismic tomography
studies of the moon and mineral physics studies of the lunar materials are essential to clarify the
heterogeneities of the lunar mantle in the future lunar exploration. It is very important to separate the
chemical and thermal heterogeneities in the lunar mantle and to compare the difference from those of the
Earth’ s mantle.

References: (1) Zhao et al. (2008), Chinese Sci. Bulletin, 53, 3897-3907, Zhao et al. (2012), Global
Planetary Change, 90-91, 29-36, (2) Elkins-Tanton et al. (2011), EPSL, 304, 326-336 (3) Sakamaki et al.
(2010), EPSL, 299(3), 285-289, (4) lgarashi et al. (This meeting abstract)

F—T7—RN: M NETST4. BFIYVHME. BOIXIIA—2 vy, REEHE. ATV ML
Keywords: Tomography, High titanium material, Lunar magma ocean, Heterogeneity, lunar mantle
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BoBHI7EHOERITEEM
Possible observation of free core nutation of the moon
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HIRICIERAERZD DY, RETHDZDT, ZOHADY Y ML EFRIDOEEHMTOIRZE T2 I ENTE
%, MSHDRET, RAEZKOMR#EEBEHMOARANTND &, RiEKE~TY MLOERE (CMB) IC@<
NOREDFAREITTT L TIHERFRICARY, BANRET D, COBAICL>T, v ML ERGBEROOEEHD
BEVWOELY ZRGEHEOEZICPH oY @Y EZSTOA,. BHIATEE (FCN) &EEN3, HIkDG
A. ZORHIZH460IEERTH 2D, MIKEDEERTRS &, 1-1/460 (B BEEH) OAZEE
T, BEVEEARBE LS, 1TEERRBMGEIICIE. 1ERBHOESIOHRANEHHY . T 5IFFCNEHIE
ZRI L, BEMBES N, RARHEBEEEN TV,

ST, BICHERBELHZHEDI NME. BEOREBHIBOERE, BIIHNEEZ DI LN TEEERME
THDN, KEL<hhroTWaWw, BEODAL—YREOERT—49 O@BFHNSHETOIRILF—HE%
T LEED, BINMBROFEERNICETE LASOIOBME TR LEEDOMRIEH 2D, BEENLER
BV, REKOEEERT—DODAEXIEFFCNEZER T 52 THSD, FCNOREHI/OIANITHRERKDOKE S
PCMBOREREZENLMN D, T I Tl FCNHIBAIFENE D DEEZTH S,

BOBHIATEHORIZ. HI0FE~H200F - BORBBEETNICL > TELH Y., IRIBIZHT6FE L
TERBEONTWS, INZXXBHATHRAT S &1, BEHIHERBICRVOTHRYEHEHNFESND
A, WIKTEHAINAZLD IS, BHIATEEHEOHRIFICE > THYDIRENMEBS N2 HREZEAUTHHID
LIRENTHS, BOFHEGEEEZQ, BEHATEHZMEFEREL TEZOEBMICN T 2HEEZNET
&, BOLTRENBIC, Q-—nEBAlch,. BRITVEYOAR%Z200FLT2&. BOLET
l&. 0.0366—1,7(200x365)=0.03660099—0.00001370=0.03658729 (27.331H) &% 3,

27 3BMEICA DEYIDERA N ZEHH B DT, FCNOHIBIZ L > TIRIEBNEIBS NS EAREMELH B, #91E
MY TR, BEBAP’RLCTHSBOEEEE GERHFTE) ICD2WTE, B ERALCAEKRINHZDT, H
IEDAREMN D D, T000FELLEICHEIR L7z B DEDE4A21 DEEFTH S Z DR EITREM A BRI TV S
(Rambaux&Williams, 2010) , LA L. BIiZlE. FCNESICEH., mE (M24EFH) . IRDF v~ RSk
EHICHET 5BES (W75%F) . BEHEFH (BEFRAIE. BEAMEMNI00F) EDBHE—RK1HY
(Gusevftl, 2016) INLDEHHEDHIEEEZ b, BHELERENFEIN B,

ZZTIE. ZTNHDOHBOMRICOVWTHET DL &I, BRETOEPENFYDEAICK > TFCND
BEAZRTHEMEICDOVWTHRET %,

F—7—F: BOREEIE BRI T7ER. REKHEK. BOEY
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BHMEBERICSLIEFRAEODDE L ADRELEEANDNA
Classification of deep moonquakes using machine learning technique
and application of it to lunar science and exploration

UE BT, R AAS. i FES. LA =47 B BE. ELU BT, Al g
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1969-1977FDEICITHNANASAO 7 ROBMEREICEWT, 7HR0O12,14,15,165 D4R R TEEHD
BihEAEBRINE, BTH, BFEHRH L ZF700-1200kmDE THRET 2 ZERAERBEHZC (W
7000M@) RIS NIARY N THY., TNETIOEDOERMEIEESNTWS, BOFEREEICEAT 550
RiFCn&SRERUEBENIAES NI ERASDERMBAINSB SN TEz(e.g., Lognonné et al.,2003,
Matsumoto et al.,2015), #FiZ. FERAEIXBRIBICE SIS ANICEAE L CTRA—ERETEYVIRLEEL TS
U, A—EROREFIZELULTVWBEELNDH > TWS (Nakamura et al, 1982), ZLT. TNETEZL DFH
BEARY MO ZDORFEOELEAFIR L TCERRAEINTHNTE(e.g., Nakamura,2003), ZND—AH T, &
BINTWEHAEDH20%DRERDETHYHABRBULOERBEARY NOERNRDO LN TWEL, &
nik, RROFEFOELUMZRWZERAEITEICKHRIVERDH %R WTW7/z8(e.g., Nakamura, 2003,
Bulow et al.,2005)., BRZDBT2DICT+RICEMRFHEEZHME CEAL > ATEMENH S, £
T, BAIHBMEYEMEEE2FERAL T, FREASODERDEICEVLEHELZRE L. FiltEELRHL
TOERDLEICOVWTHEL 7=,

AR TIE. Apollo1 28 CEAIS N ERBETCHICEEMNABRRTRE LEZARY NS EICAW:, X
9. xR AEETE Y S ED—D TH B Support Vector Machine (SVM)&{ERA L T, ER%= 948
TERHHEEL L THRIEFEOATHRL, BAERRD TR7—ARI MVEEPSD) A5 A TZOEMMEE
iz, TOER. PRIERLHIS159BDT—49 DPSDARLERDBICEMN THBZEATRE T (Goto et
al,. 2013, I0BESE, 2016), £/, RREBREOOEBMEZZA2FEAL T, RRAZOERIVBICEMNLAFE%E
AR FEER. Neural Network NS b B TH B2EHIHELIO SN (B, 2016), —HT. BERFIT—HKIC
FEBICRBANS L, FELBVWHILEZZITTVWSH, FEEOHRHIBTZITRVWARY MEZL, FXRAE
IEEICHER-KIZ-AOMEBERFR (BRI A) ICESLTRETEZEN DN > TWB(e.g., Lammleign,1977), %
IT, BAIIERDHEOBHUETERAFRLALAVWEDELT. BEORERLICES TR &thORER DAL
BRERICDOVWTHANE, ZOHER. W OLPDREABRZUWDIT2DICHhBke BRADOHBR/REAMICE T
2HEMMNEBERENEETHHENDH o 7= (INEESFE, 2017),

ZDEIBFLVWEHHE., ERVBEOAEREIINETRDETHILRRARAIRY NOERRAEICFERAT
BETHI2ENRINTWVWS (FMHE,2017), RE. AEI/DDN> TVWEIRERABROKRESIFBEDOXRRATH
Y, BRAITOREBERIIDINMILAIAERINTWARL, —A, (Nakamura,2005)Tld, EfIERE#HES
NZAEBARY M2 A A TRESNTWVWEEZRRTWS, L. B4DOFELAVTRIEREA
ENINhSER— E/J?’C%%>$7b\ﬁ7b\u HRARHAEBCENIE, ERFETLOOHAREAREBEREXER
TE3HEMLH D, ZDHBE. INETRMNTHoAEADBEERHECERAARNBEEREICOVWTHE
REMESZLON, BOZ ﬁ&tfﬁ LTEERNRAB2ENETE S, £, ERVEOHFLLWEHES
AWC7EEOEGHRNT— I SHERFERAEESBRERTENL. BEOREAPEREAH=ZZLIC
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BLCHAREREBLI2ELHFTE S, MA T, SELENE-2 (Tanaka et al., 2008)*%Approach (LLAZ,
2016) TRERSNZFRDOBMERETIFI-2ROBEARICRONTE Y., ERHT—YDOHADSOREAEDOER
NMEBEZMIIRET 2OLPEETH D, ZOR. AERERNOR EXEBEOMNBERGENOEROEENAIEE & A
niE, PHEIRTHERRECHERERT Y E2B2ENTEDLLDICMD, AFKKRTIE LB L #HE
BEICEDFERAEDDERREBNT B EMIC, COFEDIFRODBRZE, BENDIGAERETBIFIET
H5,

F—U— R RERE. BWEBE BABRRVMEN. BRIEE ARE

Keywords: Deep moonquake, Machine learning technique, Analysis of moonquake waveform, Lunar
interior structure, Lunar exploration
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A simulation study of Lunar Farside Lander positioning with a Four-way
Lander-Orbiter Relay Tracking Mode

*Mao Ye', Fei Li'?, Jianguo Yan', Weifeng Hao?, Weitong Jin', Xuan Yang1, Shengkai Zhang2

1. State Key Laboratory of Information Engineering in Surveying, Mapping and Remote Sensing, Wuhan University, 2.
Chinese Antarctic Center of Surveying and Mapping, Wuhan University

The in-situ exploration of lunar farside is still an international blank until now. The reason is the
synchronous rotation of the moon, which results in the unachievable between the lunar farside lander and
earth tracking station. The traditional direct tracking mode, such as two-way range/range rate, VLBI
delay/delay rate, will be ineffective for the farside lander tracking, therefore it is essential to relay the
signal using a relay satellite. In this paper, we firstly give the updated mathematical formulas and the
partials for the Four-way Lunar-Orbiter relay tracking measurement. Then, based on the independent
precise orbit determination software system WUDOGS, the precise positioning of the lunar farside lander
is studied with simulated tracking data. The results show that: with 0.1 mm/s measurement level, the
positioning precision of the farside lander could reach the maximum of centimeter level using a
circumlunar relay satellite (Fig. 1a); while for the L2 halo relay satellite (Fig. 1b), its accuracy could reach
about 10 meters level. The conclusion could provide an important reference for the future lunar farside
landing mission, especially for Chinese lunar exploration mission Chang’ E-4.

Keywords: lunar farside, lander positioning, precise orbit determination, four-way relay tracking,
Chang’ E-4

©2017. Japan Geoscience Union. All Right Reserved. - PPS08-21 -



PPSO8'21 JpGU-AGU Joint Meeting 2017

#-arth

©2017. Japan Geoscience Union. All Right Reserved. - PPS08-21 -



PPS08-22 JpGU-AGU Joint Meeting 2017

SLIMBEHAZDH I LIZTILF /N KA XS DERET &R
Design and development of Multi-band Camera proposed for SLIM
mission

HEE A BREES AEBEE. XM ERLFS SLIM MBC team
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INBY BB RERETHE (SLIM)ETEANIAXAICK YETE SN TW3, SLIMIZEAREADHREREICET 284 2
MERLET 2ODEERTH D, BEADZFEMIBEMERHE7ZILITY XA, BIRERHEME. GERINEA
ETHD, SLIMETEIZETTD I &IC& Y, REBERMICALT MBEYPTVWEIBICEY 5] HEM
5. TBRUWEZBICKEY 5] BEADNRSTA LY T IMDRIDZEHFING, TONRSYSILY T NE
BZITHEOHICIFE 2 DEFHREMADETHY ., ZOHLOHUSHEIS/NEDERIIME T2 EHNEENTH
%, Brld, TOSLIMOBERICIEH TS, YILFAYRAAS (MBCO)ERELTWS, MBCIZ/NEIDHE
8B -ERAAAST, INGaAsDA A =T VT —&, 10N KONV RNRRA T4 VY —%FHDK
A=, ZLT NUPFILNETEHHODAEHIS—HD 545, MBCOMNZEMIZ, BEEEEIOSGDE
BIYMORAE L ERHEBOBERTH S, MBCOFKEE., BAROHRRK., REHADIXRICOVWTRRKRT 5,

¥—7—FK:HB. SLUIM, VE—bEVIVT
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SSERVI: Merging Science and Human Exploration

*Gregory Schmidt', Kristina Gibbs'
1. NASA Solar System Exploration Research Virtual Institute

NASA's Solar System Exploration Research Virtual Institute (SSERVI) represents a close collaboration
between science, technology and exploration, and was created to enable a deeper understanding of the
Moon and other airless bodies. SSERVI is supported jointly by NASA’ s Science Mission Directorate and
Human Exploration and Operations Mission Directorate. The institute currently focuses on the scientific
aspects of exploration as they pertain to the Moon, Near Earth Asteroids (NEAs) and the moons of Mars,
but the institute goals may expand, depending on NASA's needs, in the future. The nine initial teams,
selected in late 2013 and funded from 2014-2019, have expertise across the broad spectrum of lunar,
NEA, and Martian moon sciences. Their research includes various aspects of the surface, interior,
exosphere, near-space environments, and dynamics of these bodies.

NASA anticipates additional team selections in early 2017 with a further Cooperative Agreement Notice
(CAN) likely to be released in 2017. Calls for proposals are issued every 2-3 years to allow overlap
between generations of institute teams, but the intent for each team is to provide a stable base of funding
for a five-year period. SSERVI's mission includes acting as a bridge between several groups, joining
together researchers from: 1) scientific and exploration communities, 2) multiple disciplines across a wide
range of planetary sciences, and 3) domestic and international communities and partnerships.

The SSERVI central office is located at NASA Ames Research Center in Mountain View, CA. The
administrative staff at the central office forms the organizational hub for the domestic and international
teams and enables the virtual collaborative environment. Interactions with geographically dispersed
teams across the U.S., and global partners, occur easily and frequently in a collaborative virtual
environment. This talk will consist of an overview of SSERVI’ s mission and the current US teams.

Keywords: Solar System, Virtual Institute, Lunar, NEA, Martian Moons
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NASA’ S SOLAR SYSTEM EXPLORATION RESEARCH VIRTUAL
INSTITUTE: BUILDING COLLABORATION THROUGH INTERNATIONAL
PARTNERSHIPS

*Kristina Gibbs', Gregory Schmidt'
1. NASA Solar System Exploration Research Virtual Institute

Abstract

The NASA Solar System Exploration Research Virtual Institute (SSERVI) is a virtual institute focused on
research at the intersection of science and exploration, training the next generation of lunar scientists,
and community development. As part of the SSERVI mission, we act as a hub for opportunities that engage
the larger scientific and exploration communities in order to form new interdisciplinary, research-focused
collaborations.

This talk will describe the international partner research efforts and how we are engaging the international
science and exploration communities through workshops, conferences, online seminars and classes,
student exchange programs and internships.

Introduction

NASA’ s Solar System Exploration Research Virtual Institute (SSERVI) represents a close collaboration
between science, technology and exploration that will enable deeper understanding of the Moon and
other airless bodies as we move further out of low-Earth orbit. The Institute is centered on the scientific
aspects of exploration as they pertain to the Moon, Near Earth Asteroids (NEAs) and the moons of Mars.
The Institute focuses on interdisciplinary, exploration-related science centered around all airless bodies
targeted as potential human destinations. Areas of study reported here will represent the broad spectrum
of lunar, NEA, and Martian moon sciences encompassing investigations of the surface, interior, exosphere,
and near-space environments as well as science uniquely enabled from these bodies.

We will provide a detailed look at research being conducted by our ten international partners. In addition,
we will discuss the process for developing internatioal parterships with NASA.

Summary and Conclusions

As the Institute’ s teams continue their proposed research, new opportunities for both domestic and
international partnerships are being generated that are producing exciting new results and generating
new ideas for scientific and exploration endeavors. SSERVI enhances the widening knowledgebase of
planetary research by acting as a bridge between several different groups and bringing together
researchers from: 1) scientific and exploration communities, 2) multiple disciplines across the full range of
planetary sciences, and 3) domestic and international communities and partnerships.
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