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THE EIGHTH MOSCOW
SOLAR SYSTEM SYMPOSIUM
8M-S3

SPACE RESEARCH INSTITUTE

MOSCOW, RUSSIA
october 9-13, 2017

Starting from 2010, the Space Research Institute holds annual
international symposia on Solar system exploration. Main topics
of these symposia include wide range of problems related
to formation and evolution of Solar system, planetary systems
of other stars; exploration of Solar system planets, their moons,
small bodies; interplanetary environment, astrobiology problems.
Experimental planetary studies, science instruments and
preparation for space missions are also considered at these
symposia.

The Eight Moscow international Solar System Symposium (8M-
S3) will be held from October 9 till 13, 2017. This year is marked
by the 60th anniversary of the First satellite launch and the
starting of Space era.

Subject matter of this symposium will cover many problems of
the Solar system science with the central topic “Moon, Mars
and Venus research”. This topic relates to scientific problems of
several missions: “Mars Express”, “Venus Express”, the missions
under development in Russia: “Luna-Glob”, “Luna-Resource”,
“‘ExoMars 2016”( Roscosmos-ESA), which was launched on
March 14, 2016, and “ExoMars 2020”( Roscosmos-ESA).

THE FOLLOWING SESSIONS WILL BE HELD
DURING THE SYMPOSIUM:

» session: PLANETARY ATMOSPHERES
The session dedicated to the memory of Tobias Owen
» session: LUNAR AND PLANETARY GEOLOGY
» session: GIANT PLANETS
 session: ASTROBIOLOGY, METHODS AND INSTRUMENTS
FOR SEARCH OF EXTRATERRESTRIAL LIFE
session: EXOPLANETS
session: DUST AND DUSTY PLASMA IN SPACE
session: SMALL BODIES
session: SOLAR WIND INTERACTIONS WITH PLANETS
AND SMALL BODIES
+ session: INSTRUMENTS, MISSIONS, EXPLORATION

Space Research Institute holds this symposium
with participation of the following organizations:

+ RUSSIAN FOUNDATION FOR BASIC RESEARCH

+ VERNADSKY INSTITUTE OF GEOCHEMISTRY AND
ANALYTICAL CHEMISTRY, RUSSIA

+ BROWN UNIVERSITY, USA

+ EARTH PHYSICS INSTITUTE, RUSSIA

+ KELDYSH INSTITUTE OF APPLIED MATHEMATICS,
RUSSIA

* RADIO ELECTRONICS INSTITUTE, RUSSIA

+ STERNBERG ASTRONOMICAL INSTITUTE, MOSCOW
STATE UNIVERSITY, RUSSIA

symposium website: http://ms2017.cosmos.ru
contact email address: ms2017@cosmos.ru

Meponpusamue nposodumcs npu ¢huHaHcosol noddepxxke Pocculickoli
akademuu Hayk u Poccutickoeo ¢poHOa ghyHOameHmarnbHbIX
uccrnedosaHul, lNMpoekm Ne 17-02-20551
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overview 8M-S? program

THE EIGHTH MOSCOW SOLAR SYSTEM
SYMPOSIUM (8M-S3)

IKI RAS, 9-13 OCTOBER 2017
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8M-S3SCIENTIFIC PROGRAM

8MS3-PA-01

8MS3-PA-02

8MS3-PA-03

8MS3-PA-04

8MS3-PA-05

8MS3-PA-06

8MS3-PA-07

8MS3-PA-08

8MS3-PA-09

8MS3-PA-10

8MS3-PA-11

8MS3-PA-12

monday, 9 october 2017

Lev ZELENYI opening remarks

session 1. PLANETARY ATMOSPHERES.
THE SESSION DEDICATED
TO THE MEMORY OF TOBIAS
OWEN

conveners: Ludmila ZASOVA, Scott BOLTON,
Oleg KORABLEV

Mikhail MAROV Heterogeneous accretion:

and some results of the

Sergei IPATOV computer modeling

Jonathan LUNINE The origin of Titan’s

and atmosphere revealed

Scott BOLTON in isotopic and molecular
composition: from Toby
Owen’s pioneering work
to the end of Cassini

Jack WAITE CASSINI In Situ

etal Observations of Saturn’s

Equatorial Atmosphere
and lonosphere

coffee-break

Helmut LAMMER  Element fractionation

et al by hydrodynamic escape
at early Venus: constraining
the planet’s evolution

Mikhail On the Origin

GERASIMOV of Atmospheres
of Terrestrial Planets

Yeon Joo LEE Venus’ glory observed

et al by the UV Imager on board
Akatsuki

lunch

Vladimir Disulfur dioxide and its

KRASNOPOLSKY NUV absorption in the
photochemical model
of Venus atmosphere

Viadimir Search for HBr and bromine
KRASNOPOLSKY photochemistry on Venus
and

Denis BELYAEV

Mikhail LUGININ Study of scale heights

et al and detached haze layers
at high latitudes in the upper
haze of Venus from SPICAV

IR data
Jose Luis Optimal Cloud Computing
VAZQUEZ Infrastructure for Planetary
POLETTI Image Processing: A Tale
et al of Two Planets (Mars and
Venus)
Anatoliy PAVLOV  Evolution of Martian
et al atmosphere in modern era,

its isotopic imprints and
connection with Martian
subsurface environments

Ashley PALUMBO Late Noachian icy highlands

et al climate model: Exploring
the possibility of transient
melting and fluvial/
lacustrine activity through
peak annual/seasonal
temperatures

coffee-break

10.00-10.40
10.40-18.00

10.40-11.00

11.00-11.20

11.20-11.40

11.40-12.00
12.00-12.20

12.20-12.40

12.40-13.00

13.00-14.00
14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

15.20-15.40

15.40-16.00

16.00-16.20
progr-2



8MS3-PA-13

8MS3-PA-14

8MS3-PA-15

8MS3-PA-16

8MS3-PA-17

progr-3

Anna FEDOROVA
et al

Viadimir
KRASNOPOLSKY

Maxim LITVAK

Salvador JIMENEZ
et al

Valery
SHEMATOVICH

Long-term observations

of water vapor in the middle
atmosphere of Mars

by SPICAM/MEX

Annual mean mixing ratios
of N2, Ar, 02, and CO
in the martian atmosphere

Inter-annual variations

of Martian seasonal caps
from neutron spectroscopy
observations onboard Mars
Odyssey

Magnetic field at Mars
ionosphere from MARSIS
data. Models and
simulations

Neutral escape at Mars
induced by the high-energy
H/H+ of solar wind origin

POSTER SESSION (all sessions)

16.20-16.40

16.40-17.00

17.00-17.20

17.20-17.40

17.40-18.00

18.00-19.00



8MS3-PG-01

8MS3-PG-02

8MS3-PG-03

8MS3-PG-04

8MS3-PG-05

8MS3-PG-06

8MS3-PG-07

8MS3-PG-08

8MS3-PG-09

8MS3-PG-10

8MS3-PG-11

8MS3-PG-12

8MS3-PG-13

8MS3-PG-14

8MS3-PG-15

8MS3-PG-16

tuesday, 10 october 2017

session 2. LUNAR AND PLANETARY
GEOLOGY

conveners: Igor MITROFANOV, Maxim LITVAK

Maxim
LITVAK et al

Alexander
BAZILEVSKY et al

Andrew
DMITROVSKY
et al

Arne GRUMPE
et al

Daniela ROMMEL
et al

coffee-break
Mariya
BUCHENKOVA et al

Audrey
VORBURGER
etal

Anton SANIN et al

lunch

Carle PIETERS
et al

Anastasia
ZHARKOVA
et al

Ariel DEUTSCH
et al

Ekaterina
FEOKTISTOVA
et al

Svetlana
PUGACHEVA et al

James HEAD et al

coffee-break
Denis LISOV et al

Benjamin
BOATWRIGHT and
James HEAD

Crater age and hydrogen
content in lunar regolith
from LEND neutron data

Recent tectonic deformation
in the South pole area
of the Moon

Preliminary data on the age
interval of the Mons Rumker
volcanic province formation

Daytime-dependent
variations of the lunar
surficial OH/H20 content

South Pole-Aitken Basin:
Anorthosite rich material
as indicator for a complex
layering of the basin crust
structure

Wave phenomena
in the Moon environment

The Moon observed

in Energetic Neutral Atoms:
Review of the Scientific
Findings from SARA/CENA
on board Chandrayaan-1

Potentially interesting
landing sites around the
South pole of the Moon

Diversity of materials
at Luna 24 site from Moon
Mineralogy Mapper (M3)

Craters features of the
Moon and Mercury
Southern polar regions

New evidence for surface
ice in micro-cold traps and
in three large craters at
the North polar region on
Mercury: implications for
lunar exploration

Thermal and illumination
conditions in the radar
features host craters in the
Mercury’s South pole region

Morphological features
of Mercury South pole relief

Deciphering the Noachian
geological and climate
history of Mars: Part 2- A
Noachian stratigraphic
view of major geologic
processes and their climatic
consequences

Water and Chlorine
abundance in the Gale crater
according to DAN data

MARSSIM Landform
Evolution Model: Hydrologic
Constraints on the
Noachian Early Dry Period

10.00-18.00

10.00-10.20

10.20-10.40

10.40-11.00

11.00-11.20

11.20-11.40

11.40-12.00
12.00-12.20

12.20-12.40

12.40-13.00

13.00-14.00
14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

15.20-15.40

15.40-16.00

16.00-16.20
16.20-16.40

16.40-17.00

progr-4



8MS3-PG-17 James HEAD Venus Geological History: 17.00-17.20
Current Perspectives,
Unknowns, and Opportunities
for the Modeling Community
8MS3-PG-18 Evgeniya Rift zones of Venus: Possible 17.20-17.40
GUSEVA terrestial analogues
8MS3-PG-19 Piero D’INCECCO Imdr Regio as the landing site 17.40-18.00
and L.S. GLAZE of the Venera-D mission:
a geologic perspective

progr-5



8MS3-GP-01

8MS3-GP-02

8MS3-GP-03

8MS3-GP-04

8MS3-GP-05

8MS3-GP-06

8MS3-GP-07

8MS3-GP-08

8MS3-GP-09

8MS3-GP-10

8MS3-AB-01

8MS3-AB-02

8MS3-AB-03

8MS3-AB-04

8MS3-AB-05

wednesday, 11 october 2017

session 3. GIANT PLANETS

conveners: Valery SHEMATOVICH,
Scott BOLTON

Scott BOLTON
et al

John
CONNERNEY
et al

John
JOERGENSEN
et al

Victor KRONROD

Igor ALEXEEV
et al

coffee-break

Peter WURZ
et al

Yaroslaw
ILYUSHIN

and
Paul HARTOGH

Valery
SHEMATOVICH

lunch

Jonathan LUNINE
and
Scott BOLTON

Alexander
HAYES
et al

The Juno Mission

Jupiter’s Magnetic Field
and Magnetosphere:
Juno’s First Eight Orbits

Profiling the Jovian high
energy particle flux
at Juno’s trajectories

Fragmentation of
planetesimals

and capture of material

by the circumplanetary
disks of Jupiter and Saturn

Equatorial Current Disk
Dynamics in the Jovian
Magnetosphere

Interaction of Jupiter’s
Plasma with the Galilean
Moons

The Prospects for Active
and Passive Radar Probing
of Ganymede

Gas Envelopes of the Icy
Moons with Oceans

Using Volatiles
to Determine Planetary
Formation Processes

The Bathymetry

and Composition of Titan’s
Lakes and Seas:

A Post-Cassini View

session 4. ASTROBIOLOGY, METHODS
AND INSTRUMENTS FOR SEARCH
OF EXTRATERRESTRIAL LIFE

convener: Elena VOROBYOVA

Georgi
MANAGADZE

Maxim ZAITSEV
and

Mikhail
GERASIMOV

Leonid
KSANFOMALITY

Dmitrij SKLADNEV
and V.V. SOROKIN

Oleg
KOTSYURBENKO

coffee-break

Emergence of life in the
meteorite impact plasma
in the process of the
formation and mass
accumulation by the Earth

Formation of Amino
Acids from Components
of a Nitrogen-Methane
Atmosphere during
Hypervelocity Impacts

Moving Living Objects
on Venus: New Evidence

Observation of biogenic
nanoparticles generation
for comparison of microbial
communities and for
detection of extraterrestrial
life

Astrobiology in Russia:
Integration to the Worldwide
Astrobiology

10.00-14.40

10.00-10.20

10.20-10.40

10.40-11.00

11.00-11.20

11.20-11.40

11.40-12.00
12.00-12.20

12.20-12.40

12.40-13.00
13.00-14.00
14.00-14.20

14.20-14.40

14.40-16.00

14.40-15.00

15.00-15.15

15.15-156.30

15.30-15.45

15.45-16.00

16.00-16.20

progr-6



8MS3-EP-01

8MS3-EP-02

8MS3-EP-03

8MS3-EP-04

8MS3-EP-05

8MS3-EP-06

progr-7

session 5. EXOPLANETS
convener: Alexander TAVROV

Jean-Loup A Road Map to the New
BERTAUX Frontier: finding Extra
Terrestrial Intelligenc
lidar Modeling Transit
SHAIKHISLAMOV Observations of
et al HD209458B
Jean-Loup Retrieving the true mass
BERTAUX distribution of exoplanets
et al detected with the Radial
velocity method: method
and first results
Vladislava Retrieving the true mass
ANANJEVA distribution of exoplanets
et al detected with the Radial
velocity method: removing
the effect of observing
selection
Seyed Javad The effect of unknown
JAFARZADEH parameters of exoplanets
et al on their habitability
Alexander Stellar imaging
TAVROV coronagraph and exoplanet
et al coronal spectrometer —
instruments

for exoplanet exploration
onboard the WSO-UV

POSTER SESSION (all sessions)

16.20-18.00

16.20-16.40

16.40-17.00

17.00-17.15

17.15-17.30

17.30-17.45

17.45-18.00

18.00-19.00



thursday, 12 october 2017

session 6. DUST AND DUSTY PLASMA

IN SPACE 10.00-11.40
convener: Alexander ZAKHAROV
8MS3-DP-01 Maria Pilar Atmospheric dust dynamics: 10.00-10.20
VELASCO fractional models, numerical
et al methods and computational
simulations
8MS3-DP-02 Dariia BETSIS Martian dust cycle via 10.20-10.40
et al solar infrared occultation
observations by SPICAM IR
for 27-34 MY

8MS3-DP-03 Evgenij ZUBKO Reflectance of lunar dust: 10.40-11.00
1

eta Concept of experiment
aboard a lunar lander
8MS3-DP-04 Sergey POPEL Dusty plasma cloud 11.00-11.20
et al in the lunar exosphere

and impacts of meteoroids
8MS3-DP-05 Andrey DUBINSKY Hydrogen formation in lunar 11.20-11.40

and regolith and its possible
Sergey POPEL influence on dusty plasma
at the Moon
coffee-break 11.40-12.00
session 7. SMALL BODIES 12.00-16.00
convener: Alexander BASILEVSKY
8MS3-SB-01 Olga POPOVA Infrasound registration 12.00-12.15
et al of Romanian superbolide
8MS3-SB-02 Anna The investigation of meteor 12.15-12.30
KARTASHOVA events by multi technique
et al observations
8MS3-SB-03 Rob LANDIS The Recovery of 2012 12.30-12.45
et al TC4 and the International
Asteroid Warning Network
(IAWN)
8MS3-SB-04 llan ROTH Anomalous Mg-26 12.45-13.00

composition in the early
solar system chondrites

lunch 13.00-14.00

8MS3-SB-05 Boris Dynamics and evolution 14.00-14.15
KONDRATYEYV et al of rings around
Centaurs Chariklo and
Chiron

8MS3-SB-06 Sergey VOROPAEV The surface tension of small 14.15-14.30
bodies under self-gravity,
rotation and tidal forces

8MS3-SB-07 Anastasiia Update of shape parameters 14.30-14.45
DUBOVITSKAIA and libration amplitude for
et al Saturnian satellites Dione

and Rhea

8MS3-SB-08 Rosine Diffuse Interstellar Bands 14.45-15.00
LALLEMENT carriers and cometary
and organic material
Jean-Loup BERTAUX

8MS3-SB-09 Olena SHUBINA Color-slope interpretation 15.00-15.15
et al of comet C/2013 UQ4

(Catalina) using the model
of agglomerated debris
particles

8MS3-SB-10 Vacheslav Nongravitational effects 15.15-15.30
EMEL’YANENKO in the motion of near-Sun
comets
8MS3-SB-11  Yuri SKOROV The models of cometary gas 15.30-15.45
production: Analysis for
67P/Churyumov-
Gerasimenko

progr-8



8MS3-SB-12

8MS3-SW-01

8MS3-SW-02

8MS3-SW-03

8MS3-SW-04

8MS3-SW-05

8MS3-SW-06

8MS3-SW-07

8MS3-SW-08

8MS3-SW-09

progr-9

Leonid
KSANFOMALITY

coffee-break

Session 8. SOLAR WIND INTERACTIONS
WITH PLANETS AND SMALL
BODIES

Comets 1P/Halley and 67P/ 15.45-16.00

Churyumov-Gerasimenko:
comparison of some their

properties

convener: Oleg VAISBERG

Mingyuan WANG
et al

Alexey
BEREZHNOY
and

G.V. BELOV
Sergey
SHUVALOV
et al

Oleg VAISBERG
et al

Viadimir
ERMAKOV
et al

Eduard DUBININ
et al

Petra ODERT
et al

Mikhail VERIGIN
and
Galina KOTOVA

Oleg VAISBERG
et al

discussion

Exploring obvious lunar
ionosphere based on
the service module of
circumlunar return and

reentry spacecraft

Behavior of hydrogen during
impact events on the Moon

Analysis of solar wind-
Mars interaction region and
pick-up ions from MAVEN

measurements

Dayside magnetosphere

of Mars

Initial analysis of ion fluxes
in magnetotail of Mars
based on simultaneous
measurements on Mars
Express and MAVEN

How to describe the martian
space environment and
how solar wind and EUV
control ion escape. MAVEN

observations
Escape of volatiles

from Mars-sized planetary

embryos

Who twists venusian

magnetotail?

Radio-occultation and in-situ
measurements of plasma
density in Halley’s comet

plasma

16.00-16.20

16.20-18.00
16.20-16.30

16.30-16.40

16.40-16.50

16.50-17.00

17.00-17.10

17.10-17.20

17.20-17.30

17.30-17.40

17.40-17.50

17.50-18.00



8MS3-IM-01

8MS3-IM-02

8MS3-IM-03

8MS3-IM-04

8MS3-IM-05

8MS3-IM-06

8MS3-IM-07

8MS3-IM-08

8MS3-IM-09

8MS3-IM-10

8MS3-IM-11

8MS3-IM-12

8MS3-IM-13

8MS3-IM-14

friday, 13 october 2017

session 9. INSTRUMENTS, MISSIONS,
EXPLORATION

convener: Oleg KORABLEV

Thomas DUXBURY
et al

Thomas DUXBURY
et al

Jiirgen OBERST
et al

Dmitrij TITOV
et al

Sergei NIKIFOROV
et al

coffee-break

Jordanka
SEMKOVA
et al

Alexey
MALAKHOV
et al

Andrey
VOSTRUKHIN

lunch

Ludmila ZASOVA
et al

Maxim LITVAK
et al

Daniel RODIONOV
et al

Francesca
ESPOSITO
et al

Diego Rodriguez
DIAZ et al

Marina DiAZ-
MICHELENA
et al

coffee-break

Restoration of the 1969
Mariner Mars Images:
Phase | Results

The International Phobos /
Deimos Surface
Characterization and Site
Selection Working Group

DEPHINE - the Deimos
and Phobos Interior
Explorer — a Mission
Proposal to ESA'S Cosmic
Vision Program/invited talk/

Mars Express science
highlights and future plans
/invited talk/

Water content in the
Martian subsurface along
the NASA/MSL “Curiosity»
Rover traverse: data

of the DAN instrument

in Passive mode

Charged particles radiation
quantities onboard Exomars
Trace Gas Orbiter during
the transit and in high eliptic
Mars orbit

Fine Resolution Neutron
Detector (FREND)
Instrument onboard
Exomars 2016 TGO Orbiter.
First Results

Neutron component of
radiation environment
for interplanetary missions

VENERA-D - Concept
Mission to Venus: Scientific
Goals and Architecture
/invited talk/

Active gamma ray
spectrometer proposed
for future Venus surface
missions

ExoMars 2020 Surface
platform Payload/invited
talk/

Characterisation of

Dust Suspended in the
Atmosphere of Mars: the
Dust Suite - Micromed
Sensor for the Exomars
2020 Mission

AMR instrument for
stationary magnetic
measurements

on Mars

NEWTON Project: New
opportunities for magnetic
surveys in the planetary
exploration

10.00-18.40

10.00-10.20

10.20-10.40

10.40-11.00

11.00-11.20

11.20-11.40

11.40-12.00
12.00-12.20

12.20-12.40

12.40-13.00

13.00-14.00
14.00-14.20

14.20-14.40

14.40-15.00

15.00-15.20

15.20-15.40

15.40-16.00

16.00-16.20

progr-10



8MS3-IM-15

8MS3-IM-16

8MS3-IM-17

8MS3-IM-18

8MS3-IM-19

8MS3-IM-20

8MS3-IM-21

progr-11

Jinsong PING

Mariia
ZAKHAROVA

Alexander KOSOV
et al

Dmitry
MOISEENKO
et al

Victor APESTIGUE
et al

Ryan CHAU
and A.A. MARDON

Konstantin
LUCHNIKOV
et al

Low frequency radio
astronomical missions
on the farside space
of the Moon

Compiling the navigational
3D model for prospective
lunar base area

Radioscience Experiments
for Martian and Lunar
Missions

Functional tests of ARIES-L
instrument
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INTRODUCTION:

Toby Owen contributed in many important fields of planetary sciences involv-
ing both theoretical research and experimental results returned by space mis-
sions. It was a great privilege to discuss with him the most challenging ideas
concerning the structure and composition of atmospheres of inner and outer
planets, specifically isotopic ratios of noble gases on Mars and Venus aiming
to reveal origin and evolution of these planets.

Here we address one of these pioneering ideas discussed by Toby Owen in the
paper co-authored by F. Anders and published in Science magazine as early
as in 1977 [1]. Authors attempted to explain lacking of water and other vola-
tiles on Earth after its accum ulation invoking a postulated migration process
of volatile-rich bodies from periphery of the solar system at the later phase of
its evolution, mainly in the course of Late Heavy Bombardment (LHB) dated
around 4 billion years ago. Delivery such a matter and its layered sedimentation
(late veneer) on the inner planets’ surface the authors called the mechanism
of heterogeneous accretion.

The idea drew attention and took further development including computer
modeling to ensure its more rigorous support. Results of the study can be
found in the numerous publications showing the great advancement in the field
(see, e.g., [2, 3] and references therein). The study was mostly focused on the
numerical models of comets, asteroids and dust transport from Kuiper belt and
outer giant planets region inward through the migration mechanism involving
different orbital perturbations. Based on this scenario quantitative estimates
of water/volatiles that could be potentially delivered to Earth, Venus and Mars
were made. Concurrently, it was attempted to evaluate bulk of water stored in
the planet interior in due course of its accumulation from primordial matter in
the framework of chondrite model and released later on the surface. The idea
was most recently supported by the lab analysis of olivine in the archaean
komatiites-basaltic associations (ultramafic lavas) resulted from melting under
extreme conditions of the Earth’s mantle, which argue for deep-mantle water
reservoir [4]. Anyway, nowadays it is difficult to find a rationale and distinguish
between exogenic or endogenic sources of water abundance that inner plan-
ets could acquire and the problem remains not unambiguous.

Our interest to the problem goes back to the time of Anders/Owen paper
appearance while computer modeling aimed to volatiles amount delivery
assessment began since the 1990s. Results of the original study can be found
elsewhere (see, e. g., [2, 5-9]). In this paper we present a summary of how this
research is in progress addressing several scenarios of migration in the course
of planetary system evolution.

COMPUTER SIMULATIONS OF INWARD MIGRATION
OF PLANETESIMALS FROM THE FEEDING ZONE
OF JUPITER AND SATURN:

Recently we [5] made computer simulations of migration of 104 planetesimals
from the feeding zone of Jupiter and Saturn to forming terrestrial planets expe-
rienced gravitational influence of the planets. In series JN, all planets were
assumed as having their present orbits and masses. In series JS, Uranus and
Neptune were excluded. Initial eccentricities and inclinations of planetesimals
were assumed to be 0.3 and 0.15 rad, respectively, while the initial semi-ma-
jor axes of planetesimals were taken between 4.5 and 12 AU. We further
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assumed masses of planets moving in orbits of the currently existed terrestrial
planets to be equal their present masses in JS and JN series, while they were
assumed to be smaller by a factor of 10 in the JS_, and JN,, series. These runs
allowed us to model accumulation of embryos of the terrestrial planets. Based
on an accepted set of orbital elements during evolution, the probabilities of
collisions of migrating bodies with planets during their dynamical lifetimes were
estimated. Also, calculations were carried out for a case when giant planets
of present mass were initially located closer to each other compared to their
present position. In such a scenario at least one of giant planets (not Jupiter)
was ejected into a hyperbolic orbit in the process of evolution. For these runs
probability p_ of planetesimal collision with Earth turned out not smaller than
the values onE for series JS, JN, JS , and JN,,.

COMPUTER SIMULATIONS OF INWARD MIGRATION
OF JUPITER-CROSSING OBJECTS:

The orbital evolution of more than 30,000 bodies having initial orbits close
to those of Jupiter-family comets (JFCs), Halley-type comets, long-period
comets, and asteroids in the resonances 3/1 and 5/2 with Jupiter was inte-
grated until these bodies either reached radial distance 2000 AU or collided
with the Sun [2, 6-9]. In such runs all planets moved in the present orbits and
had their present masses. The symplectic or Bulirsh-Stoer codes were utilized.
The probab|l|ty p; of collision with Earth of JFCs under consideration exceeded
4x10°.

DELIVERY OF WATER AND VOLATILES
TO THE TERRESTRIAL PLANETS:

Water and volatiles caused by exogenic source could be delivered to the ter-
restrial planets from different radial distances from the Sun. The main goal
was to reconcile the D/H ratio in the cometary and Earth’s oceans water. Alter-
natively to comets, bodies from the asteroid belt [3] were suggested as such
a source. However arguments were brought [10] against this idea because
oxygen isotopic composition in the primitive upper mantle better matches that
of anhydrous ordinary chondrites rather than hydrous carbonaceous chon-
drites. Because the deep mantle water has a low D/H ratio there was assumed
that it could be acquired due to water adsorption on fractal grains during the
Earth’s accretion [11]. As a compromise one may admit the ocean water (and
respectively its D/H ratio) resulted from mixing of several sources.

The results of our computer modeling showed that ratio of the fraction of plan-
etesimals collided with the Earth’'s embryo was about 2x10-¢and 4x107 for the
Earth’s mass embryos m_ and to 0.1m_, respectively. We derived that during
the growth of Earth’s embryo up to 0. 5mE the amount of water delivered from
the feeding zone of Jupiter and Saturn could be about 30% of the overall mass
of water that Earth obtained from this feeding zone. In turn, mass of water
delivered to Earth from the feeding zone of the giant planets and beyond turned
out comparable with the total mass of the Earth’s oceans (about 2.25x10m,).
Assuming the total mass of planetesimals (composed half of water) in the feed-
ing zone of Jupiter and Saturn equal to 100m_ and their collision probability
with Earth p_=2x10% this source gives rise a half of the Earth’s ocean water,
another a half coming from more distant regions. It should be emphasize that
bulk of water delivered from these regions to the Earth’s embryo came when
its mass exceeded ~ 0.5m..

The mass of water delivered to other terrestrial planets turned out proportional
to the ration of their masses to that of Earth. In the series JS it was smaller by
a factor of 2, 1.25, and 1.3 for Mars, Venus and Mercury, respectively while for
the series JN of 3.4, 0.7 n 0.8, respectively. For the Earth’s embryo of mass
m growing due to accretion of planetesimals coming from the feeding zone
of Jupiter and Saturn, the increase of its mass turned out proportional to m°7.

In our calculations of the migration of objects which initially moved in come-
tary-type Jupiter-crossing orbits, the fraction p_ of the objects collided with the
Earth exceeded 4x10%[7-9]. This value was greater than the above mentioned
values of p_ for planetesimals because initial eccentricities of the planetes-
imals were smaller than those of cometary objects. Besides, not all plane-
tesimals reached Jupiter's orbit during their lifetimes. Taking into account
the mutual gravitational influence of planetesimals would increase their eccen-
tricities during the evolution resulting in greater values of p_ as compared the
model where such effect is neglected. Study of migration of the Jupiter-cross-
ing objects and planetesimals showed that the ratio of mass of water delivered
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by such bodies to the bulk mass of a planet was not smaller for Mars, Venus,
and Mercury, than that for Earth. Interestingly, this larger mass fraction would
result in relatively large ancient oceans on Mars and Venus.

Let us note that orbits of Earth-crossing objects migrating from outside Jupi-
ter’s orbit are typically highly eccentric. For such eccentric orbits, an amount of
the material, including water, delivered from outside Jupiter’s orbit is approxi-
mately proportional to effective radii of Earth and the Moon and therefore could
be only by an order of magnitude smaller for the Moon than for Earth.

CONCLUSIONS:

Anders/Owen publication in the middle of 1970s on heterogeneous accretion
stimulated our advanced study of the problem through the modern computer
modeling. We studied migration of bodies and dust to the terrestrial planets
from the regions beyond the snow line, specifically inward migration of plane-
tesimals from the feeding zone of Jupiter and Saturn, and estimated delivery
of water and volatiles to these planets. It was found that during the growth of
Earth’s embryo up to a half of its present mass, the mass of water received by
the embryo from the feeding zone of Jupiter and Saturn could amount to about
30% of the total mass of water delivered to the Earth from this feeding zone.
Bulk of water delivered from the regions beyond Jupiter’s orbit by planetesi-
mals to the Earth’s embryo came when its mass exceeded ~0.5m_. The mass
of water delivered to Venus and Mercury turned out proportional to the ratio of
their masses to that of Earth. Mars acquired more water per unit of mass of a
planet than Earth.
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INTRODUCTION:

Titan’s dense atmosphere of molecular nitrogen and methane was first revealed
by the Voyager 1 spacecraft during its close flyby in 1980. Scientists immedi-
ately recognized this as one of the most important discoveries in planetary
science because other than Earth, Titan was the only known body in the solar
system with a fully developed atmosphere dominated by nitrogen. This led
immediately to the question of the molecule’s origin—was it molecular nitro-
gen or ammonia? The answer would directly constrain theories on the origin
of Titan’s and its atmosphere. The rich organic chemistry in Titan’s atmosphere,
along with Voyager’s inability to see the surface, were important motivators
of what would become the Cassini-Huygens mission.

OWEN'’S NITROGEN TEST

In a classic paper published in 1982 (Planet. Space Sci., 30, 833-838), Toby
Owen proposed a test of the origin of nitrogen that required measuring the
ratio of argon to nitrogen in Titan’s atmosphere. Because argon is the noble
gas closest in volatility to that of molecular nitrogen, it would tend to incor-
porate in ices (as clathrate, adsorbate, or direct condensate) similarly as the
latter. Therefore, if the nitrogen in Titan’s atmosphere were primordial—that
is, trapped in planetesimals as molecular nitrogen—then the argon-to-nitro-
gen ratio should be approximately solar in value (or within a factor of ten).
Because all plausible alternative parent species for nitrogen are less volatile—
ammonia being the outstanding example—the argon-to-nitrogen ratio will be
orders of magnitude less than solar for other putative parent species. This test
was implemented successfully with the Cassini and Huygens mass spectrom-
eters, pointing strongly to ammonia as the parent species of nitrogen in Titan’s
atmosphere. Further, isotopic data supported this conclusion.

ISOTOPES, MOLECULES AND CASSINI

Toby Owen was an early and enduring proponent of the collection and use of
isotopic data for understanding the relationships between bodies in the inner
and outer solar systems, their origins and evolution. A classic paper on this
subject was by Owen and Encrenaz (Space Science Reviews, 106, 121-138
(2003). He was a pioneer in Earth-based observations of D/H on Mars, and
their interpretation in terms of the history of atmospheric escape from that
planet. His influence was keenly felt in many missions from Viking to Voyager
to Galileo to Rosetta to Juno, and others. He was one of the three “found-
ing fathers” of the Cassini-Huygens mission (the other two being Wing Ip and
Daniel Gautier), drawing on his own research and breadth of knowledge of
solar system problems to explain the potential for a mission to Saturn and
Titan to revolutionize our understanding of the nature and origin of the Saturn
system. Owen’s legacy in science and planetary exploration is large and
enduring.
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The Grande Finale of the Cassini-Huygens Mission took the spacecraft
between the D ring and the upper atmosphere of Saturn over twenty times
during the summer of 2017 (see Figure 1). The final plunge into Saturn’s
atmosphere took place on September 15" of 2017. During this time period the
lon Neutral Mass Spectrometer made numerous measurements of the atmos-
phere and ionosphere of Saturn and its chemical and dynamical coupling
to Saturn’s rings. Simultaneous measurements of the electron density where
carried out by the Radio Plasma Wave Science investigation. The measure-
ments show a surprisingly complex chemical and dynamical coupling of the D
ring to the ionosphere and upper atmosphere of Saturn. We report our prelim-
inary understanding of the processes involved.

Fig. 1. Orbits from Cassini’s Grand Finale mission phase.
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INTRODUCTION:

The compositions of the Sun, meteorites and planets provide important information
on the origin of the Solar System, and the most efficient fractionation processes
involved in the evolution of planets. The bulk composition of the silicate part of the ter-
restrial planets is linked to chondritic meteorites, which are thought to represent their
building blocks. Recent findings indicate that carbonaceous-chondrite-like objects
were most likely scattered into the inner Solar System early in Earth’s accretion [1].
It is unknown how fast both terrestrial planets Venus and Earth accreted to their final
masses. Their growth time determines if the planets originated after the nebular gas
evaporated, or if they grew to larger masses while embedded in the nebula so that
hydrogen could accumulate before the gas disk disappeared. There are arguments
that point to the fact that noble gases have been trapped from the nebula and left in
solar composition in the planetary interiors. Via magma oceans that formed below
the envelopes, solar-like isotopes, embedded in the nebular gas [2], entered the
planetary interiors. Depending on the protoplanetary mass and the extreme ultravi-
olet (EUV) activity of the young Sun [3], hydrogen-envelopes can later be lost due
to hydrodynamic escape. If hydrogen atoms escape efficiently, they can drag away
heavier species, which may have led to the odd isotope and elemental ratios, as
observed at Earth and Venus. Here we present the hydrodynamic escape of an
early Venusian protoatmosphere and model evolution scenarios of escaping heavier
species dragged with the outflowing hydrogen from accreting proto-Venus. We aim
to understand, in a comparative way, how elements were fractionated within the first
100 Myr after the origin of the Solar System from their initial solar/chondritic values
to the present atmospheric 22Ne/?2Ne, *Ar/*®Ar, 8Kr/'*Xe [4], and measured K/U
ratios from Venusian surface rocks by Vega 1,2 [5] and Venera 8 [6]. By reproduc-
ing the observed fractionated ratios, we constrain the core- and hydrogen-envelope
masses of the accreting proto-Venus after the gas disk evaporated, as well as the
EUV activity level of the young Sun. Finally, we discuss the implications of our results
and similar work in progress related to the early Earth.
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INTRODUCTION:

The source of primordial planetary atmospheres is considered to be the result
of direct gas-dust accretion from the protoplanetary cloud and due to degassing
of volatiles which were delivered with planetesimals during the planetary body’s
growth. The impact degassing during the planetary accretion is the earliest and
rather powerful process of degassing of planetary solid material. Experiments
on the decomposition of a serpentine and calcite during a shock wave loading
showed that their rather efficient decomposition could be achieved beginning
with impact velocities which corresponded to escape velocities of a relatively
small (about Moon size) planetary embrio [1,2]. The decomposition of volatile
bearing minerals with the release of gases into the primordial atmosphere was
almost complete during further accumulation of planetary mass. There are two
outermost scenarios of behavior of released volatiles: (1) the accumulation
of gases in a primordial atmosphere providing their progressive enrichment,
and (2) rapid sink of gas species from the atmosphere providing its thin residua.
The first scenario is mostly related to accumulation of noble gases in terres-
trial planets atmospheres. The profiles of noble gases in the atmospheres
of terrestrial planets [3,4] and in meteorites gives strong evidence that the main
source of volatiles was provided by planetesimals. The sink rate of released
gases (e.g. H,O and CO,) from the primordial atmosphere was evaluated
mainly as: atmospheric impact erosion, thermal and EUV-driven escape from
the atmosphere, hydration and carbonization of surface minerals, dissolu-
tion of gases in magma ocean, loss of water for oxidation of iron, etc. [5,6,7].
But even a small efficiency of impact degassing (the ratio of volatiles which
are remained in the atmosphere after an impact to their amount delivered by
a planetesimal) was calculated to produce huge H,0-CO, atmosphere.

During a set of impact simulation experiments we have investigated the chem-
istry of volatiles and their interaction behavior with condensing silicates at con-
ditions relevant to impact vaporization [8,9]. First, the experiments showed that
the formed gas mixture was not limited only by H,O and CO,,. A wide variety of
gases are formed during high-temperature vaporization of ‘silicates including
oxides (SO,, CO,, CO (CO/CO,~1), H,O) and reduced (H,, H,S, CS,, COS,
and hydrocarbons) gas components. éecond, experiments on high-femper-
ature vaporization of mafic and ultramafic rocks and minerals in water and/
or CO, containing atmospheres have shown that condensing silicates provide
intense trapping of water and/or CO, during the hot stage of vapor cloud expan-
sion. The amount of trapped water by formation of different hydroxides could
amount up to 10 wt.% of the silicate mass. The trapping of atmospheric CO
proceeded by formation of carbonates, carbides, hydrocarbons, and elementai
carbon phases. Preliminary results indicate that nitrogen is also trapped by
formation of -NO,, -H,N, and —CN phases. The maximum concentrations of
trapped CO, and N wére measured up to 4 wt.% and 0.1 wt.%, respectively.
Trapping is efficient even at low partial gas pressures.

Impact-induced trapping of atmospheric gases was not accounted by theoret-
ical models but it seems to be an efficient process controlling the atmospheric
mass. The ratio of volatiles which are added to the atmosphere after an impact
to their amount delivered by a planetesimal can be not only positive, but suffi-
ciently negative as well. The account of the trapping efficiency of gases inside
the vapor plume suggests a model for the formation of primordial atmosphere
with moderate density.

An important output of the impact-induced processing of siliceous material
of the planet was the formation of a protocrust. The mechanism of its for-
mation was based on the separation of elements between melt and vapor
phases [10]. Volatile elements are converted into the vapor plume by second-
ary impacts more easily and from larger target volume than refractory portion
of the mixture. Plume condensates could be concentrated in the upper plane-
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tary layer to form protocrust. Concentration of volatile components in the upper
planetary layer resulted in decrease of sink of atmospheric gases and water
into the regolith what provided stabilization of the atmosphere and the ocean
at the earliest stages of planetary evolution.
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INTRODUCTION:

The top altitude of the Venus cloud layer is around 70 km above the surface,
at where solar radiation scattering occurs effectively. The scattering has a
phase angle dependency which depends on microphysical properties of cloud
aerosols. We analyze global mean albedo obtained by the UV Imager (UVI)
on board Akatsuki [1,2]. The results show clear glory features at 283 and 365
nm at small phase angles, acquired in May 2016. We successfully simulate
the observation using a radiative transfer model. We estimate r_=1.26 and
v=0.076 for mode 2 to explain the observation, consisting with a previ-
ously suggested low latitudinal aerosol property [3] We find that SO,and the
unknown UV absorber are necessary factors to explain the observéd quick
decreasing of albedo at phase angles larger than 10 degree. We suggest a
range of possible SO,abundance at 70 km from 80 to 400 ppbv, depending
on assumed atmospherlc conditions. These results are recently published [4].
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INTRODUCTION:

Frandsen et al. (2016) proved that S,0, is formed by SO + SO + M as
cis- and trans-OSSO isomers that dissdciate to SO and calculated their
absorption spectra. Using the SO abundances of 12 ppb at 64-95 km
observed by Na et al. (1994), they calculated abundances of OSSO that
appear sufficient to explain the NUV absorption of Venus at 320-500 nm.
We will implement the findings by Frandsen et al. (2016) into our photo-
chemical model (Krasnopolsky 2012, Paper ), update the model using
the chemical kinetic model (Krasnopolsky 2013), and test the hypothesis
of OSSO as the NUV absorber.

UPDATED PHOTOCHEMICAL MODEL.:

It was assumed in Paper | that S,0, is formed as the lowest energy isomer
8=80, that dissociates to S + SO’. The formation of OSSO and its dissocia-
tion to'SO + SO significantly affecf the sulfur chemistry in the model that also
adopts the OSSO formation and dissociation reaction rates from Frandsen et
al. (2016). The model is updated using mixing ratios of H,O = 26 ppm, OCS
= 140 ppb, and H, = 8.5 ppb at 47 km from the chemical Kinetic model (Kras-
nopolsky 2013) as the lower boundary conditions. Similar to Paper |, a basic
model and four versions with minor variations of eddy diffusion and SO2 at the
lower boundary were calculated (Table) Here eddy diffusion is 7300 cm? s™
below h_ increasing to 10" cm? s™at 100 km above h_. The model results for
the sulfur species SO,, SO, OCS, and aerosol sulfur Sa are compared with the
observations in Fig. £, Minor variations of eddy diffusion induce variations of
the species by a factor of =30 and do not require volcanism. Variations of H,0
in the model and observations are compared in Fig. 2. Again, there is a good
agreement between the model and observations.

Altitude (km)

10 107 10° 107 10° 10°
Mixing Ratio

Fig. 1. Basic sulfur species: model results (solid, short and long dashes for h, = 60, 57,

and 65 km, respectively) and observations. S_ refers to total number of sulfur afoms in the

aerosol. Observations of SO by Na et al. 19§4 and Jessup et al. (2015) are (6) and (7).

NUV ABSORPTION BY OSSO:

The calculated column photolysis rate of OSSO is 3.9x10" cm s*' and peaks
at 68 km in a layer of 4 km thick. The NUV absorption at 320-500 nm (Fig. 3)
removes 1.9x10' cm? s solar photons and exceeds the OSSO photolysis in
the model by a factor of 500. The calculated OSSO column is 2.13x10™ cm-2
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with the cis-to-trans isomer ratio of 0.82/0.18. The observed spectral reflec-
tivity of Venus is compared with that of OSSO in Fig. 3. The red curve is for a
thin absorbing layer above the clouds with OSSO = 2.8x10'® cm exceeding
the model value by a factor of 130. The green curve is for OSSO = 4x10'® cm™
uniformly mixed in the upper cloud layer. (The cis-to-trans ratio is 0.7/0.3 in
production and 0.82/0.18 in abundances because of the weaker photolysis of
cis-0SS0.)

Table. Some data from five versions of the model
he SO, H-.0 SO» SO S-0.+hv
km 47km 70km  70km 90km  cm>s’
60 9.7 ppm 3.11 ppm 128 ppb 10.1 ppb 3.91+13
57 97 4.38 577 43.4 5.39+13
65 9.7 2.90 57 2.44 5.99+13
60 8.7 5.36 70 6.3 277+13
60 10.7 1.48 342 25 546+13

10 | =
E 2 Ignatiev & al. (1999
E 3 Bjoraker et al. (1982)
10E 4 Fedorova et al. (2008) 3
F | 5 Krasnopolsky el al (2013) 3
3 || 6 Cotini et al. (2015)
WE 7 Fedorova et al. (2016)
3 8 Encrenaz etal. (1
E E 9 Gurwell et al, (20
= ] 10 Sandor and Clancy (2005)
2 B0F 3
g 3
- E
< E
70 - =
e f =
S0 3
o A

Mixing Ratio
Fig. 2. Vertical profiles of H,O for SO, = 8.7, 9.7, and 10.7 ppm at 47 km (red, blue, and
green lines) are compared with the observations.
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Fig. 3. Observed spectrum of Venus (blue, Barker et al. 1975) is compared with
OSSO absorption in a thin layer (red) and for uniformly mixed absorber (green) with
the isomer proportion 0.82/0.18 and 0.7/0.3 (solid and dashed curves, respectively).
The OSSO abundances in the models are chosen to fit the observation at 350 nm.

This abundance exceeds the model value by a factor of 190. Frandsen et
al. (2016) calculated the OSSO densities using SO = 12 ppb at 64-95 km
observed by Na et al. (1994). This SO exceeds the recent observations
by Jessup et al. (2015, 6.5, 2, and 1 ppb at 74-81 km, Fig. 1) and the model
values below 74 km. Even SO from Na et al. (1994) results in an absorp-
tion that is weaker than that observed by a factor of 3. The spectral fit by
OSSO to the observed NUV absorption is not perfect as well. Even if SO
from Na et al. (1994) is valid below 74 km, then OSSO contributes to but
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does not completely explain the NUV absorption. Na and Esposito (1997)
proposed S,0 as the NUV absorber. They calculated [S,0] = 5x10° cm at
64 km, closé to that at 47-60 km in our model. However absorption spectra
of gaseous S,0 are lacking. Strong arguments in favour of FeCl, diluted to
=1% in the droplets of sulphuric acid in the upper cloud layer may Be found in
Krasnopolsky (2017). This species explains the NUV absorption, though con-
tribution of other candidates is not ruled out.
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INTRODUCTION:

The high temperature near the surface of Venus stimulates reactions between
the rocks and atmospheric species that release HCI and HF, which looked
unexpected and exotic when they were detected by Connes et al. (1967). No
attempts have been made to search for HBr, and the only relevant result is an
upper limit of 0.2 ppb to Br, near 15 km from the Venera 11 and 12 descent
probes (Moroz et al. 1981). ‘Search for HBr is the subject of this work.

T T T T T T
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Fig. 1. Observed and synthetic spectra of Venus at the equator. Vertical lines show reso-
lution elements at the expected positions of the Doppler-shifted HBr lines. The black line
near the bottom shows a difference between the synthetic and observed spectra scaled
by a factor of 5. The green line is for HBr = 10 ppb.

OBSERVATIONS AND ANALYSIS:

We chose for our study the strongest line R2 of the fundamental band of HBr
at 2605.8/6.2 cm™'. Though the line is strong, it is weaker than the similar HCI
and HF lines by factors of 8 and 36, respectively. Venus was observed in July
2015 using NASA IRTF and a long-slit spectrograph CSHELL with resolving
power of 4x10%. We used our standard tools for observations and processing
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Fig. 2. HBr mixing ratio in the observed 101 spectra of Venus. The mean value and
standard deviation are shown by black solid lines.
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of the observed spectra. 101 spectra along the slit that crossed the bright cres-
cent of Venus were analyzed and compared with best-fit synthetic spectra. A
spectrum observed near the equator is shown in Fig. 1. The synthetic spectra
were calculated in Fig. 1 for the best fit with HBr near zero and for HBr = 10
ppb, and the latter is close to the detection limit for an individual spectrum.
Combinations of the HBr and CO, lines provide mixing ratios of HBr that refer
to 78 km. Retrievals for all 101 spectra are shown in Fig. 2. The values scatter
between -8 and 5 ppb with a mean value of -1.2 ppb and standard deviation
of 2.5 ppb. According to the Gauss statistics, uncertainty of the mean of 101
values is smaller by a factor of 10 and equal to 0.25 ppb. Our observations
result in an upper limit of 1 ppb for HBr at 78 km on Venus.

POSSIBLE HBR PHOTOCHEMISTRY:

Quantitative assessment of the HBr chemistry on Venus is made by inclusion
of ten major photochemical reactions of bromine (Table) into the photochemi-
cal model by Krasnopolsky (2012) and assuming HBr = 10 ppb below 60 km.

Table. Column rates (CR) of bromine reactions
# Reaction CR CR (Cl)
HBr + hv — H + Br 3.27+10 9.46+10
HBr + O — Br+ OH 1.15+10 1.60+9
HBr+H — Br+ Hx 1.30+10 2.31+9
H+Br+M—HBr+M 147+10 -

Br+ HO2 = HBr+0: 4.12+10 6.71+10
Br+ 03 — BrO + Oz 2.16+12 6.89+12
BrO+0O - Br+0; 4.35+11 3.50+12
BrO + NO - Br+ NO2 1.73+12 4.22+12
Br+Br+M—Br:+M 1.04+14 1.64+13
10 Bro + hv — Br + Br 1.04+14 3.18+13
3.27+10 = 3.27x10" cm™ s. CR (Cl) is the column rate of the similar Cl
reaction in the model by Krasnopolsky (2012)

OO0 ~NDO W

Photolysis of HBr and its reactions with O and H strongly deplete the HBr
mixing ratio above 65 km (Fig. 3). The fast photolysis of Br, and the reactions
of BrO with O and NO convert these species to Br, which ddminates above 67
km. The most significant effect of the bromine chemistry is in the production of
H, (reaction 3), which exceeds that without Br by a factor of 5, and in the pro-
ddiction of O,, which is a third of that without Br. Our upper limit of 1 ppb at 78
km is appllcable to the uniform distribution of HBr. To constrain the HBr abun-
dance below 60 km from our observation and the model, we use the Venus
albedo of 0.028 at 3.66 uym (Krasnopolsky 2010). This low value is caused by
the H,SO, absorption, Single scattering approximation is reasonable for this
black atmosphere in our observation at 3.84 ym. Assuming the aerosol scale
height of 3 and 4 km above 70 km and a constant extinction coefficient at 60-70
km, the calculated upper limits to HBr below 60 km are 70 and 20 ppb, respec-
tively, and 1 = 0.7 at 70 km, in accord with Cottini et al. (2015) and Fedorova
et al. (2016). The bromine chemistry may be effective on Venus even under

110

100

TITTTTITTTTT T

w0
o

80F

Altitude (km)

'mj
60E
50F . . .
IO’ 101" 101 1010 10'— 104\

Mixing ratio
Fig. 3. Vertical profiles of bromine species in the photochemical model.
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the observed upper limit. However, if a CI/Br ratio in the Venus atmosphere is
similar to that in the Solar System, then HBr = 1 ppb in the lower atmosphere
and the bromine chemistry is insignificant.
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ABSTRACT:

Surface of Venus is totally concealed from the observations in the visible light
by a thick layer of clouds, that extends from 50 to 70 km above the surface.
Upper haze is located above the clouds and is located at 70-90 km. Ground
based polarimetric observations showed that particles on the cloud deck level
are spherical with a mean radius ~1 ym and refractive index n=1.44 at 0.55
um [1].These authors suggested, that the clouds consist of I|qu|d droplets
of concentrated sulfuric acid solution (75-85 % H,SO, by weight).Analysis
of polarimetry data from Pioneer Venus orbiter [2] allowed fo estimate radius size
of the upper haze particles to be 0.23+0.04 um. The average optical thickness
of the haze layer in the polar region was measured to be 0.83 at 365 nm,
while at low latitudes the optical thickness of the haze was typically one order
of magnitude smaller. Until recently, it was believed that the upper haze is
composed of predominately submicron particles.

Altitude 82 km
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Fig. 1. Map of retrieved scale heights in the polar local time - latitude coordinates. It
is greater in the polar region than in the high latitudes both in the morning and in the
evening. The green triangle corresponds to the observation with 7.6 kmscale height.

Analysis of transmission altitude profiles of the upper haze in the visible and
infrared spectral ranges, acquired during solar occultation experiments per-
formed by SPICAV IR instrument, resulted in discovery of bimodal distribution
in particles size with a mean radius ~0.1 ymand~0.8 ym and number den-
sity 200 cm3and 0.5 cm3for mode 1 and mode 2 respectively at 80 km [3].
In this work, we analyzed scale heights and detached haze layers properties
in 60°N-90°N latitude region in 70-95 km altitude range Scale heights were
calculated for 43 orbits (Fig. 1), and equaled 4-5.5 km at the North Pole (80°N-
90°N) and decreased to 2—-4 km at high latitudes (60°N—-80°N).



8MS3-PA-09

In some occultations, a distinct inversion layer was observedat the altitudes
between 80 and 90 km in the slant optical depth, extinction coefficient, and
effective radius profiles (Fig. 2). It points to the presence of a detached layer
that appears from time to time in the upper atmosphere. The structures can be
sometimes observed over consecutive orbits. We suggest, that this phenome-
non is a result of condensation of water vapor on sulfuric acid aerosol.
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Fig. 2. Data processing for orbit #488 containing distinct detached layer. Red circles
represent altitudes of DL. (a) Slant optical depth profile at the 1101.1 nm wavelength.
(b) Bottom black axis in logarithmic scale: extinction coefficient profile at the 1101.1 nm
wavelength with DL (black solid line). (c) Profile of effective radius in unimodal case. (d)
Profile of number density in unimodal.
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INTRODUCTION:

Much of the data used in planetary studies comes in the form of images or
needs to be converted to this representation form in order to process it. More-
over, the computing requirements use to be prohibitive by means of time, cost
or even a combination of both, preventing further advances in the research
process.

In the present work we are considering two representative applications. The
first one is related to the MARSIS radar instrument from ESA Mars Express
mission, which data is processed as images in order to study the Martian ion-
osphere [1]. The second application processes images from the Venus Moni-
toring Camera from the ESA Venus Express mission for studying the dynamics
of its atmosphere [2,3].

These two applications have different characteristics by means of input file
arrival and computing requirements, preventing the use of in-house solutions
(such as supercomputers) due to budget restrictions or the inexistence of ded-
icated environments.

With this in mind, we have relied on cloud computing, a seamless paradigm that
allows a dynamic, elastic and on-demand provision of computing resources like
CPU and storage [4]. In particular, we have focused in public cloud infrastruc-
tures, which follow a “pay as you go” basis. Estimating an optimal computing
setup based on the offerings of these providers adds a level of complexity to
the whole solution [5]. For this reason, we have fostered execution models that
allow establishing the best cloud infrastructure for the considered applications.
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INTRODUCTION:

We consider evolution of Martian atmosphere within last 10° years taking into
account obliquity oscillation of planet, which produce global variations of cli-
mate and atmospheric pressure. We simulate cosmogenic isotopes production
rates (*He, 2'Ne, %Ar) by galactic and solar cosmic rays in surface matian rocks
for periods of ‘thin”, “thick ” and modern atmosphere. Results are compared
with MSL isotope measurements in different sites. Our simulations demon-
strate the observed isotopic imprints cannot be explained in scope of stable
modern atmosphere hypothesis. Existence of periods with low atmospheric
pressure (~0.1 mbar) in combination with high atmospheric pressure (>0.1 bar)
are required to explain measured cosmogenic isotope ratios for case of cosmic
rays rock irradiation on surface of planet. We also analyze other possible ways
to solve the problem (covering by regolith etc). Possible subsurface CO, res-
ervoirs for atmospheric pressure variation process are discussed using results
of experimental modeling of “gas traps” formation in martian regolith. Effects
of such processes on atmospheric isotopic ratios *C/?C, 'SN/™N, rare gases
and habitability of martian soil are discussed.
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INTRODUCTION:

Climate models have suggested that under the influence of a younger Sun,
with ~75% the present luminosity [1,2], early Mars would be forced into a
cold steady state with mean annual temperatures (MAT) consistently below
the melting point of water [3,4]. In contrast, there is geological evidence for
fluvial and lacustrine activity during the Late Noachian and Early Hesperian,
including valley networks (VNs) [5] and open- and closed- basin lakes [6].
With current models unable to produce relatively continuous clement condi-
tions (MAT >273 K) [3,4], we consider the possibility of a “cold and icy” planet
(MAT<273 K) and address the question: is formation of fluvial/lacustrine fea-
tures possible from shorter periods of punctuated heating and associated
snowmelt and runoff?

BACKGROUND:

General circulation models (GCMs) [3,4] show that when atmospheric pres-
sure exceeds tens to hundreds of mbar, an altitude-dependent temperature
effect is induced and H,O preferentially accumulates in the highlands, produc-
ing a “Late Noachian Icy Highlands” (LNIH) scenario [7]. The location of pre-
cipitation under a nominal “cold and icy” LNIH scenario versus a forced “warm
and wet” scenario was examined by [8], who found that snow/ice accumulation
under a cold climate is better correlated with the VN distribution than rainfall in
a “warm and wet” climate.

The requirement remains, however, for melting of the snow/ice and runoff to
incise the VNs [9,10]. There are several end member options for transient
atmospheric warming on early Mars including: (1) SO,-induced warming from
periods of intense volcanism [11], (2) impact cratering induced warming [12],
and (3) transient melting from peak seasonal temperatures [e.g. 7]. Punctu-
ated volcanism could lead to snowmelt and runoff from the increased SO, in
the atmosphere, but rapid conversion of SO, to aerosols (cooling) would pre-
vent heating from extending beyond decades to centuries [11]. Impact crater-
ing induces extreme high-temperature conditions and precipitation for a short
duration (centuries) [12], but may produce too much rainfall and too high rain-
fall rates to form the delicate and equatorially-concentrated VNs [13].

The focus of this work is to test hypothesis (3) by (1) assessing whether regions
with peak annual temperatures (PAT) >273 K correlate with the predicted snow/
ice distribution, producing meltwater, and (2) calculating meltwater volumes in
order to place constraints on the cumulative duration required for this process
to form the VNs. This work highlights the importance of considering seasonal
and diurnal temperature variation in addition to MAT, and contributes an under-
standing of the climatic effects of modest greenhouse warming and varying
eccentricity on early Mars.

METHODS:

In this analysis, we use the Laboratoire de MeteorologieDynamique (LMD)
GCM for early Mars and focus on a range of pressures (600, 800, and 1000
mbar) for a pure CO, atmosphere [e.g. 3] and a range of obliquities (25, 35, 45,
and 55°) and eccenfricities (0 and 0.17) in the Late Noachian [14]. We collect
model data four times per model martian day (every six hours).
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MAT and PAT maps: Is transient melting and runoff a viable mechanism for
VN formation? We assess which spin-axis orbital conditions and atmospheric
pressures produced PAT >273 K in the locations where VNs are abundant and
snow/ice is predicted to accumulate, producing meltwater (Fig. 1).

What percentage of the year >273 K would be required to cause melting and
fluvial erosion? At Lake Hoare in the Antarctic McMurdo Dry Valleys (MDV)
(MAT=~255 K), temperatures
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maximum annual tempera-
ture. Based on Fig. 1, we cannot conclude whether these conditions exist for
more than a few hours yearly, a duration which is likely insufficient to cause the
necessary scale of melting and erosion [9]. To reconcile this, we 1) determine
the annual duration of melt conditions at three VNs and compare the duration
with the observed ~5-7% of the year above freezing at Lake Hoare, and 2) use
“positive degree day” (PDD) calculations to assess the total global amount of
annual meltwater produced [9,15] and the number of years that this process
must be active to produce sufficient meltwater for VN formation.

VN study: We examine Parana Valles, Evros Valles, and the Kasei networks,
which are distributed near the edges of the predicted LNIH ice sheet at loca-
tions that require melting of ice and subsequent runoff to form in this climate.
We produce temperature time-series for one martian year at each VN to deter-
mine the fraction of the year with temperatures >273 K (Fig. 2).

PDD analysis: We define a PDD as a day that experiences at least 6 hours
>273 K, and determine number of PDD at each model grid point (lat, lon; Fig.
3). Adopting the PDD conversion factor for Mars, 1.08 mm/PDD [9], we find
the thickness of ice melted at all model grid points where PDD >1 and LNIH
snow/ice is present. Next,
we integrate over the area of
the LNIH ice sheet to deter-
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RESULTS AND DISCUSSION:

We include a specific example from our study that represents optimal condi-
tions for equatorial melting: 25° obliquity, 1000 mbar CO, atmosphere, circular
orbit, and additional greenhouse warming (MAT=243 K). Lower obliquity con-
centrates maximum solar insolation near the equator and a thicker atmosphere
increases the greenhouse effect. Thinner atmospheres prevent the studied
VNs from experiencing melting conditions for day annually, a duration insuffi-
cient for VN formation. Additionally, we find that varying the eccentricity does
not contribute to significant further seasonal warming.

Our models show that PAT can be >273 K in regions where both VNs are abun-
dant and snow/ice accumulates (Fig. 1). Time-series at the three VN study
sites show that each VN either approaches or exceeds 273 K for a few data
points each year (Fig. 2). In this case, the VNs experience conditions above
freezing for a fraction of the year comparable to the MDV, implying that these
conditions might be sufficient to form the VNs if this process operates for a
sufficiently long duration.

For these spin axis/orbital conditions, a volume of 2.92 x 10" m3 (~2 x 10*m
GEL) meltwater is produced annually (Fig. 3). If 3-100 m GEL is required to
form the VNs [10], this process must repeat for ~1.5 x 10* to ~5 x 10° years to
produce enough meltwater. Previous analysis suggest that VN formation may
have required a cumulative 105-107 years of fluvial activity [16]. In concert with
the predicted distribution of meltwater (Fig. 3), our results indicate that this
mechanism could plausibly be responsible for VN formation.

Critically, runoff rates produced by this mechanism may be too low to produce
the necessary erosion. At any grid point, the maximum thickness of ice melted
annually is ~30 cm (Fig. 3). Unless all meltwater is produced and runs off
within one day, runoff rates are lower than the rates required for VN forma-
tion [mm-cm/day; 15,16]. Thus, while significant meltwater is produced in our
model, slightly warmer conditions may be required to generate the necessary
higher runoff rates, a subject of ongoing work.

CONCLUSIONS:

We highlight the importance of considering seasonal/diurnal temperature vari-
ations along with MAT to assess melting in “cold and icy” early Mars climate
scenarios. We find that low obliquity and high atmospheric pressure are re-
quired to produce temperatures >273 K in the equatorial regions. PAT >273 K
durations are not conducive to VN formation in the nominal MAT=225 K “cold
and icy” climate and we suggest that additional heating is required, such as by
impact cratering [12] or volcanism [11]. Under warmer conditions (MAT=243
K), however, transient melting of ice can occur during the warmest hours of the
summer season. Under these conditions, a sufficient volume of meltwater can
be produced to form the VNs, although runoff rates may be too low.
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INTRODUCTION:

While the H,O column density in the Martian atmosphere is well known now
and has beén monitored by different missions for last decades [1, 2, 3], the
behavior of water in the middle atmosphere, its interannual and seasonal var-
iability, is still opened question due to a few amount of observational material.

It is well known that the Martian atmospheric water vapor is trapped close
to the surface of Mars by condensation and its vertical distribution is varia-
ble with season and location. In the aphelion season when the atmosphere
is colder, water is located near the surface and blocked in the Northern hem-
isphere by the aphelion cloud belt [4]. The hygropause (condensation level)
altitude is as low as 10-15 km. During warmer perihelion season this altitude
could reach 40-50 km [2].

Several recent findings in water vapor vertical distribution were related
to changes of Martian climate and evolution of the atmosphere. The dis-
covery of the water supersaturation and access of water to altitude
higher 30 km in the aphelion season [5] is directly affecting long-term rep-
resentation of water transport, chemistry and accumulation on Mars
on a global scale. Recent observations of the Martian hydrogen corona
reported a rapid change of the hydrogen escape rate on the seasonal scale
[6-8] that can relate to water access at 80 km, providing an additional source
of hydrogen for the upper atmosphere [9]. That was supported by SPICAM
observations of high altitude water during the MY28 global dust storm [10].

In this work we present long-term observations of the H O vertical distribution
in the Martian atmosphere by SPICAM on Mars-Expresszfor a period of several
Martian years and study the seasonal and spatial variations of the H,O density
and mixing ratio at different altitudes as well as interannual variations.

OBSERVATIONS:

Since 2004 the SPICAM IR spectrometer on Mars-Express [11] carries out
measurements of the vertical distribution of water vapor in the 1.38 ym band,
the CO, density in the 1.43 ym band and aerosol properties in the middle
atmospﬁere of Mars by means of solar occultations. The observations cover
now more than 7 Martian Years from MY27 to MY34 with 2 occulation cam-
paigns for a year.

INTERANNUAL VARIATIONS:

Despite the solar occultation campaigns are not completely repeatable in spa-
tial distribution and time, the interannual comparison and a seasonal trend can
be obtained. Figure 1 shows a comparison of the H,O density at 70 km for MY
28-33 for the second half of year.

In the Northern hemisphere observations don’t show a prominent increase
of the water content as it was during the MY28 global dust storm. This differ-
ence can not be related to the difference in latitudinal coverage. The increase
of the water density above 60 km in the Northern hemisphere looks like spe-
cial case of the global storm on Mars. In the Southern hemisphere MY28,
29, 32 show the increase of the density with higher values for MY28. MY33
at Ls=199-230° didn’t show the prominent increase of the density.

In case of vertical distribution of H,O mixing ratio, the observations show a high
value of H,O >100 ppm in the Southern hemisphere during the South summer
at altitude of 50-80 km for all years than should give a seasonal feedback to
the hydrogen corona escape.
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INTRODUCTION:

The high-precision measurements of mixing ratios of N, Ar, O,, and CO were
made using the quadrupole mass spectrometer as a par?l of Mafs Science Lab-
oratory at the Curiosity rover (Mahaffy et al. 2013, Franz et al. 2015). These
measurements must be corrected for the seasonal variations of the atmos-
pheric pressure to reproduce annual mean mixing ratios on Mars.

LIFETIMES OF CO, O,, N,, AND AR ON MARS:

Lifetimes of long-living species are ratios of their column abundances to their
column production or loss rates. The calculation is simple for CO, whose
production is just the photon flux at A < 200 nm times the disk-to-sphere area
ratio of 1/4, with the lifetime of six Earth’s years. O, recycles in some reac-
tions, and only two processes, O+ O+ M — O, + M and OH + O — O,+H,
result in formation of the O = O bonds and the ‘O, lifetime of 60 years. N2 is
affected by outgassing from the interior and is losf by photochemical escape
and sputtering (Jakosky et al. 1994). Its current lifetime is =1 Byr. Evolution
of radiogenic “°Ar was considered by Krasnopolsky and Gladstone (1996,
2005), and its current lifetime relative to sputtering is very long, 19 Byr.
Here we confirm the conclusion by Mahaffy et al. (2013) that the differences
between the Viking and MSL data on N, and Ar cannot be explained by their
variations.
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Fig.1. Variations of pressure for the first martian year (669 sols) of Viking Landers. Hori-
zontal lines are calculated annual mean pressures p,. Vertical line marks the season of
the MSL measurements.

Pressure (mbar)

SEASONAL CORRECTIONS TO MSL MIXING RATIOS:

Long-living species on Mars have two components of variations: (1) season-
al-latitudinal variations induced by condensation/sublimation of CO, on the
polar caps and (2) the component related to seasonal variations of the total
CO, amount in the atmosphere. The first component is significant at high
latitudes exceeding 60° and negligible in the MSL observations at 5°S. The
second component may be considered as independent of latitude, though it
may be affected by weather. To correct the MSL mixing ratios for this compo-
nent and get annual-mean mixing ratios, the MSL values should be scaled by
p./p,- Here p_is the atmospheric pressure at the season of the MSL meas-
ufements (Ly = 184°) and p,, is the annual mean pressure. Both values should
be measured at the same conditions anywhere at lowe latitudes on Mars. The
most detailed data of this type were published for the Viking Landers (Hess et
al. 1980), and we will use them (Fig. 1).
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The peak-to-peak variation of pressure is a factor of 1.3, the Viking Landers
were at the opposite longitudes and different latitudes (22°N and 48°N), and
the calculated p /p, = 0.897 and 0.886 are rather similar. These calculations
were also made for two points using the Mars Climate Database (Fig. 2). Figure
2 is in the more convenient format (L. instead sols) but requires corrections
for variable angular velocity of Mars. The calculated p,/P, = 0.902 and 0.911
with a mean of the four values of 0.899 + 0.006. Annual mean mixing ratios
can be obtained by scaling the MSL mixing ratios from Franz et al. (2015) by
this factor (Table).

Table

Species Franz et al. (2015) Annual mean

N; (2.03 % 0.03)% (1.83 + 0.03)%

Ar (2.07 + 0.02)% (1.86 + 0.02)%
0, (1.73 £ 0.06)x10™ (1.56 + 0.06)x107
co 749 £ 2.6 ppm 673 +2.6 ppm

COMPARISON WITH OTHER OBSERVATIONS OF O,
AND CO:

The seasonally corrected Herschel observation (Hartogh et al. 2010) O, =
(1.45 £ 0.12)x10® agrees with MSL. The mean of three ground-based obser-
vations is (1.2 £ 0.2)x10 (Nair et al. 1994). Corrected by a factor of 1.3 for
dust extinction, this agrees with MSL as well. The MRO/CRISM observations
of CO (Smith et al. 2009) showed the seasonally and globally averaged mixing
ratio of 700 ppm. This value was 667, 693, and 684 ppm in the observations by
Krasnopolsky (2015) at L, = 60, 89, and 110°.
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INTRODUCTION:

Starting from 2002 Mars Odyssey continues orbital observations of Mars surface
accumulating unique science data gathered by different instrumentation includ-
ing Russian neutron spectrometer HEND (as part of Mars Odyssey Gamma Ray
Spectrometer suite). The neutron spectroscopy data were oftenused to develop
global maps of martian neutron flux and subsurface water ice distribution[1-3, 5].
Taking into account long period of observation, HEND data were also analyzed
to study local and global variations of martian seasonal caps with time [4-8].
The growing and sublimation of martian snow caps significantly influence on
seasonal variations of neutron flux. It provides possibility to use neutron data as
a sensitive method to monitor behavior of seasonal caps (variations of column
density and mass) and search for their inter annual variations. We used all
available HEND/Odyssey data (8 martian years) to study seasonal variations
of atmospheric CO,both within one seasonal cycle, and among successive sea-
sonal cycles (see example on Figure 1).
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Fig. 1. The example of seasonal variations of condensed CO deposit
(column density in g/cm?) at different latitude belts in southern hemisphere.
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INTRODUCTION:

Evidence of an induced magnetic field in the ionosphere of Mars was meas-
ured indirectly through its effects on the electron density behaviour, based on
the observations by the Mars Advanced Radar for Subsurface and lonospheric
Sounding (MARSIS) onboard Mars Express [1].

This, which was done for a limited number of orbits on June 2006, can now
be extended systematically, analysing the data for all orbits as measured by
MARSIS during its ongoing mission.

The measures are in the form of ionograms representing the time delay of the
echo of the signal as a function of the emitted frequency. From the inversion
procedure of the ionospheric echos [2] it is possible to obtain the vertical elec-
tronic density and, from there and the cyclotronic frequencies of the electrons,
to deduce the modulus of the magnetic field at the spacecraft height.

That magnetic field can be due to cortical remanent magnetic fields on the
planet and to the induced effect of the charged particles of the solar wind.

We simulate the motion of charged particles in the magnetic using specific
conservative techniques, considering the symmetry reduction of the Stérmer
model [3] as well as the general case [4,5]. The system is open to exhibit cha-
otic behaviour [6] that can be relevant to the confination of particles trapped
in the field.
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INTRODUCTION:

One of the first surprises of the NASA MAVEN mission was the observation
by the SWIA instrument of a tenuous population of protons with solar wind
energies traveling anti-sunward near periapsis, at altitudes of ~150-250 km
[1]. While the penetration of solar wind protons to low altitude is not completely
unexpected given previous Mars Express results, this population maintains
exactly the same velocity as the solar wind observed. From previous studies it
was known that some fraction of the solar wind can interact with the extended
corona of Mars. By charge exchange with the neutral particles in this corona,
some fraction of the incoming solar wind protons can gain an electron and
become an energetic neutral hydrogen atom. Once neutral, these particles
penetrate through the Martian induced magnetosphere with ease, with free
access to the collisional atmosphere/ionosphere.

The origin, kinetics and transport of the suprathermal O atoms in the transition
region (from thermosphere to exosphere) of the Martian upper atmosphere
due to the precipitation of the high-energy protons and hydrogen atoms is dis-
cussed. Kinetic energy distribution functions of suprathermal and superthermal
(ENA) oxygen atoms formed in the Martian upper atmosphere were calcu-
lated using the kinetic Monte Carlo model [2,3] of the high-energy proton and
hydrogen atom precipitation into the atmosphere. These functions allowed us:
(a) to estimate the non-thermal escape rates of neutral oxygen from the Mar-
tian upper atmosphere due to the extreme solar events, and (b) to compare
with available MAVEN measurements of the extended oxygen corona. Escape
of hot oxygen atoms induced by precipitation of the solar wind plasma may
become one of the dominant loss processes under conditions of extreme solar
events - solar flares and coronal mass ejections, - as it was shown by recent
observations of the NASA MAVEN spacecraft [4].
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INTRODUCTION:

Analysis of Lunar Exploration Neutron Detector (LEND) neutron count rates
for a large set of mid-latitude craters provides evidence for lower hydrogen
content in the crater interiors compared to typical highland values. Epithermal
neutron count rates for crater interiors measured by the LEND Sensor for Epi-
thermal Neutrons (SETN) were compared to crater exteriors for 301 craters
and displayed an increase in mean count rate at the ~9-0 confidence level,
consistent with a lower hydrogen content. This difference is greatest for a small
subset of craters that appear to be dominated by very young (Copernican)
craters and their ejecta, where both neutron count rates and optical maturity
display a significant offset from background.

The weak correlation between neutron count rates and optical maturity found
for the full set of crater interiors suggest that hydrogen abundances may not be
simply related to exposure time and solar wind implantation. Other weathering
processes must play a role. Finally, while neutron measurements do not pro-
vide a very fine discriminator of crater ages, they do appear to isolate Coper-
nican craters from other older craters and therefore provide some measure of
bulk regolith maturity.
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INTRODUCTION:

An imaging survey of the Moon with a resolution ~0.5 m by the LROC NAC
cameras onboard the Lunar Reconnaissance Orbiter [1] allowed us to iden-
tify ~3200 scarps in the lunar highlands probably formed by young (<50-100
Ma) thrust faults [2-4]; these discoveries have significantly changed our under-
standing of the post-mare geological history of the Moon. Here we describe
several such thrust faults in the South Pole area of the Moon, which is of spe-
cial interest as a location where Russian missions Luna-Glob (Luna-25) and
Luna-Resource (Luna-27) will land in the near future [e.g., 5-8]. In the more
distant future there are plans to build a habitable lunar base [e.g., 9].

POLAR SCARPS AND GENERAL GEOLOGY:

Several scarps interpreted to have been formed by young thrust faults identi-
fied by [2] in South pole area are shown in Figures 1 and 2.

1 2 ['3%

Fig. 1. Scarps of possible thrust faults in the South ple area: 1, 2, 3 — near craters
Cabeus, Shoemaker and Simpelius, respectively; parts of images M1154412657LR,
M108891721LR, M106807247LR, NASA/ASU.

Fig. 2. South Pole area of the Moon. Left — mosaic of LROC WAC images, NASA/ASU.
Right — distribution of H,O equivalent in the upper 1 m of the surface layer ([10], modi-
fied), 1, 2, 3 - locations of scarps shown in Fig. 1.

As measured by [11] the scarps shown in Fig. 1 are 4-5 to 10-15 km long,
30 to 100 m high and their slopes are 5-10 to 15-20 degrees steep, simi-
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lar to the measurements of [11]. As discussed by [3, 4], formation/move-
ment of these scarps should be accompanied by moonquakes related to 28
near-surface moonquakes registered in 1969-1977 by the Apollo seismic
network and having magnitudes (M) from 1.6 to 4.2 on the Richter scale
[12-13]. Additional consideration of these results led [4] to the determina-
tion of the locations of 25 of those moonquakes. For our analysis, it is
important that one of these moonquakes, with M ~4, is located in the South
Pole area.

The area shown in Fig. 2 represents part of the southern segment of the larg-
est basin on the Moon, the South Pole-Aitken basin with a diameter of ~2500
km [14-19]. It is one of the most ancient impact basins on the Moon (4.2-4.3
Ga [20]) and information on its materials, which should be sampled by the
Luna-Glob and Luna-Resource missions, is very important for understanding
the earliest part of the geologic history of the Moon.

H,O IN THE STUDY AREA:

On the basis of the LEND measurements [21] the distribution of the H,O
equivalent in the South Pole area is shown in Fig. 2 (right) with variations
from ~0.05 to ~0.5 mass % [10]. The lateral resolution of this parameter is
~10 km and it characterizes ~1 m thickness of the upper layer of regolith,
which includes the “dry” uppermost part of indeterminate thickness [21]. It
is shown in [10] that if the thickness of the uppermost “dry” layer is 90-100
cm the H,O (ice) content in the underlying material may be 4 to 10 mass %;
this agrees with LCROSS experiment results (~6% [22]). These values, if
presented as volume percents, suggest that 20-30% of H,O ice forms a sig-
nificant portion of the regolith pore space. This is a high enough content of
ice such that it should increase the regolith material mechanical strength and
in the case of moonquakes could influence the seismic response [23, 24]; if
the quake is rather strong the material might become heated along the fault
and loose H,0O and other volatiles.

It is seen in Figure 2-right that two of three localities of the thrust faults con-
sidered (Shoemaker and Cabeus) are within the areas with high H,O equiv-
alent contents and one locality (Simpelius) is outside the H,O equivalent
anomalies.

TERRESTRIAL ANALOG:

The Meckering thrust fault in Western Australia formed by the 6.9 Richter mag-
nitude earthquake on November 14, 1968 [25] (Fig. 3), can be considered as a
terrestrial analog for the lunar thrust fault scarps.

" . .‘\""
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Fig. 3. Left: Photo of the Meckering thrust fault scarp (Source: http: //www aees. org au/
gallery/1968-meckering) Right: One of the tension fractures in the vicinity of the Meck-
ering epicenter, its width is ~1 m (Source: http://www.ydcm.com.au/2008/September/
MGapA.jpg.)

The Meckering scarp (Fig. 3 left) height is up to 3 m, and the total length (with
branches) is ~37 km. Analysis of the appropriate seismograms showed that
the thrust fault started at the depth of 1.5 km and extended to the depth of 6
km. As part of that event there was formation of tension fractures (Figure 3
right) which may be compared with small graben associated with some lunar
thrust fault scarps [3]. The Meckering quake (and other earthquakes as well)
also led to seismic fluidization of dry near-surface sand [26]. Similar phenom-
enon may also be caused by lunar quakes.
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DESTRUCTIONS CAUSED BY THE MECKERING AND OTHER
EARTHQUAKES:

The town of Meckering (population 240) was essentially destroyed (Figure 4
left). Even the rails were locally buckled (Figure 4 right).

Fig. 4. Left: Building destroyed b th Meékéfing quake (Source ht:/www.ournake-
daustralia.com.au/tag/meckering/) Right: Buckled rails (Source:http://www.mingor.net/
images-large/meckering-eqg-buckled-rail-2011/

Consideration of the Meckering event shows that seismic quakes on the Moon
should be studied and taken into account as risk factor of in lunar base design
and construction. Of course, the Meckering 1968 quake with M = 6.9 was much
stronger that the moonquakes registered to date (M = 1.6-4.2). However, 1)
there is no guarantee that moonquakes can not be higher in magnitude than
these, and 2) moonquakes with known magnitudes (M = 1.6-4.2) can lead to
noticeable destruction (Fig. 5).

b 2, e L - 1 A 2
Fig. 5. Destruction caused by earthquakes with M = 4.2. Left — Veliko Tarnovo, Bulgaria.
Right — Norcia, Umbria, ltaly; Sources: https://pronedra.ru/uploads/d/cP/OC/cPOC-
mQu3.orig.jpg and http://www.tvc.ru/news/show/id/99704#&gid=1&pid=2.

CONCLUSIONS:

We conclude that the South Pole area of the Moon shows the presence of
geologically young thrust-fault scarps. The South Pole region is of special
interest as a place where Russian missions Luna-Glob and Luna-Resource
are planned to land in near future and in more distant future a lunar base may
be built. The young thrust-fault scarp formation was accompanied by moon-
quakes which, in turn, could lead to seismic fluidization of surface materials
as well as to mobilization and loss of volatiles from cold traps. Moonquakes
also represent a factor of risk in the design, building and exploitation of a lunar
base and thus should be studied and carefully taken into consideration. This
study should include development of landed seismic experiments (such as the
SEISMO experiment on Luna 25 and 27 [27]) and networks, and long duration
observations.
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INTRODUCTION:

Mons Rumker are known as volcanic dome midst the Oceanus Procellarum. It
is exceptionally attractive place because of spatial superposition of unexplored
volcanic features and marine materials of wide spectrum of ages (from Lower
Imbrian Series to Copernican System) in the nearest neighborhood around
it [1]. That is why this region is supposed for being primary target for russian
heavy rover “Lunar Robot-Geologist” [2, 3]. In order to prepare for the mission,
the study of morphology, history and matter of the volcanic province has been
begun.

The dome’s relative elevation is about 1 km and about 70 km in diameter [4].
It has asymmetric slopes, the eastern is gentler. The rise consists of at least
ten individual volcanoes, as they are understood. Some of them have calderas
at the top.

42N 60W 42N 56W

395N 60W 395N 56W

Fig.1. Mons Rumker volcanic province. Distinguished young swells outlined in blue and
violet; old areas are inside red and yellow contours.
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Fig. 2. Topographic section across swell along the A-B line at Fig.1
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Fig. 3. Topographic section across swell along the C-D line at Fig.1
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In this work we study the ages of the probable oldest and the possible young-
est areas of the province to understand time of active magmatic processes in
the Mons Rumker.

METHODOLOGY:

The whole research is based upon the LRO WAC images mosaic with mean
resolution 100 m/pixel, and the LRO NAC image M1169891715RE with resolu-
tion 1.35m/pixel and incidence angle 75°. The crater counting was performed
using CraterTools for ArcGIS. The crater statistics was performed using Cra-
terstats.

Distinguishing of the relative age of different areas is based on geomorpho-
logical analysis of the province: we suggest the youngest areas, which do not
overlaid by any visible magmatic flux. Magmatic fluxes covered by others are
proposed to be the oldest parts of the studied territory. In this way, we demarked
two young swells (Fig.2,3) in the south-western part and two old areas in the
north-eastern part of the province (Fig.1). Then ages of these areas were esti-
mated with craters size-frequency distribution (SFD) [5, 6], which was counted
for young swells with NAC image and with WAC mosaic for old areas.
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Craters density was calculated with ArcGIS instrument (Fig.3).

RESULTS:

Calculated ages for two young swells are 3.55G.a. and 3.66G.a., while for old
areas there is a little disparity between both estimation with 3.88 G.a. and 3.91
G.a.. According to [1], the interval correspond to Upper Imbrian (3.20G.a.—
3.80G.a.) — Lower Imbrian - Nectarian (3.85 G.a.- 3.95 G.a.) epoch. According
to [8] the mean age of the whole province is 3.79 G.a., that well correlate with
derived results.
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INTRODUCTION:

The occurrence of surficial hydroxyl (OH) and/or water (H,O) has been revealed
by the analysis of near-infrared hyperspectral imagery |n2the wavelength range
of the absorption band near 3 pm using data of Deep Impact mission [1] and
the Moon Mineralogy Mapper (M?) instrument [2, 3] on the Chandrayaan-1
spacecraft. Variations with local daytime and selenographic latitude have been
found in [1], and the presence of lunar surficial OH/H,O has been found to be
restricted to high selenographic latitudes in [2, 3]. The strength of the OH/H,O
absorption band has been found to be strongly correlated with the illumination
conditions in [4]. Using a physically motivated method for removal of the ther-
mal emission component that also takes into account the surface roughness
[6], it is observed in [5] based on M? data that the OH/H, O absorption band is
also present at equatorial latitudes and largely iIIuminafion—independent. For
the highland crater Boguslavsky located at high southern latitudes, it has been
observed in [7], using an extension of the thermal equilibrium based method
of [8] for surface temperature estimation, that the OH/H,O absorption band is
strong in the local morning and decreases towards a lower but non-zero value
at midday.

In this work we provide preliminary results of a M3*-based analysis of the
dependence of the OH/H,O absorption band depth on local daytime for 18
lunar highland regions, which are located at different latitudes and have been
observed under 4-8 different illumination conditions [9]. The observations are
compared with modeling results.

DATA AND METHOD:

Maps of the spectral reflectance were constructed for the set of 18 highland
regions based on the M? level-1B spectral radiance data published on the PDS
(pds.imaging.jpl.nasa.gov/volumes/m3.html). For derivation of bidirectional
spectral reflectance, the M? data processing framework of [7] has been used.
The surface temperature estimation approach of [10] used for constructing the
M3 level-2 spectral reflectance data set on the PDS [11] is meanwhile consid-
ered to be inaccurate (e.g. [12]). Hence, we estimated the surface temperature
and the spectral emissivity, quantities required to remove the thermal emission
component that strongly affects the wavelength range of the OH/H,O absorp-
tion band, using the method of [7]. This technique extends the thermal equilib-
rium based approach of [8] by performing an iterative adjustment of the surface
temperature, spectral reflectance and spectral emissivity, and by including a
correction for surface roughness similar to [13].

Based on the spectral reflectance data corrected for thermal emission and
local topography and normalized to uniform observation and illumination
geometry, a map of the relative OH band depth integrated over M® channels
78-84 between 2697 and 2936 nm (here termed OHIBD) was constructed for
each region for all local daytimes with available M* data.

RESULTS AND DISCUSSION:

In highland regions located at moderate to high latitudes beyond 45,
the OHIBD is maximal in the morning around 08:00 local time. It decreases
within the next few lunar hours and reaches its minimum in the early after-
noon around 14:00. The minimal OHIBD value is typically lower by about one
third than the morning value, and slight OHIBD increase occurs in the late
afternoon. At low latitudes of <20°, a significant OHIBD level comparable with
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the midday OHIBD level at high latitudes is found, which changes only insig-
nificantly during the lunar day. Results are shown in Fig. 1 for a high-latitude
region at (172.5° E, 73° N) and a low-latitude region at (125.5° E, 18° N). This
observation is in contrast to [3] but in consistence with [12, 5].

A commonly accepted mechanism for the formation of surficial OH/H,O on
regolith surfaces is the adsorption of solar wind protons reacting with O atoms
bound in the surface material (e.g. [14, 4]). The physical processes responsi-
ble for the behavior of H and OH on regolith surfaces as well as the relevant
physical parameters are discussed in [14]. The behavior of H was analyzed
using Monte Carlo methods in [15] and based on a continuity equation based
treatment in [16].

In this work we provide a comparison between our daytime-dependent OHIBD
observations and an extension of the continuity equation based approach sug-
gestedin[15, 16]towards the interaction between Hand OH[17]. Our model con-
siders the competing source and sink processes of solar proton adsorption [14],
delivery of OH by micrometeorites [18], reaction of H with O from the surface
material to form OH [14, 15], surface temperature dependent diffusion/evapo-
ration [15] and solar flux dependent photolysis of OH [19]. The surface temper-
ature depending on the reflectance spectrum and the illumination conditions
was estimated according to [7]. In order to explain the non-zero OHIBD level
at midday, we assume the presence of an “offset” OH component that is more
strongly bound to the surface material than the component formed by adsorp-
tion and is thus stable against diffusion/evaporation and photolysis and adds
up spectrally with the adsorbed, daytime-dependent component. This model
results in two coupled ordinary differential equations describing the H and OH
column densities [17]. The boundary condition that the difference between
the OH column densities at sunrise and sunset corresponds to the amount
of micrometeoroid-delivered OH during the lunar night is imposed, under
the presupposition that no evaporation, photolysis or condensation occurs
at night. The model is adapted to the OHIBD observations of all 18 regions,

16
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Fig. 1. Observed daytime-dependent OHIBD values and modeled OH column densities
for two highland regions located at (172.5° E, 73° N) (top) and (125.5° E, 18° N) (bottom),
respectively.
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where a uniform activation energy of diffusion and a region-specific offset
component are assumed. The OH activation energy was set to 0.8 eV, corre-
sponding to the activation temperature of 9200 K of OH in SiO, stated in [14].
The model was simultaneously fitted to the 18 regions with uniform H activa-
tion energy but region-specific offset component. The other physical param-
eters were chosen as in [17]. The best-fit value of the H activation energy
corresponds to 0.56 eV. Modeling results are shown in comparison with obser-
vational data in Fig. 1.

SUMMARY AND CONCLUSION:

We have examined the daytime dependence of the lunar OH/H,O absorp-
tion band depth for a set of 18 lunar highland regions with available M® data
acquired under 4-8 different illumination conditions. We have provided a com-
parison with the results of a continuity equation based model of the sources
and sinks of lunar H and OH.
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INTRODUCTION:

The South Pole-Aitken basin (SPA) with its diameter of about 2500 km [1, 2]
was formed during the pre-Nectarian period [1]. Due to its early formation and
large size, the basin has been subject to further impacts, and on the basis
of the ejected material conclusions can be drawn about the internal compo-
sition of the lunar crust. In this study, we used petrological maps of the four
craters Alder, Antoniadi, Dryden and Poincaré X located inside SPA, for the dis-
cussion of the interior structure of the SPA. They revealing exposed anortho-
site rich material inside their crater rims or crests. The main investigation
of our study explored a correlation between: (a) crater, which indicate anortho-
site rich material inside of the crater rim/crest to abutting craters (Antoniadi),
(b) crater, which indicate anorthosite rich material inside of the crater rim/
crest, lying inside of the floor of a large crater (Dryden and Poincaré X) and
(c) craters, which indicate anorthosite rich material inside of the crater rim/
crest, without neighbouring craters of similar size (Alder). We try to reconstruct
the layering of the crust of the SPA under using of existing crater profiles [3, 4]

METHODS AND DATASET:

The used hyperspectral imagery of the near-global Moon Mineralogy Mapper
(M3) [5] mosaic can divided into the steps of accurate georeferencing, thermal
emission removal, topographic and photometric correction performed using
the framework described in [6]. Elemental abundance maps and petrological
maps were constructed by applying the techniques of [7]. In the petrographic
maps, the red, green and blue channel corresponds to basalt, Mg-rich rock and
ferroan anorthosite, respectively.

RESULTS AND DISCUSSION:

The craters Alder and Antoniadi are located at about 400 km distance from the
SPA centre, i.e. approximately on the rim of the SPA transient cavity with its
radius of 410 km as given in [8]. Hence, our observations indicate anorthositic
subsurface deposits also relatively close to the SPA centre, indicating a com-
plex layering of the crust. This finding is unexpected, given the model of [8].

The crater Alder (82 km diameter, centred at 49° S, 178° W) is located near
the centre of the SPA. It exhibits a large ferroan anorthosite patch in its south-
ern part. This structure looks like a large debris flow of about 20 km extent and
appears to superpose the inner and outer sides of the crater rim. A possible
source of the anorthositic material is an outcrop on top of the crater rim, and
there is evidence that material has been excavated from an anorthosite rich
layer at great depth in the crust (float structure). The central peak and the east-
ern part of the crater rim show a high Mg-rich rock content. The crater floor and
the surrounding regions mainly show a basaltic signature.

The large crater Antoniadi (138 km diameter, centred at 69°S, 173°W) is sit-
uated in the southern part of SPA. It has a flat floor covered by basaltic lava
(see e.g. [9]). A high Mg-rich rock content is apparent for the central peak and
the inner peak ring. In the western part, the rim of Antoniadi intersects the rim
of Minnaert and the crater walls on both sides display patches of ferroan anortho-
site material, which appears to have slided down the crater wall onto the floor.
Our investigation suggests that the crater Minnaert may already have lifted up
anorthosite-rich to shallow depth below the surface, and the impact of Anto-
niadi excavated parts of this layer. In the eastern part of Antoniadi, a similar
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overlap with the crater Numerov can be observed, where the relatively deep
crater rim exhibits small deposits anorthositic material. Both occurrences on
the crater rim indicate that consecutive impacts may have lifted up anorthositic
material.

The crater Dryden (54 km diameter, centred at 33 S, 156°W) is located in the
eastern part of SPA at about 700 km distance from the basin centre between
the Apollo basin rim and peak ring. Its central peak and crater rim show a sig-
nificant Mg-rich rock content. The floor is partially covered by basaltic material
but still shows a signature of Mg-rich rock. Due to the fact that the crater rim
of Dryden intersects the peak-ring structure of the Apollo basin [10], parts
of the northeastern crater wall reveal a deposit with an anorthosite signature,
like the surrounding material of the peak ring structure of the Apollo basin.
The deposit appears to superpose the inner side of the rim of Dryden onto
its floor like a flow, and looks like well-defined continuous Apollo-peak-ring
material.

The crater Poincaré X (21 km diameter, centred at 53°S, 161°E) and an
unnamed crater are located in the western part of the SPA at about 1000 km
distance from the basin centre between the inner ring and the rim of the Poin-
caré basin. The floor is for the most part covered by a signature of Mg-rich
rock material but still in the southwestern part of the crater wall reveals a
deposit with an anorthosite signature, which looks like a flow from the southern
unnamed crater into the crater floor of Poincaré X. The striking distance to
the South Pole-Aitken basin rim and the surrounding highland material may
have led to the excavation of an anorthosite subsurface deposit that probably
resulted from crustal overturn and mixture with the highland material as a con-
sequence of the Poincaré peak-ring basin impact.

SUMMARY AND CONCLUSION:

We have performed a petrological mapping of the craters Alder, Antoniadi,
Dryden and Poincaré X located inside SPA, revealing anorthosite-rich depos-
its associated with them. Petrologic mapping of the craters Antoniadi and Alder
indicates that even at distances of less than 400 km to the SPA centre anortho-
sitic material can be found. A possible mechanism to explain these occurrences
is the uplift by subsequent impacts of anorthositic crustal material previously
buried during formation of the the SPA basin. The anorthositic material at
the northwestern rim of the crater Dryden is probably due to mass-wasting
of material from the western peak ring of the Apollo basin, which contains
a significant fraction of anorthosite, into the crater after its formation. This
anorthositic material was presumably excavated from shallow depth due to the
proximity of the Apollo basin to the northeastern SPA rim. Similarly, the anotho-
sitic material extending from the southwestern rim of the crater Poincaré X has
probably been excavated from shallow depth, due to the location of the Poin-
caré basin close to the western SPA rim, and flowed down the southwestern
rim of Poincaré X as indicated by the presence of elongated flow structures.
All'in all, our observations indicate a highly complex layering of the crust at the
examined crater locations.

REFERENCES:

[1] Petro, N.E. and Pieters, M. C. Surviving the heavy bombardment: Ancient material at
the surface of South Pole-Aitken Basin // JGR. 2004. V. 109. No. E6. P. E06004.

[2] Kim, K.J. et al. The South Pole-Aitken basin region, Moon: GIS-based geologic in-
vestigation using Kaguya elemental information // ASR. 2012. No. 50. P. 1629-1637.
[3] Morgan et al., The formation of peak rings in large impact craters // Science. 2016.
V 354. P. 878-882.

[4] Melosh and Ivanov, Impact crater collapse // Ann. Rev. Earth Planet. Sci.. 1999.
V 27. P. 385-415.

[5] Pieters, C.M. et al., The Moon Mineralogy Mapper (M3) on Chandrayaan-1 // Current
Science. 2009. V. 96. No. 4. P. 500-505.

[6] Wohler et al., Temperature Regime and Water/Hydroxyl Behavior in the Crater
Boguslawsky on the Moon // Icarus. 2017. V. 285. P. 118-136

[7] Wéhler, C. et al. Integrated topographic, photometric and spectral analysis of the lu-
nar surface: Application to impact melt flows and ponds // Icarus. 2014. V. 235. P. 86-122.
[8] Hurwitz, D. M. and Kring, D. A. Differentiation of the South Pole-Aitken basin impact
melt sheet: Implications for lunar exploration // JGR. 2014. V. 119, P. 1110-1133.

[9] Sruthi, U. and Senthil Kumar, P. Volcanism on farside of the Moon: New evidence
from Antoniadi in South Pole Aitken basin // Icarus. 2014. V. 242. P. 249-268.

[10] Baker et al., The transition from complex craters to multi-ring basins on the Moon:
Quantitative geometric properties from Lunar Reconnaissance Orbiter Lunar Orbiter
Laser Altimeter (LOLA) data // JGR. 2012. V. 117. P. EOOH16.



8MS3-PG-06

WAVE PHENOMENA
IN THE MOON ENVIRONMENT

M. Buchenkova'?, A. Skalsky' A. Sadovski'

'Space Research Institute of the Russian Academy of Sciences,
ProfsoyuznayaStr 84/32, Moscow, 117997,Russian Federation,
mariya.buchenkova@phystech.edu.

2Moscow Institute of Physics and Technology(State University),

9 Institutskiy per., Dolgoprudny, Moscow Region, 141701, Russian
Federation.

KEYWORDS:
Electrostatic solitary waves, ULF waves,magnetic anomalies, Moon.

The paper is aimed to review actual observations and different mechanisms
of wave and magnetic disturbances generation in plasma environment around
the Moon: in solar wind closely to the Moon, over the magnetic field anomalies
at its surface, in the lunar wake and around its boundaries. The generating
mechanisms, propagation and other characteristics of waves are presented.

Particular attention is pointed on Electrostatic Solitary Waves (ESWs), mono-
chromatic whistlers, large-amplitude monochromatic ULF waves and non-mon-
ochromatic whistler waves.
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INTRODUCTION:

The Moon, not being protected by a global magnetic field or an atmosphere,
is under constant bombardment by solar wind ions. Until a few years ago, it
was commonly assumed that the impinging solar wind ions are almost com-
pletely absorbed by the lunar surface (< 1% reflection; see for example [1, 2]).
Recent observations by IBEX and the Sub-keV Atom Reflecting Analyzer
(SARA) onboard Chandrayaan-1 invalidated this assumption, though, show-
ing that lunar surface very efficiently reflects impinging solar wind protons as
Energetic Neutral Atoms (ENAs), with reflection ratios typically between 10%
and 20% (e.g. [3, 4]). With such high ENA fluxes coming from the lunar sur-
face, ENA monitoring offers a powerful method for investigating the solar wind
interaction with the lunar surface. Herein we present a review of all scientific
findings from SARA’s ENA sensor.

INSTRUMENTATION:

We report here on scientific measurements based on measurements con-
ducted by the Chandrayaan-1 Energetic Neutrals Analyzer (CENA) [5], which is
a part of the SARA instrument [6] onboard Chandrayaan-1 [7]. CENA meas-
ured ENAs originating from the lunar surface within the energy range 10 eV
to 3.3 keV and an energy resolution of AE/E ~ 50%. CENA was capable of
mass discrimination, being able to distinguish H and O from heavier elements.
CENA's field of view consisted of seven angular sectors (five of which were
purely surface pointing), with surface-projected footprints of approximately
100 — 400 km x 10 — 20 km, depending on the sector number and spacecraft
altitude.

RESULTS & DISCUSSION:

Figure 1 presents an overview of the most significant scientific findings based
on measurements conducted by CENA. Panel a) shows that there is a substan-
tial flux of reflected, neutralized hydrogen coming from the lunar surface. The
plot shows a clear cosine-correlation with solar zenith angle, as is expected for
pure geometrical reasons. A global analysis showed that on average 16% of the
impinging solar wind protons are reflected as neutral hydrogen atoms, with a
standard deviation of 5%. The ENA reflection ratio is rather featureless over the
lunar surface, showing only strong variations at local crustal magnetic fields due
to the interaction of the plasma with so-called mini-magnetospheres. An exam-
ple of such a mini-magnetosphere ENA image is shown in Panel b): There is
a clear void of ENAs coming from the centre of the magnetic anomaly, where
the surface is shielded from the impinging solar wind ions, whereas there is an
enhanced ring surrounding the void, denoting the region where the ions have
been deflected to.

CENA measurements were also used to identify a large, positive electric poten-
tial associated with the magnetic anomaly. This electric potential was expected
based on charge separation in the impinging plasma, where ions can penetrate
further into the mini-magnetosphere region than electrons, which are deflected
by the magnetic field. The charge separation produces an outward-facing elec-
tric field. The ENA energy spectrum in general resembles a Maxwell Boltz-
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Fig. 1. Scientific results based on measurements conducted by CENA. Panel a):
Reflected neutral hydrogen flux measured during one orbit of Chandrayaan-1. Panel
b): Electric potential and reflection ratio imaging of a mini-magnetosphere above a lu-
nar magnetic anomaly. Panel c): Energy spectrum of measured ENAs and best fitting
Maxwell Boltzmann Function. Panel d): Correlation between ENA characteristic energy
and solar wind velocity. Panel e): Mass spectra recorded during flight containing neutral
hydrogen, oxygen, and helium. Panel f): Lunar nightside energy spectrum exhibiting
a ~20° broad ring parallel to the terminator. Panel g): Energy spectrum of dayside and
nightside ENAs showing the similarity of the two. Panel h): Energy spectrum of ENAs
measured in the solar wind and in the terrestrial plasma sheet. Panel i): Scattering function
of ENAs measured upstream, in the magnetosheath, and in the terrestrial plasma sheet.

mann distribution (see Panel c), a fact still not completely understood, because
the energy loss observed does not agree with the ENAs having been thermal-
ized. An additional mystery is the correlation between the characteristic energy
and the solar wind velocity, and not the solar wind energy, a fact hinting at the
backscattering processes at the surface being controlled by the momentum
of the impinging particle velocity rather than its energy (see Panel d).

Whereas all these findings were based on energetic neutral hydrogen meas-
urements, other mass groups were also observable by CENA. CENA presented
first direct measurements of sputtered lunar oxygen, with surface densities of
~1.3-10” m=® and column densities of ~1.6-10" m=2. In addition, backscattered
helium was detected in the CENA data set (see Panel e), but due to uncertain-
ties in the instrument’s geometric factor, no surface or column densities could
be derived.

Nightside ENA measurements showed that a significant fraction of the solar
wind plasma is able to reach much further into the lunar nightside wake than
the proton temperature would allow: CENA measured a 30° broad ENA ring
parallel to the terminator, with a flux of ~1.5% of the dayside flux (see Panel f).
Energy analysis showed, that whereas the nightside ENAs’ energy spectrum
clearly resembles the dayside backscattered ENAS’ energy spectrum, their
characteristic energy is slightly lower (by about 4 eV), hinting at the plasma
having been decelerated in the lunar wake (see Panel g).

CENA measurements in the terrestrial plasma sheet (Panel h) revealed that
the characteristic energy and the backscatter ratio in Earth’s plasma sheet
is similar to the upstream solar wind case. In contrast to the upstream obser-
vations, though, no ENA void was observed over large and strong magnet-
ized lunar surface regions. Analyses suggest that the magnetic shielding
of the lunar surface in the plasma sheet is less effective in the terrestrial plasma
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sheet than in the solar wind, probably due to the broad velocity distributions
of the plasma sheet ions.

A final analysis included lunar ENAs recorded when the Moon was located
inside the terrestrial magnetosheath (see Panel i). As in the upstream solar
wind and in the terrestrial plasma sheet case, on average 10% to 20%
of the impinging protons are reflected back as neutral hydrogen atoms in
Earth’s magnetosheath. Similar to the upstream solar wind case, and con-
trary to the terrestrial plasma sheet case, clear signatures of plasma shielding
by magnetic anomalies were observed. Overall, the scattering process seems
unchanged in the Earth’s magnetosheath, with the only exception being that in
the terrestrial magnetosheath the energy spectrum becomes broader and less
peaked, probably due to the increase in plasma temperature.

Overall, CENA was exceptionally successful. The instrument not only achieved
all its set science goals but also revealed several hitherto unknown and unex-
pected properties of the solar wind interaction with the lunar surface.
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INTRODUCTION:

The landing site selection method primarily developed by our team for Luna-
25 mission allowed us to identify several scientifically interesting and safe
for landing locations in the South Polar Region of the Moon. These locations
can be considered as possible landing sites for future lunar missions. Here we
present three most promising sites and discuss their properties.
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INTRODUCTION:

Imaging spectrometer data acquired with the Moon Mineralogy Mapper (M?)
onboard the Chandrayaan-1 spacecraft enables the mineralogy of the lunar
surface to be evaluated in geologic context [1]. One of the fewM?® scenes
of data acquired at optimalfull resolution (Target) [2] includes the Luna 24 site
in Mare Crisium shown in Figure 1. We have evaluated these high-resolution
data in order to identify the principal types of basalt in the region and possible
effects of secondary craters from Giordano Brunol[3].

SUMMARY:

All Mare Crisium lunar basalts exhibit two diagnostic absorption bands centered
near 1 um and 2 pm in the near-infrared due to Fe,Ca-pyroxene. As shown
in Figure 2, the properties of these absorptions can be evaluated by estimating and
removing a sloped but featureless continuum.A measure of the relative strength
of these absorptions is captured by integrating across the absorption band after
continuum removal. Well-developed, weathered soils have weak absorptions
and basalts freshly exposed by a crater have strong absorptions as shown in Fig. 2.

TheM? color composite of Figure 1 captures three key properties displayed
as RGB in a spatial context: the integrated strength of the pyroxene absorp-
tion at 1 ym, the integrated strength of the pyroxene absorption at 2 ym,
and the overall reflectance (brightness) of surface materials.Well-developed
basalt soils appear dark and colorless in this figure.In contrast,basalts exposed
by cratersappear bright and often colored, depending on the relative strength
of the pyroxene absorptions at that location.

»

Fig. 1. M? images of the Mare Crisium region that includes the Luna 24 area (arrow).
The two large craters near the image top are Picard Y (left; 4 km) and Fahrenheit (right;
6 km). Top: Reflectance at 1600 nm; Bottom: Color composite [R=integrated 1 ym a
bsorption; G=integrated 2 um absorption; B=Reflectance]

49-abstract
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Fig. 2.M3reflectance spectra for several small areas (3x3 pixel average) within craters
Picard Y and Fahrenheit, illustrating two different types of basalt (a, b) exposed by these
craters. Shown on the right are the same spectra after continuum removal. All spectra
exhibit the 1 and 2 ym absorption bands diagnostic of Fe,Ca-pyroxene. Spectra drawn
in red (and appear red in the M3color composite) exhibit relatively weak 2 pm absorption
bands but strong and broad 1 ym absorptions. Since the diagnostic properties of olivine
include a broad multicomponent 1 um absorption with no 2 um absorption, these com-
bined propertiessuggest olivine has a higher abundance in thisbasalt lithology (b, red).

Two principal results from M?2are relevant to evaluating Luna 24 samples:

1) The combined results from Figures 1 and 2 indicate that two distinct basalt
types occur in this part of Mare Crisium, one of which is relatively olivine-rich
(red in Figs 1&2). Although this basalt type does not dominate at Fahrenheit,
outcrops do exist and components might be expected in the Luna 24 core.

2) The abundantGiordano Bruno secondary craters[3] have excavated local
basalts and exhibit freshly exposed pyroxene absorptions. However, these
craters are often embedded in a diffuse field of relatively bright soils (dark
blue in Fig. 2 color composite) and exhibit no enhanced pyroxene absorption.
We interpret this to be a small bright and featureless foreign component that
contaminates the well-developed local basaltic soil without significantly stirring
the regolith. This is similar to Copernicus ‘compositional’ rays [4], and likely
represents minor fine grained feldspathic debrisfrom Giordano Bruno.
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INTRODUCTION:

In this study, we explored about 1130 Lunar craters and 835 craters of Mer-
cury; they are located in latitude range from 60° to 90° S and their diameters
are larger than 10 km. We used craters’ profiles to perform the comparative
morphometric analysis of the southern subpolar regions.

MAIN STUDY:

The profiles for observed craters were drawn with the special ArcGIS tool [1].
Four profiles were automatically created on the each crater. The length
of profiles deliberately exceeded the diameters of craters. The profiles cov-
ered external rims; profiles’ length allowed us to take possible inaccuracies
in the determination of craters initial diameter into account, and avoid them (Fig.1).
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Fig. 1 ab. a) Kobro crater profiles, diameter: 54 km, center latitude: -82.16°, center
longitude: 278.78°; b) Malapert crater profiles, diameter: 72 km, center latitude: -85.00°,
center longitude: 11.40°

In order to create the profiles we used several DEMs to acquire the data about

heights on the Moon and Mercury:

1. Global Mercury DEM with the resolution 665 m/pixel, obtained with
the photogrammetric processing of the MESSENGER data [2].

2. Global DEM of the Moon with the resolution 118 m/pixel, obtained with
the LRO data (WAC_GLD100_P900S0000_256P.IMG) [3].

Also we used various craters catalogs. For Mercury:

1. The vector catalog provided by the Brown University (USA) [4], which attrib-
utive table contains the coordinates for the central points of each object,
diameter, craters area, and the objects names in English.
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2.The morphological catalog of Mercury craters compiled by the SAIl [5]. This
catalog contains craters’ coordinates and diameters, like the previous one;
but also, it provides the information about the craters’ preservation degree
covers different features, as terraces, peaks, ridges, fissures, secondary
craters chains, and ray systems.

Besides, we applied the SAl morphological catalog of the Moon craters
to explore their features as well. [6]. This catalog provides us with the coordi-
nates which were refined by the modern global mosaics of the Lunar Recon-
naissance Orbiter (LRO).

The new data including higher resolution images of the celestial bodies allows
us to update the morphological catalogs and use the most recent data for further
studies. The referred papers [7,8] revealed: the depths of the Mercury’s impact
craters (their diameters are ranging from 1 to 100 km) agreed with the depth
measures from the previous studies in almost all explored cases. The exception
was discovered while measuring the large complex craters depth. In that particular
diameter, they appeared to be shallower than the Mariner 10 data have showed.

CONCLUSION:

We investigated the craters with diameters larger than 10 km in the Moon and
Mercury southern subpolar regions. It's occurred that Mercury has less first-
class craters (the newest ones) than the Moon: Comparing to 19 percent of
such craters that was observed on the Moon, on Mercury surface we discov-
ered as little as 2 percent of their kind (Table 1).

Table 1. Percentage of craters by classes of preservation degree

Class of preservation For Mercury (%) For The Moon (%)
degree
1 2 19
2 18 241
3 44 27,1
4 30 23,7
5 6 6,1
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INTRODUCTION:

Both Earth-based and spacecraft observations provide evidence that Mercury
hosts waterice within its permanently shadowed regions (PSRs) near the poles.
Earth-based radar images ofMercury first revealed highly reflective materials
that are consistent with water ice [1-6]. These“radar-bright’ materials collocate
with PSRs derived from images and topography [7—9]. Thermal models derived
from topography indicate that PSRsare stable environments for near-surface and
sometimes surface water ice on geologic timescales[10]. Furthermore, enhanced
concentrations of hydrogen have been detected inthe north polar region [11].

OBJECTIVES AND METHODS:

TheMercuryLaserAltimeter(MLA)measuredsurfacereflectance,r,at1064nm[12].
On Mercury,most water-ice deposits have anomalously low r values indica-
tive of an insulating layer beneathwhich ice is buried [12]. Previous detections
of surface water ice (without an insulating layer) werelimited to seven craters [12].
Here we map r.and density of energy returns in Chesterton, Tolkien, and Tryg-
gvadéttir craters. These three permanently shadowed craters host extensive
radar-bright deposits indicative of water ice [6]. However, MESSENGER only
acquired limited off-nadir observations of these craters due to their proximity
tothe pole, and they were never identified as hosting water-ice deposits. The nom-
inally calibrated r measurements of these craters did not show distinctive regions
of r>0.3. The greater density of returns observed within the PSRs prompted
a reexamination of the calibration to account for a downward bias due to highly
oblique geometry [13]. Utilizing the complete orbital dataset and empirically
re-calibrated data, we calculate the mean rwithin the craters and outside the
craters, and discuss the implications for surface water-ice deposits hosted by
permanently shadowed craters close to the north pole of Mercury.

Additionally, we investigate the presence of possible micro-cold traps, or small-
scale exposures of ice. Given that surface reflectance increases northward of
~85°N [13] and that micro-cold traps may be ubiquitous at latitudes northward of
~75°N [14], we are interested in the detection of exposures of water-ice deposits
present at the surface of Mercury at these small spatial scales at the footprint
of MESSENGER instruments. Following the Earth-based identification of high
radar-backscatter deposits in polar craters, the only detections of exposed water
ice have been in large, permanently shadowed craters: Prokofiev crater, as well
as limited off-nadir MLA measurements of A, C, D2, Kandinsky, i5, and Y craters
[12] (For craters that do not have formal IAU names, we adopt informal nomen-
clature from published maps). Here we investigate the presence of specific
micro-cold traps by searching for clustered MLA-measured r, enhancements
at 1064-nm wavelength that can be observed at the resolution of MLA footprints.
We compare the distribution of r, enhancements to that of Earth-based radar
data [6], areas of permanent shadow [9], and biannual maximum surface tem-
peratures, T__, <100 K [10] to discuss the implications for reservoirs of long-
lived water ice exposed at the surface of Mercury inside micro-cold traps.

RESULTS:

There is a bimodal distribution of surface reflectance on Mercury in which
anomalously low-reflectance deposits correlate with lag deposits insulating
water ice and anomalously high-reflectance deposits correlate with exposed
water ice. The overall surface reflectance is observed to sharply increase from
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~85°N to the pole, even when the presence of large, permanently shadowed
craters are removed, suggesting that micro-cold traps may harbor substantial
water ice on the surface of Mercury [13]. Here we investigated the possibility
that micro-cold traps could be resolved at the spatial scale of the MLA footprint
by searching for clusters of r. enhancements. We identified four micro-cold
traps that are between 2 and 5 km in diameter (in craters n5, 07, 17, and to the
north of e5) on the basis of r, values > 0.3 (Fig. 7). These clusters collocated
with PSRs and T, < 100 K.

0.4

00

Fig. 1. MLA-derived surface reflectance, r_, at 1064 nm from 82.5°N to 90°N, modified
from [13]. Large craters (Prokofiev, Cheste?ton Tolkien, Tryggvadattir, Kandlnsky, and C)
that are identified as hosting exposed water ice are labeled. Micro-cold traps (n5, o7, €5,
and 17) that are identified as hosting exposed water ice are labeled. Polar stereographic
projection.

We also mapped r, values for Chesterton, Tolkien, and Tryggvadottir(Fig. 1).
Each crater has hlgh radar cross sections indicative of water-ice deposits [6],
and the derived r_ value for each crater exceeds 0.3, suggesting that water
ice is exposed at the surface.The proximity of these three craters to the pole
creates a hyper-stable thermal environment dominated by temperatures < 100
K in which insufficient sublimation occurs to produce an insulating lag deposit.
Thus we identify three new large craters on the surface of Mercury that host
extensive water-ice deposits exposed at their surfaces.

IMPLICATIONS FOR LUNAR EXPLORATION:

Thermal models [14, 15] indicate that micro-cold traps may be ubiquitous on
the surfaces of Mercury and the Moon. Recent models suggest that surfaces
with slope RMS ~15° near the poles of the Moon have ~10% exposed cold-trap
area fraction [15]. The diffusion barrier created by overlying regolith increases
this area fraction to ~40% [15]. It is possible that surface and subsurface ice
in rough surfaces [15] may be more accessible than ice in large PSR craters.

CONCLUSIONS:

Previously, the extent of water-ice deposits was thought to be confined to the
extent of large permanently shadowed impact craters and some permanently
shadowed rough terrain. However, this conclusion was heavily influenced by
the footprint size of the Earth-based observations of the radar-bright material [6]
and the MESSENGER-derived PSRs [7-9]. We suggest that large craters are
not the only hosts of substantial water-ice deposits on the surface of Mercury,
which is consistent with thermal modeling [14] and reflectance mapping [13]
results that indicate that micro-cold traps are capable of hosting substantial
quantities of water-ice deposits. Here we identify four deposits within MES-
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SENGER footprint resolutions, and suggest that many other deposits exist
below the detection limit, within rough patches and inter-crater terrain. We
expect that the BepiColombo Laser Altimeter [16] will be able to resolve addi-
tional high reflectance deposits indicative of surface water ice in mapping the
south polar region of Mercury.
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INTRODUCTION:

The illumination and thermal conditions, and stability of volatiles deposits in the
South Pole region of Mercury are calculated on the basis of a LIMP.

Radar-bright regions were revealed by earth-based radar observations at
both poles of Mercury [1, 2]. Further studies have shown the correlation of
these features with locations of high-latitude impact craters. It was suggested
that these features are formed by volatiles deposits (including water ice) and
located in permanently shaded areas in host craters. These suggestions also
have been confirmed by the data from neutron spectrometer of the MESSEN-
GER probe [3].

We investigated the possibility existence and stability of volatiles deposits in
several craters at South Pole region of Mercury, which contain radar-bright
features. To do this we used data from [4]. We take into account four altitude
profiles for each crater, thus the crater was divided into 8 sectors.Unfortu-
nately, for some host crater, such as Chao Meng-Fu, Lovecraft and some
other, were was no correct data because of the global Mercury DEM [4]
defects on South Pole region. Currently, this DEM (with resolution 665 m/pixel)
obtained by photogrammetric methods, is the only DEM available for these
latitudes.

Because of this we simulated the inner structure of these craters, using
the relationship for morphologic characteristics of impact craters from [5] and
crater’s images from [6].

Thermal regime of a surface area is determined by solution of the one-dimen-
sion heat conductivity equation. In upper boundary condition the flux of direct
solar radiation incident on a given surface element, the fluxes of reflected
and infrared radiation from all adjacent illuminated surface elements visible
from a given element, and the heat flux from the Mercury’s interior were
taken into account.We simulated the subsurface layer using a two-layer soil
model similarly to that described in the study [7]. The combined effect of
the orbital motion of Mercury around the Sun and its axial rotation is that
the duration of a solar day on the planet is equal to three sidereal Mercurial
days or two Mercurial years.Because of Mercury’s slow rotation, the distance
to the Sun and the angular size of the solar disk have a large effect on the
magnitude of the solar radiation. To investigate the diurnal variation of solar
flux and illumination conditions for surface area we have computed the
distance from the Sun, Mercury’s orbital velocity and part of the solar disk
above the horizon for each moment of time. For each elements of surface the
position of the Sun has been determined by its coordinates in the horizontal
system: zenith distance (z) and azimuth (A). The time increment has corre-
sponded to the Sun’s azimuth displacement by 1°.

We considered the possibility existence deposits of volatile compounds on the
surface and underinsulation layer of regolithin host craters. Paige etal. (2012)[8]
suggested that part of radar-bright deposits can contain of some carbo-
naceous material, which observed on the surface of comets and asteroids.
For this reason four models of structure of volatiles deposit were used in
our calculations: 1) pure water ice on the surface; 2) pure water ice under
the layer of regolith; 3) mixture of water ice and other volatiles compounds
on the surface and 4) under the layer of regolith. For each crater the thickness
of a layer of regolith, that necessary to protect the deposits of volatiles from
thermal evaporation was calculated.
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Fig. 1. Simulated morphometry of crater hosting the radar-bright feature B4 (a) and diur-
nal maximum surface temperatures in this crater (b). In the northern part of the crater
there is an area that corresponds to radar-bright deposit. The maximum temperatures in
this area do not exceed 100 K.
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INTRODUCTION

The paper reveals results of Mercury South pole surface relief research by photometry
methods. The photometry method searches out the intensity of reflectivity of planet’s sur-
face and provides studying of ground fine texture [4]. Main materials of the research are
photographic images of Mercury surface transferred by “Messenger” interplanetary station
during its passing near Mercury. For Mercury surface relief structure evaluation the images
of Mercury Southem hemisphere have been used. The photographic images of Mercury
surface transferred by “Messenger”’ have high spatial resolution of 2 km/pixel, while the
accuracy of Southem hemisphere altitudes evaluation makes at average 1,5 m.

FEATURES OF MERCURY SURFACE RELIEF

According to its photometric features Mercury resembles the Moon, however the
planet has its unique physical characteristics. Surface of Mercury is the combi-
nation of craters, worn-down plains, saw-edged cliffs (escarps) and ray patterns.
The relief of Mercury surface differs with numerous escarps hundreds kilometers
long, formation of which is linked with compression processes in crust taken
place during cooling of mantle and partial consolidation of planet’s core. There
are more ray craters on Mercury than on the
Moon — probably, the impact force here is
strengthened by bigger planet's mass and its
vicinity to the Sun. On photographic images
of Mercury there are also spots of some dark
substance that is much darker than general
background, which are probably the traces
of meteorite hits. Composition of the dark
formations remains unknown, however by its
look the material resembles ferrous titanate
[1,2]. During the second passing “Messen-
ger’ had monitored changes of Mercurian

1g9. e mosaic of craters on the
South pole of Mercury. The mosaic
includes numerous craters with lava

streams and great spaces of even vol-
canic plains, which by their structure
resemble volcanic deposits on the Moon

3]

Fig.2. The illumination of surface on
the South pole of Mercury. The cra-
ters painted dark blue are located
in permanent shadow. In such
areas there are probably depos-
its of water ice, presence of which
had been predicted by scientists on
the assumption of Mercury surface
albedo observations performed by
means of radio telescope.

relief. Evaluation of altitudes had revealed
the surface of Western hemisphere and
equator’s localities are 30% more even in
comparison to opposite hemisphere. In his-
tory of Mercury and the Moon there was a
period when streams of lava exposed to
surface. The significant part of plains of
Mercury Western hemisphere is covered
with lava. In addition, lava beds occur inside
and around huge Caloris basin, as well as at
the bottom of other big basins. Probably, the
plains of Mercury had been formed by huge
flows of molten material expelled to the sur-
face after basin-forming hits. The lava-cov-
ered areas look brighter than other ones.

PHOTOMETRIC EVALUATION
OF MERCURY SURFACE RELIEF.

Two main types of Mercury surface are: cra-
tered terrain and intercrater plains that had
demolished craters with low diameter. At the
bottom of big basins, including areas around
and inside huge Caloris basin, there are even
plains formed by molten materials. The cra-
tered terrain has approximately the same
mean albedo the Moon continents have, how-
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ever, Mercurian even plains are much darker
than ones on the Moon. Each image has ref-
erence data and a calibration scale for trans-
lating the image density into relative brightness
values. Photometric processing of space pho-
tographs made by Mariner-10 and “Messen-
ger’ space vehicles allowed us to evaluate
various type of Mercury surface reflectivity and
define its soil structure [4]. In general the sur-
face of Mercury is being more homogeneous
and monotonous by its photometric parame-
ters. Radar researches of circumpolar areas
reveal presence of ice in shadow points of cra-
ters in polar areas of Mercury. The minimum
temperature of surface in polar craters reduces
to 90 K, while maximum temperature within
Caloris Planitia reaches 700 K.

The temperature differentials on the surface
of Mercury are related with different inten-
sity of surface’s insolation during planet’s
orbital movement. The relief of the Southern
pole of Mercury is characterized with bigger
crater density. On the photographs of sur-
face there are flows of molten material at the

bottom of craters and lava streams on their
top. We have selected several photographs
of Mercury Southern hemisphere made by
“Messenger”. The photographs have been
processed by pixel scanning system for defi-
nition of surfaces with equal brightness [5, 6]. At the same time, using Mul-
tiSpecWin32 system we have defined areas with different reflectivity [3]. Thus,
we have evaluated surface roughness and relative number of impact craters
on it. As a result, three main morphological units have been obtained: the sur-
face with low reflection coefficient characterized by high roughness and high
density of impact craters; the surface of linear form characterized by extra low
reflection coefficient; and even surface characterized by less density of craters
and median reflectivity, which is typical for relatively recent formations.

Conclusion. “Messenger” space vehicle is an American automatic interplane-
tary station designed for research of Mercury. The vehicle had been launched
on August 3, 2004 with help of carrier booster “Delta 7925H-9.5". “Messenger”
entered the orbit of Mercury on March 18, 2011 at 01:10 (UTC). Photographic
prints transferred to Earth helped to determine that in the past on Mercury quite
intense tectonic activity had place. Its traces can be found in the Eastern and
Western hemispheres of the planet in the form of large even plains. “Messen-
ger” discovered new earlier unknown craters within the area of Mercury South
pole. During its passing near the planet “Messenger” made a number of shots
of unexplored areas (6% of the whole planet’s surface), carried out research of
Mercurian atmosphere and revealed traces of recent volcanic eruptions. Thus,
as of today about 98% of Mercury surface is explored. The rest 2% are polar
areas that are supposed to be explored in future. At the present time European
Space Agency (ESA) together with Japanese Aerospace Exploration Agency
(JAXA) develop BepiColombo mission that implies use of two space vehicles
- Planetary Orbiter (MPO) and Magnetospheric Orbiter (MMO). The European
MPO will explore surface of Mercury and its depths, while Japanese MMO will
perform observations of magnetic field and magnetosphere of the planet.
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color-coded photo mosaic of Mer-
cury’s south polar region shows
these “freezer” areas as dark
blotches.



8MS3-PG-14

DECIPHERING THE NOACHIAN
GEOLOGICAL AND CLIMATE HISTORY
OF MARS: PART 2 - ANOACHIAN
STRATIGRAPHIC VIEW OF MAJOR
GEOLOGIC PROCESSES AND THEIR
CLIMATIC CONSEQUENCES

J. Head', R. Wordsworth?, F. Forget?, and M. Turbet®

'Brown Univ., Providence, RI 02912 USA (james_head@brown.edu),
2Harvard University, Cambridge MA 02138 USA, Lab. de Météorolog
Dynamique du CNRS, Université Paris 6, Paris, France.

KEYWORDS:

Mars, Noachian, Climate, Fluvial, Icy Highlands, Warm and Wet, Cold and Icy,
Pluvial

INTRODUCTION

We apply a stratigraphic approach to the major Noachian geological processes
and observation, knowns and unknowns [1-3] to provide insight into potential
changes as a function of time, and to assess their climatic consequences.

EARLY NOACHIAN

This is the era of large impact basins, with Hellas Basin defining the base
of the Noachian, followed by formation of Isidis and Argyre. Impacts are knownto
have size-dependent effects in terms of ejecta and influence on the atmos-
phere, ranging from blowing off a significant part of the atmosphere, through
global distribution of silicate vapor that results in precipitation of silicate vapor
cloud condensate, and significant but short-lived very hot rainfall [4-6]. Recent
research has underlined the size-dependent effects, finding that large basins
could form global effects while those below ~50 km would have only local
effects [7]. Could the global effects form a global stratigraphic marker horizon
for the major Noachian basin analogous to the Imbrium basin on the Moon?

THE NOACHIAN MINERALOGICAL ALTERATION PARADOX

Ever since OMEGA [8] documented the dominance of phyllosilicates (clays)
in the Noachian, a solution has been sought to provide the three necessary
ingredients to account for their formation: 1) abundant liquid water, 2) temper-
atures >273K, and 3) prolonged exposure [9], while at the same time account-
ing for other observed minerals (e.g., olivine) that are unstable under these
conditions. A “warm and wet” climate has often been cited as the solution
[10], but the phyllosilicates do not clearly coincide in time or space with the
Late Noachian VN/ CBL/OBL assemblage [3], leading many to consider that at
least some of the phyllosilicates formed deeper in the crust under hydrother-
mal conditions [11]. A solution to this paradox might be found in the formation
of impact basins earlier in the Noachian: In an update [6] of the global effects of
impact basin formation [4-5], the immediate aftermath of the vapor cloud con-
densation is shown to be characterized by the global precipitation of sustained
hot rains (considerably above 273K), and lasting for several centuries. This
mechanism (Fig. 1) [6] pro- vides widespread, extremely hot water interacting
with the surface and near-surface substrate for centuries, a duration sufficient
to provide leaching of decameters of substrate. Support for this hypothesis
[6] comes from extensive the association of many of the phyllosilicates with
the Noachian basins Hellas, Isidis and Argyre [9,12-13] and other extensive
deposits dated to this period [14]. These deposits may provide stratigraphic
time- markers for the specific impact basins [6, 15].

This is the post-Argyre basin period; impact cratering at the sub-large basin
scale continues with declining flux. In the “warm and wet/arid” climate scenario
[10], the dominant process of crater degradation (loss of small craters; erosion
of larger crater rim/ejecta, infilling of crater interior) is rainfall-related diffusional
processes that are intermittent and at suffi- ciently low rates that water infiltra-
tion dominates over surface runoff and VN systems do not form. In this sce-
nario, although the climate is arid, MAT is required to be>273 K [10], implying
a vertically integrated hydrologic system in the equatorial/mid latitudes. This
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ambient “warm and arid” climate is envisioned to persist for sev- eral hundred
million years [10] (Fig. 1). The Late Noachian dominance of the VN-CBL-OBL
geomorphic assemblage is envisioned as representing a “climatic optimum”
[16], producing “warm and wet” conditions characterized by sufficient rainfall
precipitation to over come infiltration, and cause widespread fluvial and lacus-
trine activity. Here we separate out the “crater loss/ degradation” component
of the “warm and arid/wet geomorphic assemblage” and treat separately the
remaining “pluvial/fluvial/lacustrine” component (VN/CBL/OBL).

“CRATER LOSS/DEGRADATION” COMPONENT

Are there alternatives to the “warm and arid crater loss/degradation” [10] sce-
nario? Could the formation of the earlier Noachian impact basins have played a
role? Following [4-5], [6] have proposed that global deluge-scale rainfall phases
that immediately follow basin formation could obliterate small craters and cause
extensive planation and infilling of pre-existing distal craters. Furthermore, [7]
have shown that smaller basins and large craters may also produce regional
erosion and degradation effects. Detailed stratigraphic analyses are required to
assess this option further [6]. A second alternative, involving the “cold and icy”
climate scenario [17-19]; [20] explores the effects of a regional ice sheet pre-
dicted by this model in masking the sub-ice surface from smaller impacts, and
facilitating the observed rim degradation and infilling of Noachian craters. Nei-
ther of these two options requires MAT in the >273 K range. We conclude that
the “crater loss/degradation” component of the “warm and arid/wet geomorphic
assemblage” may also be consistent with other climate scenarios.

VOLCANISM AND VOLCANIC RESURFACING

The beginning of the LN-EH volcanism phase; resurfacing of Arabia Terra
and other Noachian plains formation, potential explosive volcanism, and peak
eruptive phases could potentially cause decades to centuries of warming [22].

LATE NOACHIAN “CLIMATE OPTIMUM”

This is the known period of dominance of the VN-CBL-OBL geomorphic assem-
blage envisioned as representing a “climatic optimum” [16] (Fig. 1), transitioning
from “warm and arid” to produce “warm and wet” conditions characterized by
sufficient rainfall precipitation to overcome infiltration, and cause widespread flu-
vial and lacustrine activity. Because of the alternative explanations for the “crater
loss/degradation” component [6, 20], not involving MAT in the 273 K range,
here we focus only on the “pluvial/fluvial/lacustrine” component (VN/CBL/OBL)
of the “warm and arid/wet geomorphic assemblage” and assess the climate
implications (Fig. 1). Key questions are: Nature of ambient climate [10, 18],
source of water [21], volume of water [21], continuous or discontinuous condi-
tions [21], intermittency [23], total duration [23], and presence of oceans [24]?

THE LATE NOACHIAN CLIMATE PARADOX (LNCP)

The Late Noachian climate paradox [1] can be stated as follows: 1) Robust LN
Mars climate and general circulation models [17-18] predict MAT ~225 K, and an
altitude- dependent stability of snow and ice, such that the surface water inven-
tory is deposited preferentially above an ELA of ~+1 km (southern uplands and
south circumpolar regions), the “icy highlands” model [18-19]. In this ambient
atmosphere, no combination of spin-axis/orbital parameters can produce sig-
nificant melting of this snow and ice anywhere on the planet [25]. 2) The well-
docu-mented, “pluvial/fluvial/lacustrine (VN/CBL/OBL)” component of the “warm
and wet geomorphic assemblage” [10, 16], in contrast, shows unequivocally that
liquid water flowed extensively across the surface, ponded, and overflowed, cre-
ating fluvial networks systems as long as 1000 km [3]. Clearly, these two aspects
are in- compatible and represent a paradox. On the one hand, climate modelers
find great difficulty in achieving MAT>273 K (no combination of sustained green-
house gas sources have been able to achieve MAT >273 K for the duration
of M-L Noachian), and geologists have not found an alternate explanation
to widespread flowing liquid water for the VN/CBL/OBL fluvial assemblage.

A CANDIDATE SOLUTION TO THE LATE NOACHIAN
CLIMATE PARADOX

We propose that a solution to the LNCP lies in a “cold and icy” ambient back-
ground climate (MAT ~225K) [17-19] that undergoes multiple episodic/ periodic
regional to global warming perturbations, that either individually or collectively
are sufficient to ac- count for the observed “warm and wet geomorphic flu- vial
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assemblage”. Among the candidates for such perturbations are: 1) periods of
abbreviated greenhouse gas release sufficient to raise MAT 10-15 K so that
peak seasonal (PST) seasonal or peak daytime melting (PDT) can melt snow-
pack to form the observed VN/CBL/OBL [19,25]; 2) Effusive/explosive volcanic
eruptions at highenough fluxes that SO2 release causes equatorial/mid- lati-
tude atmospheric heating for decades to centuries to form the VN before global
cooling [22]; 3) Post-Argyre large crater/small basin formation sufficient to per-
turb the atmosphere regionally to form the VN [7].

CONCLUSIONS

A stratigraphic approach to understand- ing the climate of Noachian Mars [1-3]
indicates that: 1) The Early Noachian is dominated by the formation of Hellas,
Isidis and Argyre basins; associated with eachbasin is the collapse of a global
vapor plume, condensation of silicate vapor and a hundreds of year long phase
of torrential hot rains, potentially accounting for significant alteration of sur-
face materials to phyllosilicates [15]. The formation of each basin emplaced a
global meters-thick isochronous silicate condensate time marker accompanied
by significant associated alteration to phyllosilicates [15]. The Early Noachian
ambient background climate was profoundly perturbed by each impact event,
with exact recovery pathways and times uncertain [7]. On the basis of the
difficulty of sustaining a “warm and wet/arid” climate [10] for several hundred
million years (Fig. 1), we adopt the “cold and icy” post-basin period (MN-LN)
climate to be the ambient background climate. The LN “climatic optimum”,
during which the VN/CBL/ OBL systems formed, is interpreted to be due to
one or more climatic perturbations operating to perturb MAT, PST, and/or PDT
on the “icy highlands” climate model. These ideas can be tested with further
analyses of the critical stages as described above. The transition from the
Late Noachian to Early Hesperian sulfate formation is interpreted to be related
to EH basaltic flood volcanism resurfacing at least 30% of the planet [26];
the subsequent waning global volcanic flux [21], together with losses to space [27],
transitioned the global atmosphere toward decreased atmospheric pressure
[28], an end to the “icy highlands”, the reduction of south polar cap (DAF)
area/volume [29], the beginning of a bipolar Mars, and reduction to even lower
weathering/erosion rates.

DURATION OF NOACHIAN PERIOD
EARLY NOACHIAN |
LATE NOACHIAN |

MIDDLE NOACHIAN |
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Fig. 1. Estimates for VN formation duration (from [23]).
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INTRODUCTION:

The Dynamic Albedo of Neutrons (DAN) active neutron spectrometer[1] has
been operating onboard the Curiosity rover in the Gale crater since the MSL
landing in 2012. Here we present the equivalent water and chlorine abun-
dances measured in DAN active mode over the five years of operation and
more than 17 kilometers of Curiosity traverse.

REFERENCES:

[1] Mitrofanov |.G., Litvak M.L., Varenikov A.B., et al. Dynamic Albedo of Neu-
trons (DAN) experiment onboard NASA's Mars science laboratory. // Space
science reviews. 2012. V. 170. No. 1-4 P. 559-582.
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INTRODUCTION:

The formation of valley networks, open- and closed-basin lakes, deltas and
alluvial fans in the Noachian highlands of Mars has been constrained to a
brief but intense episode of fluvial activity, known as the “terminal epoch,”
around the Noachian-Hesperian boundary [1]. Surveys of the valley networks
have shown that they likely formed through the action of liquid water flowing
at the surface [2-4]. However, climate modeling studies have failed to raise
mean annual average temperatures (MAAT) above 273 K with an H,0+CO,
atmosphere at variable pressures [5-7]. This “cold and dry” model maintains
a subfreezing, hyperarid environment during the Noachian with a global cry-
osphere more typical of present-day Mars [8]. Liquid water would have existed
on the surface only during transient warming events caused by volcanism [9]
or impact heating [10-11]. This is seemingly in contradiction to the geologic evi-
dence, which suggests that the Noachian was instead “warm and wet,” with a
robust hydrologic cycle dominated by precipitation and surface runoff [12-14].
Recent work on an “icy highlands” model has attempted to reconcile some
of these differences by allowing limited runoff from glaciers while maintaining
MAAT below freezing [15-16].

Morphometricstudieshaveshownthatvalleynetworkprofilescloselyfollowregional
slopes and incise into previously reworked intercrater plains material [13-14,17].
This earlier, more extended period of highland degradation, herein referred
to as the “early dry period,” is significantly less well characterized than the
terminal epoch. Discharges were too low to effectively transport sediment,
drainage integration was localized, and valley networks, where they existed,
generally did not form incised channels [17]. This led to a weathering- and infil-
tration-dominated regime that gradually filled crater floors and alluvial plains
with hundreds of meters of permeable, loosely consolidated sediment [18-20].
The total volume of sediment removed during the early dry period was much
greater than the amount eroded by the valley networks, but average erosion
rates were comparable (Tables 1-2). This implies that the early dry period
lasted many times longer than the terminal epoch, perhaps on the order of
several tens to hundreds of millions of years, encompassing most of the Middle
and Late Noachian.

Beyond a qualitative idea of the climatic conditions that prevailed in the early
dry period, little is known of the exact rates, amounts, and transport mech-
anisms that might have created the substrate that existed in the highlands
before the valley networks formed. We propose a variety of tests using a land-
form evolution model [21] that can simulate fluvial and slope processes under
accurate Martian conditions. In particular, we attempt to constrain hydrologic
parameters to match the transport-limited regime of the early dry period.

ESTIMATES OF EROSION RATES AND SEDIMENT VOLUMES:

A handful of studies in the 1990s and early 2000s [18-20] attempted to estimate
how much material had been reworked by fluvial processes in the Noachian,
mostly by comparing populations of degraded craters to modeled production
functions. [19] and [20] used craters in and around Arabia Terra for their esti-
mates, while [18] made a more comprehensive survey of all highland craters
between 30 degrees north and south latitude. However, [18] also extended
their age range to the end of the Hesperian, which given more recent evidence
of the abrupt cessation of intense erosion shortly after the Noachian-Hesper-
ian transition [1], is probably not accurate. Instead, each erosion estimate can
be recalculated to fall within either the Middle-Late Noachian or strictly the
Late Noachian, providing two alternative constraints on how long the early dry
period may have lasted. In such a scenario, erosion rates are on the order of
10+ to 102 mm/yr (Table 1).
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Table 1. Estimated erosion rates during the early dry period.

Normalized sediment volume Erosion rate (mm/yr)

/10°% km? (km?) Middle-Late Noachian | Late Noachian
230-410 Myr 120-300 Myr
[23-24] [23-24]

2.9x10% (min) [18] 0.0007-0.001 0.001-0.002

2.3x10° (max) [18] 0.006-0.01 0.008-0.02

2.2x10% [19] 0.0005-0.001 0.0007-0.002

1.0x10° [20] 0.002-0.004 0.003-0.008

Erosion rates can also be estimated for the terminal epoch, which occurred
primarily in the channelized flows of valley networks [13]. [22] calculated a
total sediment volume of 1.5x10°% km?® based on cavity volumes and sediment
porosity from [25]. Table 2 normalizes this volume based on Noachian drain-
age densities and compares erosion rates for a likely range of valley network
formation timescales. FIf we assume that valley incision was occurring con-
stantly throughout this time, then erosion rates would have been on the order
of 10 to 10" mm/yr. If incision was episodic, however, then actual rates during
periods of incision would be higher. For example, if the valleys formed over 10°
years or less, as suggested for a “deluge”-style flow [27], erosion rates could
easily surpass those of the early dry period and approach 2-10 mm/yr.

Table 2. Estimated erosion rates during the terminal epoch.

Sediment Drainage area Normalized Erosion rate (mm/yr)
volume (km?) (km?2) sediment 107 yr 108 yr
volume/10° km? | [26-27] [26-27]
(km°)
1.5x10% [22] 6.2x107 [2] 2.4x10° 0.00024 0.024
1.3x107 [3] 1.1x10* 0.0011 0.1
6.8x107 [4] 2.1x10° 0.00021 0.021

PROPOSED LANDFORM EVOLUTION MODELING:

We use the MARSSIM landform evolution model first described by [21] and
further explored in [27-33]. The model is written primarily with simulation
of physical processes in mind, and therefore requires a fairly robust under-
standing of the underlying hydrologic and geologic conditions to produce
accurate results. We propose to test several different parameters in order

200
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b

Fig. 1. Topographic maps for a 10 million-year simulation (this study) using a 256x256
pixel DEM from the MARSSIM source code [37], scaled to 400 m/pixel with doubly peri-
odic boundary conditions. Groundwater sapping and mass wasting were modeled over
a pre-cratered surface. a) input elevation; b) output elevation; c) elevation change, all in
meters. Note the infilling of crater floors and lowering of crater rims.
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to constrain 1) the conditions under which the model produces transport-lim-
ited flow, as observed in the early dry period; 2) the erosion rates and sediment
volumes typical of such a regime, and how they compare to previous esti-
mates; and 3) how long the early dry period lasted.

The model has the ability to output both text and image files for individual runs
during the simulation; these can then be analyzed further using geospatial
mapping tools such as ArcGIS. Previous studies have relied on an inverse
method by taking the largest “missing” crater diameter in an expected size
distribution as a baseline for the amount of degradation that occurred [18].
Instead, MARSSIM implements a crater geometry model [34-36] that can be
used to quantify degradation with known initial conditions. By measuring ele-
vation changes on crater floors between the input and output DEMs, the exact
amount of infilling can be determined (Figure 1).
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INTRODUCTION

Acquisition of Earth-based radar image observations, followed by regional
image coverage (Venera 15/16) and finally global image coverage by Magel-
lan, together with global altimetry, have provided the data necessary to ana-
lyze stratigraphic relationships and produce a global geological map of Venus
[1]. The resulting stratigraphic column provides an outline of the major themes
in the geological evolution of Venus in terms of fundamental processes such
as tectonism [2] and volcanism [3]. The paucity of superposed and embayed
impact craters and the impression that they are randomly distributed precluded
the traditional counting of superposed craters on individual geological units to
derive an impact crater size frequency distribution-based absolute chronology.
The recent utilization of techniques of buffered crater counting and related
methods has recently provided a basis for linking the sequence of events in the
geology/stratigraphy to an absolute chronology [4]. We now have an interpre-
tative framework for the geologic history of Venus that can be used as a basis
for identifying outstanding questions and applying a wide range of modeling
techniques to address these questions.

The geological history of Venus can be characterized by three basic consec-
utive phases (Fig. 1): Phase | represents the period prior to the formation age
of the geo-morphological/geological units on the surface (the pre-Fortunian
Period) and occupies the majority of the history of Venus. Although some rocks
comprising the oldest observed preserved unit, the tessera, could date from
this era, the observed geologic record starts with Phase Il. Phase Il is com-
prised of two regimes, an initial global tectonic regime which begins with the
intense tectonic deformation (the Fortunian Period) interpreted to have formed
the globally distributed tesserae highlands of thickened crust that comprise
about 7.3% of the planet, followed by many tectonic structures in the surround-
ing highly deformed plains, including ridge belts, groove belts and coronae.
The second regime in Phase 2, the global volcanic regime, starts with the
emplacement of volcanic plains dotted with thousands of small shield volca-
noes, and is immediately followed by regional plains interpreted to have been
emplaced as flood basalts in lows between the tesserae highlands, and then
de-formed by wrinkle ridges. The shield and regional plains comprise 61.3%
of the surface of Venus. Thus, the vast majority of the observed surface geo-
logic units on Venus (80.7%) formed over a relatively short period of time (the
Fortunian and Guineverian Periods), estimated to have lasted less than sev-
eral hundreds of millions of years. Phase Il represents a distinctive change in
style, an extended period of global network rifting (the Atlian Period), with rift
zones often radiating from topographic rises; volcanism continues (perhaps
to today [5]), but is primarily characterized by lobate lava flows associated
with the rifts (the network rifting-volcanism regime). In summary, the geological
record consists of the majority of history that leaves no geological/geomor-
phological record (Phase ), followed by Phase IlI, a period of intense global
tectonic deformation followed immediately by global shield plains and regional
plains volcanically resurfacing over 60% of the planet, followed by Phase llI,
relative quiescence and development of a global rifting system linking several
broad rises. The last two phases occurred in less than the last ~15-20% of the
history of Venus.

This scenario presents multiple major challenges to various modeling commu-
nities: internal structure and evolution, mantle convection, thermal evolution,
geodynamic, geochemical, petrogenetic, atmospheric origin-dynamics-geo-
chemistry-evolution, ionosphere, solar system formation and evolution. We
outline these here.


mailto:james_head@brown.edu

PLANETARY PERSPECTIVES:

What phases of typical terrestrial planet evolution (e.g., accretion, satellite
acquisition and loss, core formation, crustal segregation/growth/aftermath,
magnetic field evolution, volatile acquisition and degassing to form atmos-
phere/oceans, impact flux and basin formation, mantle and lithospheric evolu-
tion, ionospheric structure and evolution, influence of solar and interplanetary
environment) can be established, modulated or ruled out from our knowledge
of Venus? If Venus transitioned from an Earth-like planet to its current state,
when, over what time period, and how did this take place? What is the cause
of Venus’ slow retrograde rotation? Could Venus have undergone true polar
wander? What is the explanation for the lack of a detectable magnetic field?
What can evolutionary models say about the presence and fate of a moon(s)?
What do solar system evolution models tell us about the initial position and res-
idence time of Venus relative to its current position in the Solar System? What
do spin-axis, orbital parameter (e.g., obliquity, eccentricity) evolution models
tell us about the evolution of Venus? How can Venus’ geologic history models
inform us about how plate tectonics might have initiated Earth? How do Venus
and Earth fit into the context of new models of exoplanetary system formation
and evolution?

INTERIOR EVOLUTION, MANTLE CONVECTION AND GEO-
DYNAMICS

Venus appears to have undergone a relatively recent distinctive global tec-
tonic phase, followed by a near global volcanic phase, a significant reduction
in volcanic flux, followed by an extended rift-dominated phase of tectonism
and volcanism. What is the relative role of Pratt, Airy and flexural isostasy in
accounting for the current topography of Venus? What are the more detailed,
testable predictions of models of the transition from mobile lithospheric lid to
stagnant lid regimes? Can geodynamic models explain the observed near-
global flood basalt phase following tessera formation? What geodynamic and
petrogentic models can account for the near-global distribution of small shield
volcanoes? What coupled geodynamic/petrogenetic models can account for
the apparently very viscous magma represented by the steep-sided domes
and festoons? How can mantle convection and geodynamic models account
for both global small shield volcanoes (<~20 km) and global large shields
(>~200 km)? What temperature-dependent crust-mantle viscosity structure
seems most consistent with the geological features and evolution? How can
ge-odynamic models distinguish between episodic global resurfacing and a
one-time mobile-lid to stagnant lid transition? What does the global and tem-
poral distribution of coronae and large shield volcanoes tell us about mantle
convection patterns and the thermal evolution of the lithosphere? Is Venus cur-
rently volcanically active? Where and why? Can the current cratering record
reveal information about changes in the evolution of CO2 atmospheric pres-
sure? How can impact flux modeling and observations improve the chronology
of Venus’ recent geologic history? What does the configuration of the late
stage global rift systems tell us about recent mantle convection patterns?

Surface Evolution and Relation to Atmosphere and Interior: What was the
nature of the global event that produced the tessera terrain? Was it truly global
and what was the duration of this event? What do models of atmospheric evo-
lution and climate change predict about the influence of the thermal structure
of the crust and lithosphere how changes could be reflected and recognized
in the style of tectonic deformation? What explains the common correlation
of coronae and rift zones? Are coronae causing rifting, or is rifting inducing
upwelling? On the basis of comparative planetology modeling, what is the
most plausible scenario for the nature and fate of water and oceans in ear-
lier Venus history? How can impact cratering hydrocode models increase our
under-standing of crustal and mantle structure and evolution? How can impact
cratering hydrocode models inform us about the influence of major impact
events on the atmosphere? How can physical volcanology models ex-plain the
apparent dearth of pyroclastic deposits? How can volcanic eruption and impact
crater ejecta modeling link Venera lander panoramas to global processes?

IONOSPHERE, ATMOSPHERE, CLIMATE
AND HYDROSPHERE
What are the most plausible current models for the history and evolution of

the climate of Venus? What was the nature of the evolutionary transition to the
cur-rent atmosphere? Was it gradual, or did the apparently short-term global
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phase of tectonism and volcanism mark an evolutionary step-function? How
do variations in the solar wind over the short term and geologic time influence
the atmosphere and atmospheric loss rates? What are the loss rates of water
and other volatiles from the Venus upper atmosphere to space? What are the
loss rates of volatiles to the surface through chemical reactions and how did
these change with time? Did Venus have an ocean and if so, what was its
magnitude, duration and fate? How can impact crater ejecta patterns further
inform us about atmospheric vertical structure, global circulation, and evolu-
tion? What atmospheric models best predict the unique surface properties of
the highest Venus elevations? How can the eolian alteration of impact crater
ejecta inform us about atmospheric evolution? What do atmosphere chemistry
models predict about surface weathering and can this be recognized in the
Venera panoramas or global surface properties?
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Fig. 1. Stratigraphic units, sequence and timing of the geological history of Venus [1-3].

CONCLUSIONS

Observations from space mission to Venus over the last 55 years have
established a substantial database of knowledge and raised significant new
questions. Modeling from a wide range of communities to address a host of
outstanding questions can lead to important new insights in the coming dec-
ades.
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RIFT ZONES OF VENUS: POSSIBLE
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INTRODUCTION:

The terrestrial plate tectonics likely does not work on Venus [1]. Because of
this, rift zones within the stable platforms on Earth may represent as a possible
analog of the Venusian rift zones. The similarities of the rifts of Venus with the
intracontinental rifts on Earth were noted earlier [2-4].

THE GOAL OF THE STUDY

was to compare the results of the investigation of the rift zones of Venus (Atla
and Beta regions) with the rift zones in the East African Rift System. This com-
parison can provide new information for a better understanding of the mecha-
nism of rift formation on Venus.

THE EAST AFRICAN RIFT SYSTEM (EARS)

is formed in a stable platform region [5; 6]. This is the largest system of clas-
sical continental rifts of the Earth, which extends for more than 6000 km and
consists of Western and Eastern branches [7; 8]. The Western branch has no
spatial association with the dome-like rises and is characterized by a narrow,
40-100 km wide and deep (~ 3 km) rift valley [7; 9; 10], which is accompanied
by weak volcanic activity [11]. The Eastern branch occurs in association with
the dome-like rises and is characterized by a slightly wider (~ 50-150 km) and
less deep (~2 km) rift valley [7]. Fissure-related lava fields and volcanoes of a
central type commonly occur in association with Eastern branch [7; 11].

The NW-SE extension dominates within the EARS and determines the direc-
tion of opening of the rift valleys in both branches [8]. The EARS began to form
and developed in the Cenozoic due to influence of a mantle diapir on the thick
(~100 km) continental lithosphere [12; 13].

THE RIFTS ZONES OF VENUS

extend for thousands of kilometers and represent wide (hundreds of km)
zones of deformation [14; 15]. Topographically, they are deep (up to sev-
eral kilometers) canyons and are associated with the dome-shaped rises
of the Beta-Atla-Themis region [16]. These rises are classified as rifts-as-
sociated ones [17] and are interpreted as areas elevated by the action
of mantle diapirs [e.g., 3]. The rift valleys usually propagate from the top
of the rises [18]. The rift valleys in Atla Regio have a width from 170 to 385 km
and a depth of 1.5-2.5 km [15]. These valleys are spatially associated with lava

Rift valley
EARS: Western branch, Albert

EARS: Western branch, Tanganyika

EARS: Eastern branch, Kenyan Rift
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e - b2 o WW

BETA REGIO: SW branch

.

ATLA REGIO: NW branch

1km

100 km
Fig. 1. (left). The rift valleys of Venus and Earth in cross-section of the middle part of rifts.
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fields a few hundred kilometers across [19] and with large volcanoes of Maat
and Ozza Mons [17]. The rift valleys of Beta region are about 180-235 km wide
and about 1.5-2 km deep [15]. They are spatially associated with extensive
lava plains [19] and a large volcano of Theia Mons [17; 20].

DISCUSSION AND CONCLUSIONS:

The rifts of Atla and Beta regions and the Eastern branch of EARS are spa-
tially associated with the dome-shaped rises [21; 22]. The Venusian domes,
however, are much larger than their terrestrial counterparts. The largest dome
is observed in Beta Regio, it is about 2000-2500 km across [23; 17; 20] and
~ 5 km high [23]. The dome of Atla Regio is slightly smaller, it is about 1600 km
across and about 2.5 km high [17]. These characteristics significantly exceed
those of the terrestrial rises. The Kenyan and the Ethiopian domes are about
1000 km across [24; 25] and reach 1.5-2 km in height [7]. The rift zones of Atla
and Beta were formed on top of the Venusian domes as a result of cracking
and extension of the lithosphere [26; 21].

The length of individual rift branches of Venus varies from 1300 to 3300 km,
while the length of the Eastern branch of the EARS is ~ 1200 km, and the West-
ern branch is ~ 1500 km long. The rift zones of the studied regions of Venus and
Earth are expressed in relief by linear graben with pronounced flanks (Fig. 1).
The rift valleys of Atla and Beta regions are about twice as wide as the rift valleys
of Eastern Africa. The width of the rift valleys in Atla Regio is ~ 270 km, and in
Beta region it is ~ 200 km, on the average. The width of the rift valleys of EARS:
in the Western branch it is ~ 90 km and in the Eastern branch it is ~ 140 km,
on the average. At the same time, the visible depths of the Venusian rift valleys
are similar to the depths of the terrestrial valleys in the Eastern branch and are
smaller than the valleys in the Western branch. On the average, the depth of the
rifts in Atla Regio is ~ 2 km, in Beta region it is ~ 1.8 km, for the EARS Eastern
branch it is ~ 2 km [7], and for the Western branch it is ~ 3 km [7; 10].

The rift-bearing domes of Atla and Beta are about twice as large as their ter-
restrial analogues and the Venusian rift valleys are about two times longer and
wider than the terrestrial counterparts. However, estimates of the horizontal
extension of the rift zones of Venus are noticeably smaller than the total exten-
sion of the continental rifts of EARS. The estimates of horizontal extension
for the rift zones in Atla are about 2% and are ~ 3% for Beta, whereas these
estimates for the African rifts are ~ 8% for the Western branch [8; 9] and ~10%
for the Eastern branch of the EARS [27].

The general similarities in the shape, association with the dome-like rises and
abundant volcanism suggest that the mechanisms of rifting in Atla and Beta,
and in the Eastern branch of the EARS are similar. The differences in the
morphometric characteristics of the studied rifts are probably due to different
thicknesses of the pre-rifting lithosphere. The rift zones of Venus were proba-
bly formed on a thicker lithosphere than that in the EARS (Fig. 2).
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Fig. 2. (right). Correlation of thickness pre-rifting lithosphere (T) with a width of rift valley
(W): EPR - East Pacific Rise; MAR — Mid-Atlantic Ridge; EARS — East African Rift Sys-
tem, Western branch; Eastern branch: (K) Kenyan Rift and (E) Ethiopian Rift; Atla and
Beta — rift region’s of Venus.
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INTRODUCTION:

During the last decades, the geologic history of Venus has been character-
ized by a major debate on whether the planet underwent a catastrophic or
equilibrium resurfacing. While the random global distribution of impact craters
indicates that a global rejuvenation of the crust took place about 300-600 Myr
ago [1,2] and supports a catastrophic resurfacing [3], the number and non-ran-
dom distribution of volcanoes on Venus is in contrast with this hypothesis [1],
favoring instead a steadier (equilibrium) resurfacing.

Preliminary observationsbased on the NASA Magellan and on the ESA Venus
Express datasets suggest a possibly young geologic age of formation for Imdr
Regio, a volcano-dominated large topographic rise of Venus.However, this
areastill remains poorly studied.

Nontheless, Imdr Regio offers a great opportunity to improve our understand-
ing of the present style of resurfacing on Venus. Finding evidences that geo-
logically recent volcanic activity occurred over a localized area would point
toward a steadier resurfacing, with important implications for the rheological
structure of the interior of Venus. For these reasons, we propose Imdr Regio
as a potential landing site for the future Venera-D mission [4].

In preparation for consideration of Imdr Regio as a landing site, we are cur-
rently planning an extensive geologic study of Imdr Regio. As part of this effort,
candidate landing regions within Imdr Regio will be identified.

During the Venera-D mission, we would use remote observations from orbit as
well as in-situ measurements of the surface chemical composition and volatile
content provided by the Venera-D lander to answer key questions about Imdr’s
volcanic history.

BACKGROUND STUDIES ON IMDR REGIO:

Previous studies of this area provided hints pointing toward its relatively young
geologic age. Compared to the other volcanic rises of Venus, Imdr Regio exhib-
its the smallest amount of associated volcanic deposits, with an approximate
volume of 48 x 10¢ km? [5]. Wrinkle ridge patterns predate the formation of the
topographic swell and have been uplifted by about 200 m [5]. The density of
wrinkle ridges at Imdr is relatively small compared with the neighboring areas
[6]. One possible interpretation is that the wrinkle ridges within Imdr Regio
havebeen partially covered by subsequent volcanic eruptions.

More recently, the VIRTIS instrument of the Venus Express mission observed
high 1 micron emissivity anomalies which indicate the presence of chemically
unweathered lavas on the top and eastern flank of ldunn Mons [7,8], the major
volcanic structure (200 km diameter) of Imdr Regio. The emissivity anomalies
observed by VIRTIS are possibly due to the occurrence of geologically recent
volcanic activity [7,8]. The smaller volumeof volcanic deposits, the lowerdensity
of wrinkle ridges and the 1 micron emissivity anomalies observed by the VIRTIS
instrument on Idunn Mons all suggest that the topographic rise of Imdr Regio
might currently be in an early stage of evolution with ongoing volcanic activity.

GEOLOGIC MAPPING OF THE V-51 QUADRANGLE

We are currentlyworking on a proposal to the NASA Solar System Workigs
(SSW) Program Element, for assignment of the geologic mapping of the V-51
(Imdr Regio) quadrangle of Venus, that is currently unassigned (https://plane-
tarymapping.wr.usgs.gov/Target/project/2).If successful, we will proceed with
the mapping following the guidelines provided by previous works [9,10].We
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will divide geologic mapping of the V-51 quadrangle into the three main layers
which respectively include: a) all visible tectonic features (i.e., wrinkle ridges,
grabens), b) the geomorphologic units, ¢) impact craters.This geologic map-
ping is crucial for identifying preferred landing regions for the Venera-D lander.
On this regard, we will give priority to relatively unweathered and geologically
young volcanic deposits.

ANALYSIS AND INTERPRETATION OF THEVENERA-D
DATASETS

This phase will be focused on the analysis and interpretation of the datasets
provided by the Venera-D mission. Looking at Imdr Regio, and in particular
atldunn Mons, we plan to use the dielectric permittivity derived by the higher
resolution radar dataset to determine the approximate bulk composition of the
surface deposits (assuming the orbiter payload includes radar instrumenta-
tion).These results will then be compared to the surface chemistry of the young
volcanic deposits retrieved by the Venera-D lander.

The cross-correlation between morphometry, chemical composition and vola-
tile content of young volcanic deposits of Imdr Regio may provide better con-
straints on the style and rate of currently active volcanism on Venus.
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NASA's Juno mission to Jupiter launched in 2011 and arrived at Jupiter
onJuly 4, 2016. Juno’s scientific objectives include the study of Jupiter’s interior,
atmosphere and magnetosphere with the goal of understanding Jupiter’s
origin, formation and evolution. An extensive campaign of Earth based obser-
vations of Jupiter and the solar wind were orchestrated to complement Juno
measurements during Juno’s approach to Jupiter and during its orbital mis-
sion around Jupiter. This presentation provides an overview of results from the
Juno measurements and the collaborative campaign during the early phases
of Juno’s prime mission. Scientific results include Jupiter’s interior structure,
magnetic field, deep atmospheric dynamics and composition, and the first
in-situ exploration of Jupiter’s polar magnetosphere and aurorae.
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INTRODUCTION:

The Juno spacecraft entered polar orbit about Jupiter on July 4, 2016, embark-
ing upon an ambitious mission to map Jupiter’'s magnetic and gravitational
potential fields and probe its deep atmosphere, in search of clues to the plan-
et’s formation and evolution [1]. Juno is also instrumented to conduct the first
exploration of the polar magnetosphere [2] and to acquire images and spectra
of its polar auroras and atmosphere.

Juno’s 53.5-day orbit trajectory carries her science instruments from pole
to pole in approximately 2 hours, with a closest approach to within ~1.05 RJ.
of the center of the planet (one R = 71,492 km, Jupiter’s equatorial radius),
just a few thousand km above tHe clouds. Repeated periapsis passes will
eventually encircle the planet with a dense net of observations equally spaced
in longitude (<12° at the equator) and optimized for characterization of the
Jovian dynamo [3]. Such close passages are sensitive to small spatial scale
variations in the magnetic field and therefore many such passes are required
to bring the magnetic field into focus. Nevertheless, after only 8 orbits, low-
degree spherical harmonics can be extracted from a partial solution to a much
more complicated representation (e.g., 20 degree/order), providing the first
new information about Jupiter’s internal magnetic field in decades.

Juno is equipped with two magnetometer sensor suites [3], located 10 and 12 m
from the center of the spacecraft at the end of one of Juno’s three solar panel
wings. Each contains a very accurate (100 ppm absolute vector accuracy)
fluxgate magnetometer (FGM) sensor and a pair of co-located non-magnetic
star tracker camera heads, providing accurate attitude determination for the
FGM sensors. The co-located star cameras monitor the attitude of the mag-
netometer sensors continuously (providing up to 4 quaternions/s), correcting
for the slight deformation of the spacecraft solar array experienced during
maneuvers and perijove passes. Such deformations, if not measured and cor-
rected, would otherwise compromise measurement vector accuracy.

Juno’s 53-day orbit trajectory also carries her fields and particles instruments to
great distances in the magnetosphere (~110 R) at apojove. This affords ample
opportunity to sample the distant magnetodisc and source regions linked to
Jovian aurora, for comparison with infrared [4] and ultraviolet [5] images of
Jovian aurora. We present an overview of the magnetometer observations
obtained during Juno’s first year in orbit [6,7] in context with prior observations
and those acquired by Juno’s other science instruments [8,9].

REFERENCES:

[1] Bolton, S. J. and the Juno Science Team (2010). The Juno mission. Proceedings
of the International Astronomical Union Symposium, No. 269: 92-100.

[2] Bagenal, F., Adriani, A., Allegrini, F., et al.. Magnetospheric science objectives
of the Juno mission, Space Sci. Rev., doi 10.1007/s11214-014-0036-8.

[3] Connerney, J. E. P, Benn, M., Bjarno, et al. (2017) The Juno Magnetic Field
Investigation, Space Sci. Rev., doi: 10.1007/s11214-017-0334-z.

[4] Adriani, A., Filacchione, G., Di lorio, T., et al.: JIRAM, the Jovian infrared auroral map-
per, Space Sci. Rev., doi 10.1007/s11214-014-0094-y.



8MS3-GP-02

[5] Gladstone, G. R., Persyn, S. C., Eterno, J. S., et al.: The untraviolet spectrograph
on NASA's Juno mission, Space Sci. Rev., doi: 10.1007/s11214-014-0040-z.

[6] Bolton, S. J., Adriani, A., Adumitroaie, V., et al.: Jupiter’s interior and deep atmo-
sphere: the first pole-to-pole pass with the Juno spacecraft, Science, doi: 10.1126/sci-
ence.aal2108, 2017.

[7] Connerney, J. E. P., Adriani, A., Allegrini, F., et al., Jupiter's Magnetosphere and
Aurorae Observed by the Juno Spacecraft During its First Polar Orbits, Science, 10.1126/
science.aam5928, 2017.

[8] Mauk, B. H., Haggerty, D. K., Jaskulek, S. E., et al.: The Jupiter Energetic Particle
Detector Instrument (JEDI) Investigation for the Juno Mission, Space Sci. Rev., doi:
10.1007/s11214-013-0025-3.

[9] McComas, D. J., Alexander, N., Allegrini, F., et al.: The Jovian auroral distributions
experiment (JADE) on the Juno mission to Jupiter, Space Sci. Rev., doi:10.1007/s11214-
013-9990-9.



8MS3-GP-03

PROFILING THE JOVIAN HIGH ENERGY
PARTICLE FLUX AT JUNO’S
TRAJECTORIES

John Leif Joergensen', Peter S. Joergensen', Julia Sushkova’,
Troelz Denver’, lan E. P. Connerney'#, John E. P. Connerney?3,
Scott J Bolton®, Steven M Levin®

"Technical University of Denmark (DTU), Lyngby, Denmark.

2NASA Goddard Space Flight Center, Greenbelt, MD, United States.
3Space Research Corporation, Annapolis, MD, United States.
“Virginia Polytechnic Institute & State University, VA, United States.
5Southwest Research Institute, San Antonio, TX, United States.

5Jet Propulsion Laboratory (JPL), Pasadena, CA, United States.

Juno was launched August 5th, 2011, and entered the highly-elliptical polar
orbit about Jupiter on July 4th, 2016, some 5 years later. Juno’s science
objectives include, the mapping of Jupiter’s gravity and magnetic fields and
observation of the planet’s deep atmosphere, aurora and polar regions [1].
The Juno MAG instrumentation is accommodated on a boom at the end
of one of the solar arrays, and consists of two magnetometer sensor suites
each instrumented with two star trackers for accurate attitude determination
at the MAG sensors [2]. The inboard magnetometer is located 10m from
the spin axis of Juno and the outboard at 12m.

This configuration ensures minimal magnetic disturbance to the magnetom-
eters from other equipment onboard the spacecraft, but also put severe mass
constraints on the allowable radiation shielding and performance envelope
of the collocated, otherwise non-magnetic, star trackers. Only a modest
amount of radiation shielding material protecting the star camera CCDs
could be accommodated on each Magnetometer Optical Bench (MOB),
and as a resultthe CCDs has to cope with unusually high levels of penetrat-
ing energetic particles, in spite of a Juno trajectory optimized to avoid the
worst part of the fierce energetic particle flux.

By virtue of Juno’s orbit, and the moderate shielding level of the star tack-
ers, the majority of energetic particle flux penetrating to the star tracker’s
CCD consists of e- with energies >15MeV and, to a much lesser, extent
p+ with energies >80MeV. To reliably fulfill the star tracker’s attitude deter-
mination requirements, even within regions characterized by high radiation
fluxes, a special morphological filter has been developed whereby ioniza-
tion signatures are removed from CCD images. This allows the ensuing
matching of star centroids against the onboard star catalog to proceed
with limited interference from penetrating radiation. This system tolerates
more than 10,000 penetrating particles per integration time (0.25 s) of the
CCD. This filter has proven to operate extremely well, and the star tracker’s
attitude determination requirements have been met thus far in all environ-
ments encountered in orbit around Jupiter.

The star tracker hotspot filter detects and removes the signatures from
passing energetic particles, as when doing so, stores information about
the particle signatures removed. One of the metrics recorded tracks the
number of objects removed by the hotspot filter. By telemetering this “parti-
cle count number” to ground, this functionality is repurposed as a very pre-
cise high-energy particle detector. Since the magnetometer star trackers
operate at a cadence of up to 4Hz (typically near periapsis), the high energy
electron flux experienced by Juno is measured at a rate of up to 4 times per
second. In the more distant magnetosphere, the sample rate falls to 1 per
s or 1 per several seconds, depending on telemetry allocation constraints.

Juno’s elliptical trajectorycarries the spacecraft from 110Rj to 1.05Rj, where
1 Rj = 71,492 km, throughout which the energetic particle flux is measured
continuously: from deep space, through the magneto-disk and the radia-
tion horns at low mid-latitudes, and through periapsis just over the Jovian
cloud tops [3,4] near the equator. Enroute Juno often passes field lines
connecting to the Jovigraphic equator at radial distances mapping to Jovian
satellites.

We present the radiation environment encountered in the first 8 science
orbits of Juno, and discuss the fluxes of penetrating radiation measured
and the main radiation belt features.
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We simulated planetesimals passing through the circumplanetary disks of
Jupiter and Saturn and capture of their material into the disks with considera-
tion of combined processes of aerodynamic braking, fragmentation, and abla-
tion of planetesimals in the disk’s gas medium. Described below are the results
of simulation for the comet material of the planetesimals. We estimated max-
imum planetesimal size which the body should have at the entrance to the
disk in order to stay in the disk after loosing mass and velocity due to gas drag
and ablation. We have obtained limitations on planetesimal at which the body
is fragmented and its mass remains in the protosatellite disk. The conditions
for disk capture of the entire mass of planetesimals are different for satellites.
For material strength 2*10* Pa <6<2*10° Pa (scale factor A=0.2) a significant
difference in the total masses of planetesimals with radii from 0 to 10 km cap-
turing by the circumplanetary disks in the feeding area of Ganymede, Callisto
and Titan is possible and could lead to a low differentiation of Callisto and Titan
compared to Ganymede.

INTRODUCTION

Here we consider the problem of interaction of the circumplanetary disk and
solid bodies (planetesimals) falling onto the disk. We suppose that solution
of the problem will allow estimation of the masses and composition of bodies
that fell on the growing icy moons. This would provide explanation of the dif-
ferences in the mean density and internal structure of icy moons of Jupiter
and Saturn [1]. The multiparameter problem of gas drag, fragmentation and
ablation of planetesimals in the gas medium of the circumplanetary disk is
solved by a modified approach of the meteor physics [2-4]. The formulation
of the problem and the solution method are described in [5]. In the present
work, the processes of fragmentation of planetesimals during the passage of
the gas medium of the disk and their influence on the mass captured by the
disk are discussed.

THE MOTION AND LOSS OF MASS OF THE BODIES
IN THE DISK

We simulated passing planetesimals through the circumplanetary disks of
Jupiter and Saturn and capture of their material into the disks with consider-
ation of combined processes of aerodynamic braking and ablation of plane-
tesimals in the disk’s gas medium. We estimated maximum planetesimal size
(radius R, ) which the body should have at the entrance to the disk in order
to stay in the disk after mass and velocity loss due to gas drag and ablation.
The maximum radius of captured planetesimal R, is obtained as a function
of distances from the central planet. For the planetesimals with radii R> R, na’
which were able to escape the disk, the velocities at the exit after crossing
the disk should be higher than the escape velocity from the Hill (gravitational)
sphere of the planet.

FRAGMENTATION OF THE BODIES

We assume the start of mechanical fragmentation process at the moment
when the magnitude of the dynamical pressure ng2 becomes of the order
of the body strength c. The value of ¢ depends on body size, according
to the statistical theory of strength [6]: o=c"(m'/M)* , where ¢" 1 m* are the
strength and mass of the tested specimen, o is an effective strength of the body
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of the same material, but with mass M. Planetesimals of a larger size have less
effective strength and can be destroyed by the action of the gas stream, while
smaller planetesimals remain intactunder similar conditions. The smallestradius
of planetesimals of not subjected to fragmentation (R, . ). We use the scale
factor A=0.2 adopted for material of the comet [7]. In"Case of the destruc-
tion of planetesimals in the body with radii Rf <R, .. all the total mass
of the fragments remain in the disk. For sufﬁmently Iarge bodies, the forces
of self-gravitation of planetesimals become of the same order as the forces
of dynamic pressure. In this case, the body cannot be broken into large frag-
ments. Estimates of the minimum body size (R, ;), not fragmented as a result
of self-gravitation,are given in [8]: =10 km for ice %odles and =20 km for stone
bodies. We assume that the planetesimals consist of a substance identical
to the comet, R . .= 10 km. All planetesimals with radii from R, <R <R
will be destroyetﬂo fragments with dimensions R<R. _ . It can be assumed fhat
when the condition R, . <R, . the entire mass of planetesmals in the satellite
feed zone in the range 'of siZ88 0 <R <R, remains in the disk.

COMET STRENGTH:

The strength of the substance of comets in tension, shear and compression
has been investigated many times by several independent methods. There
is no consensus about the strength of cometary material, primarily because
of the scale factor. According to estimates [9], the strength at the scale
of a comet is estimated to be 5, ~ 100 Pa. Based on the average size of comets
of 5-10 km and their average denS|ty of 0.5-0.6 g / cm?, for a sample with mass

* = 1-10° g, we obtain strength estimates ¢* = (4- 12) kPa. Estimates of the
strength ofthe comet at scales of 10 m -1 km were carried out for comet 67P [10].
The tensile strength of 3-15 Pa (upper limit of 150 Pa) was obtained, the shear
strength was determined to be 4-30 Pa.

RESULTS:

Simulation of joint processes of aerodynamic braking, fragmentation, and
ablation (a comet substance) in the gas environment of the accretion disks
of Jupiter and Saturn was carried out. The values of the maximum capture
radius R, . and the radii of fragmentation of planetesimals R . are deter-
mined, dépending on the scale factor and strength of the subsfince at dis-
tances of the regular satellites of Jupiter and Saturn (Fig. 1, Fig. 2). The
strengths of weak (11IB) and strong (IlIA) cometary material, carbonaceous (D]
and ordinary (I) chondrites according to the classification [11] are shown in
the Fig.2. It follows from Fig. 2 that the entire mass of planetesimals with radii
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Fig.1 Dependence between the minimum
radius of fragmentation of planetesimalsR_
«» in Jupiter systems (dot-dashed line) and
aturn (dashed line) and the distance to
the central planet r. The circle, the rhom-
bus, the cross - r at the distances of Gan-
ymede, Callisto, Titan, respectively. The
strength of the planetesimal substance is
=10* Pa, the scale factor A=0.2.

Fig. 2 Dependence of the minimum radius
of fragmentation of planetesimals Rfmin on
the strength of planetesimals ¢* at the dis-
tances of Ganymede from the central planet
(solid line), Callisto (dashed line). The cir-
cle, the rhombus, the cross are the points of
equality to the values of the maximum radii
of capture of the planetesimal disk (Rfmin
= R1max) at the distances of Ganymede,
Callisto, Titan, respectively. In the case of
Rfmin< R1max, all the matter falling on the
disk is captured by the disk. The scale fac-
tor is A = 0.2. The abscissa axis shows the
strength of meteoritic matter in accordance
with the classification [11]
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R<R _ . is captured by a disk under the condition: <2*10° Pa for Ganymede,
5<2*1% Pa for Callisto and 6<5*10° Pa for Titan. Thus, for a material strength
of 2*10* Pa <6<2*10° Pa, a significant difference in the amount of matter cap-
tured by the disk in the feeding region of the regular ice satellites of Gany-
mede, Callisto and Titan is possible. This could be one of the main reasons for
the low differentiation of Callisto and Titan compared to Ganymede.

CONCLUSION

Fragmentation of planetesimals can be the main parameter in the mechanism
of capture of planetesimals by the accretion disks of giant planets. The pres-
ence of fragmentation is perhaps one of the reasons for the difference in the
internal structure of Ganymede, Callisto and Titan.
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INTRODUCTION:

After one year of orbiter phase of the Juno’s mission in Jupiter’s environment
a new information about the equatorial magnetodisk response to the solar wind
and interplanetary magnetic field dynamics could be received [2].

Ulysses magnetic field radial dependence
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Measured by Ulysses the Jovian magnetospheric magnetic field dependent on
the radial distance ris marked by a solid curve [3]. For comparison power law
curves with different indexes are also shown. The power law curves were nor-
malized on the measured field strength at 20 R, : 62.2 nT. Data (PI A. Balogh,
Imperial College, London, UK) have been received by using COHOWEB
system, NSSDC, NASA/GSFC, USA.

THE EQUATORIAL MAGNETODISK:

The equatorial plasma disk radial size is determined by the magnetosphere
size (subsolar magnetopause distance). The square of the outer disk radius
is proportional to the magnetic moment of the disk. The inner planetary dipole
and the thin current disk are the main contributors to the magnetospheric mag-
netic field. The bow shock crossing occurred once at the distance of 128 R,
in the course of Juno JOI orbit on July-Aug 2016. The magnetopause was
crossed several times at average distance of 94 R (from 74 R up to 114 R)).
Using the paraboloid of revolution approaches for both surfaces (the bow
shock and magnetopause) the subsolar distances have been calculated for
Juno JOI solar wind conditions. It is known that as a result of plasma disk
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formation the Jupiter’s magnetospheric size is about twice as large compared
to a purely planetary dipole case [1]. But sometimes the Jovian magneto-
sphere is becoming compressed, as it happened during the Pioneer 10 flyby,
when the magnetopause crossing was first observed at 98 R, and then at 55
R,and 48 R, demonstrating its large variability. In this sense the dependence
of the equatorial disk total current on the solar wind conditions is a critical point
for Jupiter’s outer magnetosphere dynamics.
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INTRODUCTION

The Galilean moons are immersed in the plasma and particle environment
of Jupiter's magnetosphere. The interaction of these particles with the sur-
face of the moons results in the release of material from the surface into the
exosphere. The JUpiter ICy moons Explorer (JUICE) mission of ESA will visit
the three icy Galilean moons, Europa, Ganymede, and Callisto, to perform
detailed measurements. Since these moons all have a water ice surface we
studied the interaction of these plasma particles with water ice in laboratory
experiments and modelled the resulting exospheres.

MAGNETOSPHERIC PLASMA

There are two particle populations in Jupiter’s magnetosphere, which are
of concern for this study. The first particle population is the thermal plasma,
also called cold plasma, that is more or less co-rotating with Jupiter’s rota-
tion [1,2]. The ions are mainly composed of oxygen, sulphur and hydrogen,
with relative abundances of H*:0":S™ = 1:3:1.7. The electron density is
slightly higher than the ion density, with averaged values of 200 electrons
cm=3 versus 130 ions cm=3. The second population is the energetic parti-
cle populations, also called hot plasma population, with their energy spec-
tra reaching beyond 100 MeV particle energy [3,4,5]. The temperatures
of the electrons and ions of the hot plasma population are quite high, with
values of 1 keV for electrons and tens of keV for ions. The energy spectrum
of the hot ions is generally modelled by a kappa distribution with charac-
teristic energies of a few tens to hundreds keV, and a power-law tail mod-
elling the ions forming Jupiter’s radiation belt. The energy spectra for the
ions and electrons of the cold and the hot plasma are shown in Figure 1
for the energy range of interest.

o ~ ~ 16°F -
OF .- e " a1 ol e \ - 3
|g‘:— - . % J g:r e 8 34, -
oty \ i 5 10 \ - ' i
5 ot 3993%3\ L A 3 ' % !
2 et : 1 P ' ]
- 0 . Y\ 1 - 10% e 4 1
" i0'p 1 n~oi0'E 1
LT 1 N 2" i 1
= 107! \ £ w0y | 1
Zu £ w0y '
2 1

wos[ ' 1 el .
10 107 1" il 10 1o 10 10w ot v 10 o 1w 0" 10t
energy [ev] welacity [lom/s]

10°F 9
W 1
10y 1
_ _ 1wy 1
H £ w0y 1
- ~ 1% 1
) g 10% o
2 r o'k s a____d
H 3 10% y/".‘/o"‘.‘i.‘x
F 3 ~ i,
- ¥ o2 - ~—
-4 ol P
10 i
ot 107% -

1wt 1‘u ol | :.u= ) 10 lu’. 1w .'_,- .l-u' 1w w' w w " ot
anargy [kav] welocity [lom,/x]
Fig. 1. Input data for exospheric modelling from [10]. Top row: Energy spectra for H, O, S
ions, and e~ of the two plasma populations at Europa where points represent measure-
ments and lines give modelled spectra. Bottom row: Sputter yields for water for H, O, S
ions, and e~ for the energy (velocity) range of interest.
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MAGNETOSPHERE-SURFACE INTERACTION

All these plasma populations cause sputtering of surface materials to pop-
ulate the exospheres of the Galilean moons to various degrees. The neu-
tral exosphere and the thermal plasma interact via charge exchange and
electron ionisation, resulting in induced currents in the ionosphere (if exist-
ing), in mass loading of the plasma flow (pick-up ions), and in deflection
of the plasma flow around the moon [6]. Deflection of plasma ions will reduce
the plasma fluxes onto the moon’s surface, thereby reducing the sputtering,
and in turn the exospheric densities. Thus the moons exospheres and the
magnetospheric thermal plasma are intimately coupled. These plasma-sur-
face and plasma-exosphere interaction processes will all occur near the moon,
at lengths scales commensurate with the scale height of the dominant exo-
spheric species, thermal O,. Some atoms and molecules escape from the
moons atmospheres via gravitational escape and ionisation. In case of Europa
these loss processes are significant, forming the Europa torus of neutral and
ionised particles. Over time, these particles will become part of the plasma
of Jupiter’s magnetosphere.

EXPERIMENTAL STUDIES:

There are only a few studies reported in the literature related to sputtering
of ice at temperatures relevant to the surfaces of Jupiter’s icy moons. These
studies were performed on thin layers of ice. However, on the icy moons an
ice regolith surface is expected. Therefore, we set up a laboratory experiment
to study the interaction of ions and electrons with ice regolith surfaces, with
the ice at temperatures between 90 and 150 K to emulate the surfaces of the
icy moons [7,8,9]. We studied sputtering by ions (H*, O*, O,*, 0%, S*, Ar*, and
Ar?*) and electrons, measured the sputter yield and composition of the sput-
tered species, as well as surface charging and sublimation. The sputter yields
for the ions (compiled from available literature) and electrons over the energy
range of interest are shown in Figure 1. lon sputter yields for water ice are
much higher than for sputtering of minerals, even more so for heavier ions.
Therefore, the hot plasma population, although of much lower density than
the thermal plasma, contributes significantly to the total sputter yield. Also,
the sputter yield of electrons is high already at low energies. Even though
the electrons have a low mean energy related to their average movement
with the co-rotation velocity, their temperature of about 100 eV is sufficient
for a substantial sputter contribution to the exosphere [10].

EXOSPHERE MODELLING:

We calculate the contribution to the atmospheres of Europa, Ganymede, and
Callisto by sputtering (using the two plasma types) and sublimation by mode-
ling the formation of the moons atmospheres ab initio. As inputs to calculate
the sputter contribution we use available energy spectra of plasma ions and
electrons and the corresponding sputter yields (see Figure 1). Based on first
principles we calculate atmospheric densities, without applying any scaling
to observed data [10]. For Europa the particle release into exosphere is mostly

3 -

Fig. 2. Sample holder for regolﬁh ice (with Cu ring) mounted on dryogenic stage, for ion
irradiation experiments.
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due to sputtering in about equal amounts by the thermal and the hot plasma.
Since the plasma densities thin out with distance to Jupiter, the contribution
by sputtering becomes less significant, and at Callisto the exosphere is mostly
due to sublimation [11].
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Jovian icy moons are in a certain sense unique objects of the Solar System.
Their wave scattering characteristics, e.g. albedo and polarization curves
in optical and radar wave bands, notably distinguish them from other types
of celestial bodies, i.e. terrestrial and giant planets, comets and asteroids.
At least several of them have global liquid water layers (oceans) beneath
many kilometers thick icy crusts [1]. Despite of many observational evidences
of that, ice thickness and ocean depth are at present rather uncertain. Imme-
diate instrumental assessment of the ice thickness would help to address
some key question of icy moons’ geology, to constrain parameters of pres-
ent geological models and derive some implications for chemical composition
and internal heat balance and the thermal regime of icy moons.

Electromagnetic probing is the only way to explore the internal structure
remotely, e.g. with a ground penetrating radar. Instruments of this type proved
to be very useful for investigations of Lunar and Martian interiors. In the vicinity
of Jupiter, strong electromagnetic noise generated in the Jovian ionosphere
and magnetosphere can mask weak echo signals coming from beneath the icy
shell. Transmitted power of the instrument is strictly limited due to the energy
budget of the spacecraft and requirements of electromagnetic compatibility
with other instruments and devices on board. However, that noise can be
effectively used as a signal source for the so-called passive radar. The passive
radar in fact is a correlation reflectometer, probing the object with radio waves
coming from an external source rather than from its own local transmitter.

Both types of radars have their specific advantages and disadvantages.
The active radar is somewhat more convenient in use, since it provides wider
freedom of choice in selection of operating frequencies, signal waveforms and
other technical parameters, and observational strategies. The passive radar,
instead, does not have a transmitter, and can have extremely low weight, size
and power consumption. As an option, it can be combined with an active radar
instrument and share with it some common units, e.g. the antenna system.

In this talk, we discuss and compare the capabilities of instruments of both
types to probe thick and rough icy crusts of the Jovian satellites. We pres-
ent results of the numerical simulations of performance of active [2] and pas-
sive [3] radars on Ganymede for typical geological units of its icy crust. We
also built a working prototype of the passive radar instrument [3] and tested it
in the laboratory for detection of ionospheric echoes of noise-like radio signals.
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ensystemforschung. One of the authors (Y.I) is grateful to the German
academic exchange service (DAAD) for the scholarship 50015739 sup-
porting this research. Support from Russian Fundamental Research Fund
with the grant 15-02-05476 “Development of new techniques and means
of meteorological radar sounding of atmospheric precipitation in the millimeter
wave band” and Russian National Fund with the grant 17-77-20087 is also
kindly acknowledged. Y.l. thanks the administration of the Scientific Research
Computing Center of the Moscow State University for granting the access
to the computational resources of the parallel computing systems SKIF-GRID
“Tchshebyshev” and “Lomonosov”.
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INTRODUCTION

The outer solar system contains a diverse array of planetary bodies:
Europa, with its bizarre array of surface features; tiny, geologically-ac-
tive Enceladus; Titan, the only moon with a substantial atmosphere;
Pluto, with its nitrogen glaciers; and many others. Over the last twen-
ty-five years spacecraft measurements have revealed that many of
these bodies are “ocean worlds”, possessing large volumes of liquid
water beneath insulating ice shells. Ocean worlds are important for
several reasons, but the most compelling is also the simplest: they
could be habitable. Life as we know it requires liquid water, in addition
to energy and nutrients, and all three requirements can potentially be satis-
fied within some of these bodies.

There are important reasons that ocean worlds should be studied. First, they
represent systems that are both more complex and less well understood than
the terrestrial planets. For example, on many ocean worlds the main source
of heat is energy extracted from their orbits. There is thus a strong coupling
between thermal and orbital evolution that is almost entirely absent from
the terrestrial planets. Second, the characteristics of these worlds provide
clues to their history, and the evolution of the solar system as a whole.
For instance, the fact that tiny Enceladus has managed to retain a global
subsurface ocean may be telling us something profound about both its
orbital history and the evolution of the Saturnian system.

We focus in particular on the following bodies - Europa, Ganymede, and
Enceladus, - for which oceans are currently best established. The simulation
results [1-3] of the rarefied gaseous envelopes of these moons will be pre-
sented and the relationship between the composition of atmospheres and
oceans concerning the possible atmospheric biomarkers will be discussed.

The formation and dynamics of rarefied gas envelope near the icy surface
of a celestial body, such as the icy moons of the giant planets, icy Kuiper belt
objects, and others, are discussed in this report. In the case of massive icy
moons of the giant planets, such as Ganymede and Europa, a tenuous exo-
sphere with relatively dense near-surface layer may be formed. The main
parent component of the gaseous envelope is the water vapor entering the
atmosphere through the processes of thermal degassing, non-thermal radi-
olysis, and other active processes and phenomena on the icy surface of the
moon. The numerical kinetic model [1] to study on the molecular level the
formation, chemical evolution and dynamics of the H20 and O2-dominant
rarefied gas envelopes around the icy celestial bodies is discussed.

lonization processes in such rarefied gas envelopes occur as a result of
exposure to solar ultraviolet (UV) radiation, the solar wind plasma and/
or magnetospheric plasma of the giant planet. The chemical complex-
ity of the gaseous envelope of icy satellite is arising due to the impact
of the ultraviolet solar photons and plasma electrons onto the rar-
efied H20- or O2-dominated atmosphere. Important role in the for-
mation of chemical diversity in the gaseous envelope belongs to the
ionization chemistry, including ion-molecule reactions, dissociative
recombination of molecular ions and charge-exchange reactions with the
magnetospheric ions. The model was used to calculate the formation
and development of chemical diversity in a rarefied gas envelope near
the surface of Jupiter’s moons Europa [3] and Ganymede [2], and Saturn’s
moon Enceladus [1].

This work was supported by the Presidium of the Russian Academy of

Sciences, Program no. 1.7 “Experimental and Theoretical Studies of Solar
System Bodies and Stellar Planetary Systems.”
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INTRODUCTION

The giant planets of our own and other planetary systems are complex
self-gravitating assemblages of hydrogen, helium and other elements. How,
when and where they formed in a given protoplanetary disk are essential
to know as boundary conditions for eventual formation of terrestrial planets in
the same system. Because Jupiter and Saturn are mostly hydrogen and helium,
like the sun, we know they must have formed early before the dissipation
of the proto-planetary nebula. Unlike terrestrial planets, two conceptually dis-
tinct modes of formation of giant planets--disk instability versus core accre-
tion--have been proposed. Which of the two different formation mechanisms
obtained for Jupiter may be determined by a combination of data on core
mass, total abundance of elements other than hydrogen and helium in the
envelope, and the abundance pattern of molecular carriers of oxygen, carbon
and nitrogen along with noble gases. Juno, in orbit around Jupiter since July
2016, is designed to obtain key data in all three of these areas. Juno’s data
sets will provide a point of reference for studies of the formation of Saturn and
of extrasolar giant planets as well. By using Jupiter as ground truth for studies
of exoplanetary metallicity and stellar properties, it may be possible to assess
whether two distinct species of giant planets exist in the galaxy — those formed
directly from the disk versus through the growth of a heavy element core.

WATER IN JUPITER AND IN THE PROTOPLANETARY DISK

While the Galileo probe’s measurements during its descent to 22 bars pres-
sure in Jupiter provided tight constraints on the abundances of various heavy
elements (carbon, nitrogen, etc.) it did not do so for oxygen, because water,
the primary carrier of oxygen, was likely affected by the dynamics of the probe
entry site (a 5 micron hot spot). A key objective of the Juno mission is to deter-
mine the global water abundance in Jupiter so as to complete the inventory
of molecular carriers of the major elements for comparison with models
of planetesimals in the solar nebula. Alternate models for planetesimal com-
positions within the protoplanetary disk include direct condensation of all vol-
atiles, trapping of volatiles in amorphous ice, trapping within clathrate hydrate,
alteration of the nebular water abundance by snowline formation, severe
depletion of water such that C/O >>1 (hence >> 2x solar), and subsequent
diffusive redistribution of condensate and gas, or enrichment by photoevapo-
ration of either the nebular surface or the nascent Jovian envelope. This paper
quantifies how Juno‘s measurement of water in the deep interior, coupled with
previous Galileo probe data and Juno’s determination of Jupiter’s composition
and interior structure, provide crucial information for constraining both the orig-
inal planetesimal population and the formation mechanism for Jupiter.
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EXECUTIVE SUMMARY:

Titan is the only extraterrestrial ocean world known to have a thick atmos-
phere and abundant surface organics. During its 13-year mission in the Saturn
System the Cassini spacecraft has explored the distribution of surface organ-
ics on Titan, including a campaign to determine the bathymetry and composi-
tion of its lakes and seas. We will review the results of Cassini’s exploration
of Titan’s hydrocarbon lakes and seas and discuss the outstanding questions
that remain for future exploration.

INTRODUCTION:

Despite pre-launch predictions that hydrocarbon liquids would be transparent to
Cassini’s 13.8 GHz radar [1] and that the radar’s altimetry mode might be used
as a sounder to probe Titan’s liquids [2], experiments using liquefied natural gas
by Paillou et al. [3] suggested that penetration would be significantly shallower
thanthe altimeter’'s 35 mrangeresolution. Nevertheless, Mastrogiuseppe etal.[4]
successfully detected subsurface reflections in altimetry echoes acquired over
Ligeia Mare in May 2013 (Figure 1). Coherent processing of these echoes
revealed the bottom reflection and allowed construction of a bathymetry profile
as well as an estimation of the liquid loss tangent from the relative variation in
subsurface power. Subsequent altimetry observations of Kraken and Punga
Maria obtained in August 2014 and January 2015, respectively, also showed
detectable subsurface echoes. During Cassini’s final close flyby of Titan (T126
in April 2017), subsurface echoes were obtained over several smaller lakes.
After applying these new techniques, subsurface echoes were also observed
in altimetry data acquired over Ontario Lacus in 2008. In this proceeding, we
will report on the latest results from the analyses of these altimetry passes.

BATHYMETRY:

The relative variations in received subsurface power as a function of depth pro-
vided an estimate for the Ligeia Mare’s loss tangent tanA=¢ /¢ =4.8+1.0x10° [5].
Initial analysis of Kraken and Punga Maria suggest liquid absorptivities that
are similar to Ligeia Mare. Portions of Kraken Mare were too deep (or too
absorptive) to detect the subsurface. Recent laboratory experiments reported
by Mitchell et al. [6] confirmed the low absorption of methane and ethane.

Mastrogiuseppe et al. [7] applied similar processing to low altitude (~1800 km)
altimetry acquired over Ontario Lacus in December 2008 and, despite sig-
nificant saturation in many echoes, detected subsurface reflections and
retrieved depths of up to 50 m across the observed transect. These results
are consistent with the near-shore depths reported in Hayes et al [8], which
extended shoreline slopes into the lake. The best-fit loss tangent for Ontario
is tanA=7.0+1.0x10% . This is ~45% greater than the loss tangent reported for
Ligeia Mare but an order of magnitude less than the absorptivity suggested by
Hayes et al. [8] from analysis of near-shore off-axis SAR. This discrepancy could
be explained by an increase in microwave absorptivity near the shore resulting
from an increased concentration of solutes or suspended particles as com-
pared to the center of the lake. This is consistent with the observation that the
near-shore ethane bands, unlike central Ontario Lacus, are not saturated [9].
This suggests that photons are scattered before traveling through a path length
sufficient to saturate the ethane absorption.

Prior to the work of Mastrogiuseppe et al. [4], the unknown dielectric properties
of both the liquid and the seabed limited the utility of SAR backscatter as a tool
for estimating the of depth Titan’s lakes and seas. With the bathymetry profile
and liquid loss tangent of Ligeia Mare in hand, SAR data can be calibrated
and used to generate bathymetric maps. Hayes te al. [10] derived an empirical
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backscatter function for the seabed using SAR backscatter in the altimetry
footprints of Ligeia Mare. This empirical function was used to derive depths
for all of the Mare observations that have SAR returns above the instrument
noise floor, assuming uniform seabed reflectivity (Figure 2). A similar analy-
sis was performed for Ontario Lacus, revealing that the lake reaches depths
of up to 90 m. Lorenz et al. [11] calculated a liquid volume by assuming that sea-
depth was linearly proportional to the distance from the nearest shoreline, cali-
brated such that the maximum depth scaled linearly with the square root of Mare
area. Combining results from both techniques yields a lower limit of ~70,000 km?
for the total volume of Titan’s lakes and seas. If this liquid were spread across
the surface equally it would be equivalent to a global ocean depth of ~1 m.
This is equivalent to 14 times the volume of Lake Michigan, 300 times the mass
of Earth’s proven natural gas reserves, and 35 times the mass of all terres-
trial fossil fuel reserves (natural gas, crude oil, and coal). Unlike Earth, where
the total water content in the atmosphere (1.29x10* km?®) is only a fraction of
the surficial reservoir (1.35x10° km?), the moisture content in Titan’s atmos-
phere is approximately seven times larger than the volume found in its lakes
and seas. Unless Titan had a significantly larger liquid reservoir as compared
to atmospheric methane, or currently has a large subsurface reservoir hidden
from remote sensing, climate feedback would be improbable since the detect-
able volume is unlikely to significantly impact the atmospheric composition.

y
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Fig. 1. RADAR sounding measurements over Ligeia Mare. (a) A Synthetic Aperture Radar
(SAR) mosaic of Ligeia Mare with the position of the May 2013 (flyby T91) altimetry track
highlighted and the location of an example altimetry echo shown on the right. (b) An exam-
ple of a double-peaked waveform observed over Ligeia, with returns from the sea surface
and seabed labeled. (c) The along-track bathymetry derived by Mastrogiuseppe et al. [4,5].
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Fig. 2. Synthetic Aperture Radar (SAR)-based bathymetric maps of (a) Ligeia Mare
and (b) Ontario Lacus generated assuming a uniformly scattering seabed using the tech-
niques and algorithms described by Hayes et al. [10]. Ligeia Mare has an estimated vol-
ume of 14,000 km?, equivalent to 2.8 times the volume of Lake Michigan. Ontario Lacus
has an estimated volume of 560 km?, equivalent to 1/3 the volume of Earth’s Lake Ontario.

COMPOSITION:

Thermodynamic equilibrium models by Cordier et al[12] predict ethane-rich lake
compositions, while more recent work by Glein and Shock [13] and Tan et al. [14]
predict methane-dominated compositions at Titan’s polar latitudes. Luspay-Kuti
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et al. [15] attribute the differences between these models to the use of varying
underlying theories relying on experimental data which may not be relevant in
Titan conditions. The most recent experimental results reflect methane-dom-
inated compositions. Using the laboratory measurements of Mitchell et al. [6]
and assuming amethane-ethane-nitrogen composition, Mastrogiuseppe etal. [5]
determined that the measured loss tangent of Ligeia Mare was consistent with
~69% CH,, ~14% C,H,, and ~17% N,, similar to the equilibrium compositions
predicted ‘By Glein and Shock [13] and Tan et al. [14]. Note that if Titan’s lakes
are near vapor equilibrium with the atmosphere, evaporation rates would be
significantly reduced despite their methane-dominated compositions.

Assuming a similar ternary composition, the increased loss tangent at Ontario
Lacus is consistent with ~47% CH,, ~40% C_H,, and ~13% N, [7]. The higher loss
tangent could result from an increased abundance of more involatile hydrocarbons
and/or nitriles; these species could be concentrated as a consequence of orbital-
ly-driven insolation cycles that may have slowly transported volatile components
(methane/ ethane) to the north over the past several tens of millennia [16].

Non-polar solutes such as acetylene (C,H,) and benzene (C.H,) may have
low loss tangents similar to methane and ethane. Nitriles, Iikeehydrogen cya-
nide (HCN) and acetonitrile (C,H,N), are likely quite absorptive and even
minor concentrations may affect the loss tangent. Once the complex permit-
tivities of potential hydrocarbon and nitrile solutes in Titan’s lakes are meas-
ured in the lab, they can be used to place upper limits on the concentration
of these species in Titan’s liquids. Methane-dominated compositions are not in
chemical equilibrium with photolytic processes over long timescales (which are
expected to predominantly yield ethane). This suggests that the products of
methane photolysis fall into a sink other than the lakes and seas, such as crus-
tal sequestration of ethane in clathrate-hydrates [17]. Also of note is that while
the transparency of Ligeia Mare allows SAR backscatter to penetrate through
over 100 m of liquid, the backscatter from many of the smaller lakes are below
the radar’s noise floor [18]. This suggests that these smaller lakes are either
extremely deep or, perhaps more likely, that they have a more absorptive
composition than the seas. The latter hypothesis is consistent with dissolu-
tion-based formation scenarios for the smaller lake basins wherein liquids
become saturated with soluble components from the regolith. Regardless, the
lakes still can’t account for the missing ethane. Recent results from the recent
T126 flyby suggest that the smaller lakes are deep and methane-dominated.

REFERENCES:

Thompson WR and Squyres SW (1990), /carus, 86;
Picardi G, et al. (1992), Nuovo Climento Physics 15;
Paillou P, et al. (2008), GRL, 35;

Mastrogiuseppe, M., et al. (2014) GRL, 41,
Mastrogiuseppe, M., et al. (2016) IEEE;

Mitchell, K.L., et al. (2015) GRL, 42;
Mastrogiuseppe M., et al. (Sub.) lcarus;

Hayes, A. et al. (2010) JGR, 115, E09009;

Brown, R.H. et al. (2008) Nature;

0] Hayes, AG et al. (2016) AREPS 44;

11] Lorenz, R.D. (2014) GRL, 41,

12] Cordier, D et al. (2009) ApJ 707;

13] Glein, C.R and Shock, E.R. (2013) Geochim. et Cosmochim. Acta;
14] Tan, S.P,, et al. (2015) Icarus, 250;

15] Luspay-Kuti A et al. (2015) EPSL 410;

16] Aharonson, O., et al. (2009) Nat.Geo., 2;

[17] Choukroun, M. & Sotin C. (2012) GRL, 39, L04201; [18] Hayes AG et al. (2008) GRL, 35

S O©ONDOTHAWN =




8MS3-AB-01
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ACCUMULATION BY THE EARTH

G.G. Managadze'
'Space Research Institute, Profsoyuznaya, st.84/32, Moscow 117997,
Russia;

Mankind has been pursuing the problem of the emergence of life since the
antiquity. However, meaningful and purposeful studies of this problem began
much later, initiated by the famous discovery by L. Pasteur who showed exper-
imentally that molecular base of life is chiral and asymmetric in 1884.

The new vision brought about new difficulties and contradictions, and only in
the mid-20" century it was shown, as a result of studies carried out by several
generations of outstanding scientists, that the most primitive living organism
capable of replication and possessing the simplest genetic code could appear
only if a number of difficult to realize conditions were fulfilled. These conditions
have to ensure spontaneous formation of some extremely complex macromo-
lecular structures and physical environments in nonliving matter.

THE FIRST

requirement is that molecular structures synthesized in this environment must have
been homochiralic and have L or D chirality «sign» depending on their purpose. [1]

THE SECOND

requirement is that this environment must have ensured simultaneous syn-
thesis of L amino acids and polypeptides, D-nucleotides and their oligomers.

THE THIRD

requirement states that for life to emerge natural processes must have ensured
an enormous number of statistical trials, which within a finite time could guar-
antee the formation of the «right» sequence of molecular structures resulting
in the «animation» of inorganic substance.

These requirements are based on experimental results obtained while studying
primitive bacteria and determining the basic properties of the natural environ-
ments where they could originate, live and evolve. The most difficult task in this
period was, as it often happens, to demonstrate the possibility of finding a natural
environment or mechanisms ensuring the realization of the above requirements.

The stagnation that happened in the late 20" century was due to the fact that
the then known natural mechanisms could not explain the emergence in non-
living matter of molecular structures comparable in complexity or functional
capabilities with molecular structures arising in biology. It was in this anxious
time that a new, plasma concept of the origin of life was proposed at the Space
Research Institute of the Russian Academy of Sciences. According to this con-
cept, the conditions for the realization of the emergence of life — the most
important event in the Earth history — arose in the plasma ejecta (or plasma
torch) in the process of adiabatic fly-away of hot plasma.

The development of the plasma concept required certain extensive knowledge
in several branches of science. For example, it was necessary to understand
that plasma ejecta arising in a laser irradiated target are highly similar to those
arising when a target is subject to particle impacts. These and many other
pieces of information at our disposal made it possible to correctly interpret the
results of laser experiments according to which new OCs are synthesized in
laser plasma and the same process could also occur in the impact-produced
plasma. Then we performed a series of laboratory experiments simulating
impact via laser irradiation and direct impact experiments to show that if the
power density of external exposure reaches W=10° W/cm?, the target matter,
after its complete atomization and ionization, transformed into plasma, and
the process of the fly-away of the plasma torch results in the synthesis of new
compounds including OCs if the target contained biogenic elements. This is a
rather likely process, which is of special interest because in impact simulating
experiments the medium reaches relatively high degree of self-organization
with a probability of 10- -104.
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It was also shown that in impact experiments protein amino acids, nucleo-
tides, and short polypeptides form, and the breaking of the mirror symmetry of
amino acids is observed under similar conditions. Hence the possibility of the
fulfillment of the first two above requirements should be beyond any doubt.
Moreover, the observed property of plasma self-organization of matter may
in some very rare cases reach the highest level and show up as homochiral-
ity. For addressing the third requirement necessary for the emergence of life
and for preparing a preliminary scenario of this event, it is important to know
the «appearance» of such being — the progenitor of the biosphere. Biologists
invented many such beings, but we adopted the hypothetical model of the first
living being proposed by A. Altshtein [2]. It is a molecular structure called pro-
toviroid consisting of two molecules — a polynucleotide and its coded protein
(processive polimerase).The system self-replicates via unified process of repli-
cative translation based on matrix principle similar to the present-day process,
and evolves in accordance with Darwinian principle «inheritance - mutation —
natural selection». The structure had a mass of 100 000 amu, or 1.6x10-"° g.
It is now reliably known that the Earth formed and accumulated mass only as a
result of meteorites falling onto it from outside. This process lasted 100 million
years and the total energy amounted to 10%° erg. However, the impact of each
meteorite involved the participation of Earth crust matter with the total mass
125 times the mass of the meteorite itself. Note, however, that only a part of
the crust matter was subject to plasma processing. Considering this, we can
conclude that the total effective mass of meteorite and crust matter amounted
to about 10 Earth masses or 6 10%g. In this case a total of N=6x10%6/1.6x10
%=3x10*" protoviroid must have been subject to plasma processing (and sta-
tistical trials) over the time of the Earth formation and hence N>>10%. Thus in
plasma processes the above number of statistical trials required for the origi-
nation of a protoviroid, is ensured by a wide margin. Furthermore, given that
the formation of the Earth and origination of life occurred simultaneously within
one and the same process, the energy consumption of the two processes
should be comparable.

The most important experimental results presented here suggest that the
plasma concept and the preliminary scenario of the origin of life are most likely,
well-thought out, and most easily implementable under natural conditions.
This is due to the fact that the plasma concept was from the very beginning
empirical and based on experimental results whose reliability could hardly be
doubted. And all the crucial conclusions presented in the plasma concept were
incorporated into it after preliminary experimental validation. That is why we
can believe in the plasma concept of the origin of life and in the scenario of its
realization under the conditions of abiogenous nature.
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INTRODUCTION:

As they assume in the aspect of the prebiotic evolution of organics on the early
Earth, the impact-induced synthesis of organic compounds (OC) was highly
competitive in efficiency with other main abiotic sources of OC, such as deliv-
ery by falling bodies, photochemical synthesis, synthesis under the action of
lightning discharges, etc. [1].

We observed formation of simple amino acids from components of nitro-
gen-methane gas mixtures during laboratory high temperature (4000-5000 K)
laser vaporization of peridotite. The simulated conditions of high temperature
vapor are similar to the conditions which are formed during hypervelocity impacts
as a result of vaporization of colliding bodies (at velocities of 10-15 km/s) [2].

EXPERIMENT:

Laser vaporization of a peridotite was carried out by a Nd-glass pulse laser
(A=1,06 pum), according to the standard technique [2]. The peridotite sample, con-
sisting of olivine and pyroxene — the main constituents of stony meteorites [3],
was a mineral analogue of stony asteroids. Nitrogen-methane gas mixtures in the
chamber for laser vaporization (P = 1 atm, T = 298 K) contained 4 and 50 vol. %
of methane. These mixtures were possible analogues for the early Earth atmo-
sphere. Components of the model gas mixtures were the only sources of carbon,
hydrogen, and nitrogen (which were essential for OC formation) in our experiments.

Solid condensates, formed after the laser vaporization of the peridotite sample,
were subjected to triple water extraction in an ultrasonic bath. The water
extracts were evaporated, dried and subjected to derivatization with N-(tert-bu-
tyldimethylsilyl)-N-methyltrifluoroacetamide (MTBSTFA) in the optimal condi-
tions [4]. Then, volatile and thermally stable derivatives of initial thermally labile
OC were analyzed by gas chromatography — mass spectrometry (GC/MS).

RESULTS AND THEIR DISCUSSION:

We found in the condensates obtained in the atmosphere of 50 vol. % CH,,
such amino acids like sarcosine (the main product), alanine, glycine, serine,
aspartic acid and some others at ppm level. Other detected products were:
urea (the main product), some hydroxycarboxylic and dicarboxylic acids. In
the condensates, obtained in the atmosphere of 4 vol. % CH,, we found amino
acids: alanine (the main product), and glycine. We also detected urea (the
main product), succinic acid, and some hydroxycarboxylic acids. In the gas
mixture with 50 vol. % CH, the yield of amino acids and other OC was much
more significant.

An impact-generated vapor cloud provides itself extreme conditions (high tem-
perature and pressure, the presence of free oxygen, etc.), which are incom-
patible with the presence of any significant abundances of complex OC. But
even in such conditions, the impact-driven formation of OC can take place due
to some phenomena. The first one is heterogeneous catalytic reactions (in par-
ticular, Fischer—Tropsch type reactions), proceeding on the extremely devel-
oped surface of silicate particles, condensing in the cloud. The second one
is the formation of a mantle, composed of high molecular (soot-like) organic
matter and molecular carbon, on the surface of condensing silicate particles.
The carbonaceous matter preserves the low-molecular OC (forming simulta-
neously) from oxidation and thermal destruction.
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The nitrogen—methane atmosphere itself, even with low abundance of CH,,
favors the impact—induced formation of biologically significant OC despite the
absence in stony impactors of C, H, N and other chemical elements, essential
for the formation of the OC. The combination of carbon- and nitrogen-bearing
atmospheric gases as sources of C, H, and N with condensing silicate particles
as a catalyst could provide efficient impact-induced synthesis of biologically
significant prebiotic OC.

CONCLUSION:

The actual composition of the early Earth atmosphere is unknown. But there
are hypotheses, that it could contain significant amounts of methane [5]. In
case this atmosphere also contains nitrogen, or other N-bearing gases, as the
main constituents, the impact-generated organic matter could contain simple
(consisted of 2-4 carbon atoms) protein and non-protein amino acids together
with hydrocarbons and high-molecular weight soot-like products (which are the
main components of synthesized organic matter). The atmosphere could be a
significant source of C, H, N for the impact-induced formation of amino acids in
the case of volatile poor stony impactors.

Important biomolecules could be synthesized even at early stages of plane-
tary evolution due to impacting planetesimals. However, the efficiency of the
organic matter accumulation on a planetary surface was determined by condi-
tions (mainly temperature conditions), that could favor or impede its preserva-
tion in different periods.
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The Venusian flora, “stems”, are vertically arranged thin knotty trunks, which
are 0.3-3 cm thick and 0.2-0.5 m tall. The first detected “stem” had a large
bulge at the top end, a “burgeon”, with a lighter center [1]. At the base of the
‘stem’, there are features that resemble leaves in a quatrefoil. Each of the
“leaves” has a size of approximately 5-10 cm. Both at the VENERA-13 and -14
landing sites, “stems” are placed in cracks between the stones. There are
eight distinct images (duplicates) of VENERA-13, which allows for a batch
processing and animation. The attention is drawn to the top of the stem,
which appears as a triad of bright spots in the original high-contrast images.
The position of the triad varies slightly with respect to the adjacent light-colored
stones close to it. Changes arise from the swinging of the triad by the wind as
seen by animation. The wind speed is low, about 0.4 m/s but the gas density
is very high. When processing the image with a lowered contrast, it allowed
to see the whole “flower” of a regular shape, with a white spot (pestle?) in the
center and the surrounding petals. The flower is composed of six to eight light
petals. Its right-hand bright part forms the triad that is repeated on all of the
duplicates in Fig. 3, as part of an open flower. The flower size is approximately
the same as a “quatrefoil” at the base of the stem. The VENERA-13 panorama
has been organized in such a way that Fig. 3 represents only a fragment of the
black-and-white image; thus, one can talk about only the bright colors of the
petals, and their color in Fig. 4 is unknown.

The shape of the amisada (VENERA-14 fauna) resembles a 15-cm lizard
climbing up a stone. The amisada was located in the immediate vicinity of the
lander’s buffer [2]. Thus TV- images of VENERA-14 makes possible to recog-
nize fine and slow displacements of the amisada’s forward parts, which made
it possible to annimate the motion in a sequence of six sequential positions
of amisada. Movement of the fauna objects is demonstrated, too, by the estab-
lished small shifts of the detected second ‘snake’ that seems is in a process
of hunting and overcame 15 cm for 26 min. It reveals once again that the style of
physical activity of the hypothetical Venus fauna is very slow, less than 1 mm/s.
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Observation of biogenic nanoparticles generation method (OBNG) is a fun-
damentally new, simple and universal strategic approach for detection of
low-concentrated biological objects and for comparison of microbial commu-
nities by registration of metal nanoparticles formed in situ in the investigated
water samples. Its use is determined by the relevance of the analytical instru-
mentation devices, capable to register an unique optical properties (due to
the phenomenon of surface plasmon resonance), highly developed surface,
catalytic activity, high capacity electrical double layer, and allow to apply suc-
cessfully the bass to amplify the signal of individual organic biomolecules in
fluorescence spectroscopy, in Raman spectroscopy, as well as in the spectros-
copy of surface-enhanced Raman scattering.

The OBNG method is based on the principle that biological objects in natural
water samples generate metal nanoparticles from added sterile solution of cat-
ions in the small volume of the reaction mixture 50 pl for 20-60 minutes even at
+40C. The formation of biogenic nanoparticles is a kinetic-controlled process
favored by relatively slow ions reduction, nucleation in clusters of zero-valent
atoms and nanoparticles crystallization and growth. The size and shape of
biogenic nanoparticles is determined by the presence of the microorganism
or phages.

The investigation of formation of silver nanoparticles in the samples of natural
water, which evidently differs in the composition of microbial communities, is of
special interest. We compared formation of silver nanoparticles in the samples
of water from different horizons of ice-covered Antarctic Lake Untersee.
Because bacteriophages can generate metal nanoparticles from salts, the
OBNG method can be used for detection. The argument for searching for
phage particles in outer Space is that their total number in the biosphere sig-
nificantly exceeding the number of cellular life forms. Many features of phages
can be certainly considered as markers in searching for extraterrestrial cellular
life. Indeed, a simple chemical composition of phage particles, the quasicrys-
talline structure, and morphological features suggest a high probability of their
finding even under conditions of outer Space.
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Astrobiology is a science that studies the origin, evolution, distribution, and
future of life in the universe. It is now a discipline of a global meaning and
among the scientific priorities in USA and Europe. The Russian Space Agency
plans future space programs including astrobiological experiments of a great
value in cooperation with ESA and NASA experts. Such scientific prospects
of cooperation for the next years have been identified and included Mars mis-
sion Simulation, Mars Express, Russian Phobos Sample Return mission called
‘Phobos Grunt 2’, ESA's ExoMars project, several astrobiological and biomed-
ical experiments on the Russian biosatellites: Bion & Photon.

Next to USA, EU now made a great progress in developing astrobiology. Dif-
ferent education and scientific programs are prepared and working groups are
created within departments in European universities. Annual meetings, summer
schools and internet courses in astrobiology are conducted to increase the
level of the researches, bring together all the scientists involved in this problem
and enhance its influence as innovative discipline on the modern society.

This is a valuable experience for Russian astrobiologists to be adopted for
perspective developing this discipline in Russia. The most progressive way
is to improve cooperative work in both education and research and to pay
a special attention to the joint achievements of EU and Russia in the field of
astrobiology. It will require groups of highly qualified experts and scientists
who would have sufficient knowledge and fundamental ideas on novel tech-
nologies in astrobiology. The crucial decision is the realization of the joint inter-
national education project in this field. Now, none of Russian universities has
multidisciplinary up-to-date graduate program in astrobiology and only few of
them offer lectures on astrobiology as a part of the basic courses such as
“Space researches” or “Biology of extreme environments”. This project can be
prepared in the framework of Erasmus Plus program managed by Education,
Audiovisual and Culture Executive Agency (EACEA) of European Commis-
sion. A few Russian universities from Moscow, Saint-Petersburg and Novosi-
birsk have already initiated the preliminary discussion on the aforementioned
idea with European partners.

The main outcome will be the development of curriculum for MSc&PhD in astro-
biology according to EU-Modernization Agenda for European High Education
Sectors. The actual requirement is to adjust educational system in Russia in
the field of astrobiology to the world tendencies in its development. We plan to
involve representatives from other scientific institutions, university authorities,
professors and students in the realization of the project. The sustainability of
the project will be also guaranteed by including experienced managers from EU
partners in the project as well as by regular assessments of the modern needs
in astrobiology and building strong links between courses and research projects.

One of the main research subjects of modern astrobiology is extreme terrestrial
environments. These are not only analogs to putative extraterrestrial ecosys-
tems, but also a valuable resource of unique enzymes, chemical compounds
and unique microorganisms (extremophiles) having specific cell machinery to
withstand aggressive environments. The gained knowledge can be used to
develop new bio-based products and bioprocesses in such fields as fine chem-
icals, cosmetics, food industry, pharmaceutics, medicine, bioremediation and
generation of sustainable energy. Thus, astrobiology now includes perspective
and practice-oriented studies in fields of biotechnology, ecology and medicine.

Astrobiology related terrestrial ecosystems are now intensively investigated all
over the world. There is a lack of information about such ecosystems located
in Russia. In the mean time, Russian territory is very big and extensive and
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includes a huge diversity of ecosystems and climatic zones from permafrost to
hot springs and hypersaline lakes. The cataloging and cooperation in research
of such sites could be a good opportunity for joint perspective projects between
Russian, EU and US astrobiologists.

The initiative for strengthening of interactions and creation of associations
between researches in Russia, Asia and South America as regions having
many unexplored ecosystems well related to astrobiology and their valua-
ble contribution is now being discussed as well. It can be also realized in the
framework of European programs by creation of national astrobiology analyt-
ical centers for strong and perspective cooperation within common education
and research space.
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INTRODUCTION:

An obvious New Frontier for humanity is to locate our nearest neighbours
technically advanced. This quest can be made with three steps that will be
sketched briefly.

1. Find the nearest (from Sun) exo-planets in the habitable zone (HZ)
2. Find bio-signatures (signs of life) in their spectra.

3. Find signs of advanced technology: techno-signatures emitted inadvertently
(not on communication purpose).

FIND THE NEAREST EXO-PLANETS IN THE HABITABLE
ZONE (H2)

The first step calls for a systematic survey of all nearest stellar systems
to detect all terrestrial planets (solid) at an habitable distance from their host
star, which can be done with long-term ground based measurements of the
Radial Velocity of the stars. The detection of an exo-planet in the HZ suitable
for life requires to monitor the same star for a long time, larger than at least
10 periods (10 years for the Earth), to extract a stable periodic signal from the
noise. An ensemble of 33 telescopes+spectrometers would be able to make
an exhaustive search of all exo-planets around about 3,000 stars within 100
light-years from sun.

Statistics on exoplanets are good enough to claim today that about 40%
of stars host a rocky planet with a size smaller than 2.8 times the Earth’s size
(Petigura et al., 2014). What fraction of these planets are in the Habitable Zone
is still a matter of debate, but it is safe to say that probably from 0.5 to 10 %
of stars host a rocky planet in their Habitable Zone. Therefore, between 1 and
20 billion planets in our galaxy must have a planet in the Habitable Zone.

FIND BIO-SIGNATURES (SIGNS OF LIFE) IN THEIR SPECTRA

Finding bio-signatures calls for the study of the atmospheres of habitable
exo-planets. The 6.5 m JWST space telescope will be a precursor of larger
telescopes (range 10-100 m diameter), which will have to be deployed
in space. Search for ozone, O,, H,0, CH,, CO,, chlorophylle edge, are foreseen.
The transiting planets may be observed by the absorption of their thin atmos-
phere on the stellar disk. But non-transiting planets are much more numerous
(within the same distance to the sun) than transiting planets, and therefore
they are nearer and easier to study than transiting exo-planets. Their atmos-
pheres may be studied by the reflected star light, requiring systems decreasing
the light of the star with internal or external occulting systems. NASA is consid-
ering such systems; they could be implemented in the years 2025-2050.

FIND SIGNS OF ADVANCED TECHNOLOGY:
TECHNO-SIGNATURES EMITTED INADVERTENTLY

Among possible techno-signatures in the optical domaine, one may think
of lights illuminating at night the big cities. Signatures of sodium light or mer-
cury light could be searched for. The third step may require multi-kilometer size
telescopes, but with a “diluted pupil” scheme as advocated by Antoine Labey-
rie. Obviously other techno-signatures in the radio domain could be searched
for, possibly requiring large radio telescopes in space or on the back side
of the moon, free of terrestrial interference and with the whole spectral domain
available.
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CONCLUSION: THE ROLE OF MAN IN SPACE.

The role of man in space may be crucial for the development of steps 2 and 3.
Astronauts and cosmonauts have demonstrated their capability to assemble in
space large and complex mechanical structures in space, from the servicing
mission of the Hubble Space Telescope to the deployment of the huge Inter-
national Space Station.

It may be remarked that the signs of life on planet Earth are already existing
since about two billions of years, therefore the fact that there is life on Earth
is known from the whole Galaxy and beyond. We cannot conceal it. On the
other hand, our techno-signatures are existing since only = 100 years; they
propagate at the speed of light, and therefore only a very small fraction of space
is aware of the presence of man on Earth as a technologically advanced living
species. But this sphere of knowledge is increasing in radius at the speed
of light, and the number of exo-planets within this sphere is increasing as the
cube of time. Since step 3 is within our each in a reasonably foreseeable future
(~100 years), it is already done by slightly more advanced civilizations. If they
can spot us, we must be able to spot them. Communication is a different issue
to be debated separately.

REFERENCES:
[1] Petigura E.A,, et al., PNAS, vol. 110, no. 48 | pp 19273-19278 ,2013
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The interpretations of available spectral observations in Lya line at transits
of HD209458b remain controversial. Studies based on 1D hydrodynamic
models of Hot Jupiters explain the detected absorption by natural line broad-
ening extending over high velocity wings ~100 km/s coursed by dense warm
exosphere filling the Roche lobe of the planet. Modeling by kinetic codes
claims that the absorption due to thermal broadening by fast resonant atoms
taking place beyond the Roche lobe is more important. In the present work we
apply developed earlier 2D hydrodynamic multi-fluid model [1] which not only
describes self-consistently the generation of planetary wind of Hot Jupiter due
to heating by stellar XUV flux, but the spatial structure of planetary exosphere
in a flow of stellar plasma, the radiation pressure acceleration and charge
exchange of planetary atoms as well. The simulations of HD209458b in a wide
range of intensities of stellar XUV flux and plasma wind show that at normal
conditions expected for the Sun-like star the number of generated fast atoms
is too small, mostly due to photo-ionization, and the observed absorption
at a level of 6+8% is explained by the natural line broadening. However, at low
XUV fluxes the number of atoms surviving photo-ionization and interacting with
stellar wind becomes sufficiently large to increase the absorption at the blue
wing of the Lya line up to 10+15%. The similar asymmetric absorption can be
also seen during Coronal Mass Ejection events when the stellar wind pressure
is large enough to sweep planetary material and form a compact bowshock
around the planet. In all cases it was found that the radiation pressure makes
a negligible contribution into the absorption, either in comparison to charge
exchange or natural line broadening. We also modeled the observed absorp-
tion at transits of HD209458b in lines of Ol and Cll which has not been so
far satisfactorily explained. Our previous results [1] shown that for conditions
expected at HD209458b the exosphere expands far beyond the Roche lobe and
planetary wind forms two supersonic tidally accelerated streams, one directed
tailward and the other towards the star. As the flow remains strongly collisional,
the heavier species are captured and dragged by the streams accelerating
to velocities above 50 km/s. Simulations show that oxygen atoms and carbon
ions present in those streams with expected standard abundances quantita-
tively explain the observed absorption at a level of 6-10%.
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The use of radial velocity (RV) of stars has proven very successful at the
indirect detection of planets orbiting other stars. Unfortunately the mass m
of the exo-planet cannot be retrieved: only the product m sin i is derived from
the amplitude of the RV wobble, where i is the inclination of the polar axis
of the orbit on the line of sight (LOS) from the observer to the star.

However, when a reasonable number of exo-planets are detected, giving an
observed distribution of m sin iitis possible to retrieve the true distribution func-
tion of planetary masses f(m) that will give the observed distribution f.(m sin i).
For this purpose we establish a special geometrical representation of all
detected exo-planets. Then the classical onion-peeling numerical method,
heavily used in atmospheric physics for the inversion of Abel’s integral , is per-
formed to retrieve the true distribution function. The method will be described,
and some examples of retrievals focused on different regions of the mass dis-
tribution (Jupiter mass or Earth mass) will be shown.
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The problem to retrieve the true mass distribution from Radial velocity (RV)
measured data is not new and it was touched upon in [1, 2]. The RV meas-
urements produce projective mass m, which is the true mass m, times
sin(i), where i means the angle between the line to observer and the exo-
planet orbit plane. Several algorithms have been discussed here, because
the inverse Abel integral transformation fails in the non-regularized, non-

smooth raw data [3].
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In fact, the raw data from RV exoplanets database are contaminated by factors
of observing selection. Many RV facilities starting from 1995 have delivered data
with different accuracy. Old RV facilities have been insensitive to lightweight exo-
planets which have been detected in recent years with more sensitive instruments.
Moreover many stars have their own stellar jitter noise limiting the RV accuracy.
Therefore the whole RV exoplanetary database represents a non-regular data,
which cannot be used for the retrieving the true mass distribution as row data.

We have elaborated the algorithm to filter the exoplanets which are regular and
less contaminated by observing selection.

Also we found that some amount of RV exoplanets have been measured
by their true masses because they have been simultaneously observed in tran-
sit configurations. Therefore we can preliminary compare the results.
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INTRODUCTION:

The habitable zone is usually defined as the region surrounding a star where
the water upon the planet's surface could remain liquid. There are different
models for assessing this zone. Among them, is the Energy Balance Model and
its generalization, Latitudinal Energy Balance Model. LEBM can consider different
parameters of the planet, like its obliquity, rotational velocity, eccentricity and even
its atmosphere pressure [1]. In this work, we use this model to study the effect
of changes in these parameters on the planet’s habitability in some real cases.

LATITUDINAL ENERGY BALANCE MODEL (LEBM)

Energy balance model relates the amount of energy received and radiates
by the planet to the energy stored in it. Latitudinal or one-dimensional energy
balance model treat each zone separately and so the rate of transporting
of energy between different layers is also considered.

The general formalism of LEBM is:

ot ox

Where is the atmosphere heat capacity, , is the latitude, is diffusion coeffi-
cient, is the temperature, is the outgoing long wave radiation, is the insola-
tion, and represents the albedo of the layer.

MODEL PARAMETERS

The atmosphere heat capacity depends on fraction of the planet’s surface that
is ocean,, the fraction of land, and the fraction of the planet’s surface that is
ice, . When we consider different level of pressure, heat capacity becomes

Ci =1x10° + Catm

Co =210%10° + Catmy

T <263 Cie =11.1x10°
{263<T <273 Ciee =53.1x109}

Diffusion coefficient is

——)+[T]=SUA[T]).

D =5.394x10 [QDJ (7)

Where and are the rotatlonal periods of the planet and the earth.

Albedo is defined based on the fraction of land, ocean, ice, and the fraction
of cloud on water and land. Thus, we have
A=y {(1=F)[@0(1=fou ) + @cfon | + Filaio (1) + @cfu]} +

+f; {(1 —f)la(1-fy)+adfy)+acl ]+ filai(1- 1) + acfci]}
The outgoing long wave radiation is
oT*
T 140.7504[T,P]
The diurnal insolation is

S =2 (Hsinisins +cos AcosSsinH)
T
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Where is the bolometric flux, H is the radian half-day length, and is the solar
declination.

The habitability function of each latitude is defined as

1273<T < Thor

HiLtp) = 22 = TV A= Te (o)
0 otherwise

and the fraction of the potentially habitable surface at time tis [2]
zl2

j Hla, A,t]cos[AldA
forca [@,1] = =222

2
SIMULATION PROCEDURE

Our goal is to study the impact of different unknown parameters of an exo-
planet on its temperature and habitability. These parameters include pressure,
the fraction of ocean and land, eccentricity, obliquity and rotational period. Usu-
ally, these parameters are set to be equal to the earth parameters. However,
it is just one case among numerous cases, which have different parameters.
We want to study as many as possible cases to see how the planet habitability
behave with a change in those parameters.

The initial conditions like longitude of periastron, initial orbital longitude, and
starting temperature were the same for all simulations.

APPLICATION TO REAL CASES

At first, we apply our simulation for an earth-sun like system and compare
it with real earth data. Then, the results of different states of the trappist-1 d
planet are presented.

COMPARISON WITH EARTH DATA

In figure1, the green line shows the average taken from the NCEP/NCAR global
temperature data and the red one is our model simulation for an earth-like planet
orbiting a sun-like star. It is in good match except in the South Pole [3].

Earth datavs simulation
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260

Temperature

250
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23
230 simulated Profile
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_-0-100 -80 -60 -40 =20 0 20 40 60 80 100
Latitude
Fig. 1. Temperature versus latitude for real earth data and the LEBM data for an earth-
sun like system

Figure 2 Shows temperature profile in different latitudes over a one hundred
simulation run. The decreasing temperature from the the equator to the poles
and the effect of season changing are visible in this figure.



THE EIGHTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2017 E:1ERE S8R

Spate Time diagram of earthike planet

305
80 -

60 1 295
an F 4 290
0 1 265

@

3 280
g

2o ]

. 275
20 [ 4 270
40 F 1 265
60 M ] 260

250

0 10 20 30 40 S50 60 VO 80 40 100

Time (Years)

Fig. 2. Temperature profile in different latitudes over time for an Earth-like planet

TRAPPIST-1D

The first exoplanet, which is studied is Trappist-1d. It is orbiting an ultracool
dwarf star, which is located possibly in the habitability region.

The atmosphere pressure is set to be equal to 0.3, 1 and 3 bar, the obliquity
0, 45 and 90 degrees, the rotational period 0.25, 1 and 3 days, the fraction
of ocean 0, 0.5 and 1 and the eccentricity is set to be equal to 0 and 0.07.

Overall, 162 cases were simulated and the maximum, minimum and mean
temperature in addition to the fraction of the potenitially habitable of the exo-
planet’s surface were calculated.

RESULTS

Table1 shows the classification of cases based on their temperature. Table2
shows the fraction of these cases with different habitability.

Table 1. The fraction of simulation cases with different habitability

planet condition

habitable

too warm

too cold

Percentage

45%

33%

22%

Table 2. The classification of simulations cases based on their temperature

0

<03

0.3t0 1

1

46%

9%

21%

24%

Percentage

As we can see in nearly half of the cases the planet would not be habitable.
However, it is definitely worthy for more consideration in future.

Moreover, some general trend could be seen by changing the parameters like
warming up the planet with increasing the pressure or a direct relation between
habitability and the fraction of water, when the planet is cold.

The importance of this work is that when the number of discovered exoplanets
rises dramatically, we can have an evaluation of what planets are prior to study
their atmosphere. Planets that have a better chance to be habitable. Espe-
cially, if we can surmise the more probable values of unknown parameters, it is
possible to calculate a probability of an exoplanet to be habitable. The result is
to pick the best exoplanet candidate for studying their atmosphere in depth by
telescopes like JamesWebb, which has a very limited time.
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The WSO-UV (World Space Observatory for Ultraviolet) is the orbital optical tele-
scope with a 1.7 m diameter of primary mirror, under development. The WSO-UV
is aimed for a 110-310 nm UV spectral range observations. The two major science
instruments are UV spectrographs and UV imaging field camera with filter wheels.
The WSO-UV project is currently in the implementation phase, with a tentative

s {larg,, M}

Contrast

Sevaration (arcsech
Fig. 1. The known exoplanets distribution, the vertical axis is the logarithmic contrast,
the ratio of luminosity of the host-star to exoplanet, the horizontal axis is the apparent
separation between the planet and the host star and the color shows the exoplanets
mass in logarithms of M
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launch date in 2022. As designed, the telescope field of view (FoV) in the focal
plane is not fully occupied by science instruments. Recently, two additional sci-
ence instruments devoted to exoplanets have been proposed for WSO-UV.

UVSETI, a UV-Spectrograph for Exoplanet Transit Investigations is aimed
toin depth study of transit photometric curves in the spectralrange of 110-130 nm
to resolve the hot atoms of hydrogen, oxygen and nitrogen to determine their
abundances in the exospheres of telluric exoplanets.

SCEDI, a Stellar Coronagraph for Exoplanet Direct Imaging is aimed to directly
detect the starlight reflected from exoplanets orbiting their parent stars or from
the star vicinity including circumstellar discs, dust and clumps. SCED/ will
create an achromatic, (optimized to 420-700 nm wavelength range) high-con-
trast stellocentric coronagraphic image of a circumstellar vicinity. Present com-
munication outlines the science goals of the both proposed instruments and
explains some of their engineering features.
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INTRODUCTION:

The dust aerosols have an important effect on the solar radiation in the Martial
atmosphere and both surface and atmospheric heating rates, which are also
basic drivers of atmospheric dynamics [1]-[3].

Under different Martian atmospheric scenarios, the measure of the amount
of solar radiation at the Martian surface will be useful to gain some insight into
the following issues:

a) UV irradiation levels at the bottom of the Martian atmosphere to use them
as an habitability index.

b) Incoming shortwave radiation and solar heating at the surface.

c¢) Relative local index of dust in the atmosphere.

Aerosols cause an attenuation of the solar radiation traversing the atmosphere
and this attenuation is modeled by the Lambert-Beer-Bouguer law, where the
aerosol optical thickness plays an important role. Through Angstrom law, the
aerosol optical thickness can be approximated as a second order moment and
then this law allows to model attenuation of the solar radiation traversing the
atmosphere by a fractional diffusion equation [4]-[7].

The analytical solution of the fractional diffusion equation is available in the
case of one space dimension and three space dimensions with radial sym-
metry. When we extend the fractional diffusion equation to the case of two or
more space variables, we need large and massive computations to approach
the solutions through numerical schemes. In this case a suitable strategy is to
use the cloud computing to carry out the simulations.

In this study, we discuss some questions of the model and experimental data.
We present analytic solutions for this modeling problem in one and three space
dimensions and numerical methods that allow us to obtain computational simu-
lations of the solutions. Also, the fractional model provides information that can
be understood in term of higher order moments and this relation stablishes a
meeting point and discussion regarding to the experiments. In this context, we
are working in the fitting of the fractional model to dust observational data [8].
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INTRODUCTION:

Atmospheric aerosol is an important feature of a planetary atmosphere.
The Martian climate is in great part controlled by the presence of suspended
particles, which include mineral dust aerosols and ice particles. They affect the
atmospheric dynamics modulating the absorption and reflection of the solar
radiation and their distribution is very important for climate models. The main
source of dust is at the surface, from where it is lifted by different wind-driven
processes. Sometimes these processes may be intensified resulting in local-
ized (dust devils and local storms) or large scale phenomena, such as global
dust storms.

We present results on solar occultations performed with the IR channel
of the SPICAM instrument on board the Mars Express spacecraft. This data-
set includes over 1200 occultations (January 2005 — May 2017, MY 27-34),
the profiles for opacity, extinction coefficient, particle size and number den-
sity were obtained. It allows characterization of the seasonal evolution and
inter-annual comparisons of aerosol particles. The 28 Mars Year (MY) global
dust storm is also covered by the dataset.

The IR channel of SPICAM is an infrared spectrometer employing an Acous-
to-Optic Tunable Filter and can be used in various observation modes: nadir,
limb and solar occultation [1]. The spectral resolution of the instrument is nearly
constant in wavenumbers and amounts to 3.5-4 cm, the resolving power var-
ying from 1800 at 1.6 ym to 2400 at 1.1 ym. In solar occultations, the verti-
cal resolution depends on the spacecraft to limb distance, varying from 1000
to 13000 km. With the FOV of 4.2 arc min (1.2 mrad) the vertical resolution
on the limb is typically better than 4-5 km (varies from 1 to 12 km). The direc-
tion of the IR line of sight (LOS) is known in the spacecraft bodyaxis frame with
an accuracy of ~0.5 mrad (or nearly half of the FOV) or 0.4—4 km on the limb.
The vertical speed at the limb varies from 0.5 to 2 km/s.

In solar occultations, a configuration of 664 spectral points has been used,
including 620 points covering continuously the 1.35-1.5 pm range with
the strongest CO, (1.43, 1.57 and 1.65 pm) and H,0 (1.1 and 1.37 pm) bands,
the remaining 45 pomts dedicated to measuring transmission at several wave-
legths outside the gaseous absorption bands. Such points (or “reference
wavelengths”) are distributed in the full range from 1 to 1.7 ym to measure
the spectral dependence of extinction and to determine optical properties
of the aerosol. The set of 11 reference wavelengths was chosen: 996.4, 1093.7,
1158.2, 1197.0, 1241.4, 1272.9, 1304.4, 1321.9, 1514.6, and 1552.2 nm.

DATA RETRIEVAL.

Radiative properties of the aerosol, such as the single scattering albedo and
the asymmetry parameter, may be described in Mie theory for the visible-to-
infrared opacity ratio and depend on the particle size distribution [2]. For each
altitude we assume lognormal size distribution specified by first two moments
of this function: effective radius (r,) and effective variance (v_) [3]. The
retrieval algorithm for solar occultations was adapted for SPICAM 1R earlier [4]
and now was improved.

Firstly we measured the transmission of solar radiance versus wavelengths,
then we calculated the slant optical depth for each altitude layer. Retrieval
of the extinction coefficient profiles was done using “onion peeling” method
for all reference wavelengths. For a constraining of size particle distribution
a classical Mie theory was used assuming the lognormal law. Five different
fixed values of effective variance and two cases of refractive index, for the
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mineral dust and water ice were considered. The minimization of x? statistically
weighted according to uncertainties of the measured extinction factor k_ (A)/
k_.(A,) has been routinely applied using the Levenberg—Marquardt algorithm [5].
With "the retrieved particle size distribution and knowing the vertical profile
of extinction coefficient we calculated the aerosol number density. Also we
made a decision about water ice cloud presence for each altitude we observed
based on extinction and opacity profiles and model predictions.

EXTINCTION:

The seasonal, latitudinal and altitudinal map of extinction coefficient was plotted.
We observe the increase of extinction during the dusty season in the second
half of the year. Also the higher values are at low and equatorial latitudes.
Some profiles exhibit detached layers, where extinction locally increases, and
such layers may be considered as clouds of water ice. Usually there are alti-
tudes between 40 and 60 km. According to technical parameters of SPICAM
IR we can observe values from approximately 0.0001 km™ to =0.2 km™.
In different seasons and locations such values of extinction are observed on
generally 20-70 km above the surface. The upper bound varies from =40 km
at high southern latitudes during the southern winter to =80 km at the middle
of the southern summer almost for all latitudes.

SIZE DISTRIBUTION AND NUMBER DENSITY:

For aerosol particles we choose the log-normal size distribution following
Montmessin et al. 2002:

(Inr—Inrg)ZJ

n(r)=Const-r"exp| —
") p[ 2|n20'g

where r, and o are parameters (modal radius and variance) connected
with the effective'radius and variance as

5| 2
reff:rgexp En [ep8
v =exp(In’ o, )-1.

The spectral range of SPICAM IR alone allows to detect particles with sizes
in the range 0.2-1.2 pm and to put constrains on particles with r_. > 2 pm.
The retrieved effective radius ranges within 0.2—1.3 pm for mineral dust. Smaller
particles were observed at high latitudes (70-90°) in both hemispheres. Parti-
cles about 1 ym and larger were located commonly at low and middle latitudes
and they can reach altitudes adobe 60 km during dust storms. In the period
of the MY28 global dust storm the clear increase of r . value was detected
almost for all latitudes and for altitudes 40—80 km. it may be interpreted as lifting
of large dust particles (~1 um) up to 80 km during the L =265-300°, MY 28.

The effective variance dependence on altitude also was analyzed. The
general trend is that the distribution is wider in lower layers and narrow
(v, < 0.2) higher 50 km. For the global dust storm period the average
profile changes indicating the wide distributions up to 60 km (v . ~0.4)
which may be explained by large particles loading to high altitudes and
other effects of this global phenomena. At high and polar southern latitudes
during the southern winter the size distribution becomes narrow (v_, ~0.1)
already above 15 km. At the same time in the Northern hemispherev_.~0.3
are observed up to 35 km. Such typical profiles were plotted for different
season and location.

Typical values of number density vary from 0.5-10 cm?® to 0.03-0.8 cm?
according to technical characteristics of SPICAM IR. For some orbits the
number density and effective radius behave in the opposite way: where the
r . is large the number density is low, and vice versa. For example during the
global dust storm r_, increases at low latitudes and in the same time number
density decreases from 2-5 cm™ to 0.3-0.5 cm™.
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INTRODUCTION:

The Moon as an airless body is exposed to significant influence of solar radi-
ation and the solar wind. The upper layer of the illuminated lunar regolith is
charged positively to a potential of several volts, mainly as a result of pho-
toelectron emission [1]. Low-energy photoelectrons above the surface and
the charged surface form a near-surface (about 1 m) electric field ~10 Vm™[1, 2].
It is commonly believed that submicron and micron-size dust particles of the
regolith are able to lift off above the surface, forming together with the surround-
ing plasma, a plasma-dust exosphere near the surface of the Moon. The first
indications of dust particles levitated over the lunar surface were received from
the Surveyor-5, -6 and -7 lunar landers. The TV cameras mounted on these
landers registered a glow near the surface extending from tens of centimeters
to a meter just after the sunset [3]. It was shown that this “low altitude horizon
glow” was the result of the dispersion of sunlight on 5-10 ym dust particles
above the surface. Indications of dispersion of sunlight from above the lunar
surface were also received by the astrophotometer onboard Lunokhod-2 [4].
The astronauts of the Apollo-17 mission observed and made drawings
of the “lunar horizon glow,” appearing like streamers [5, 6]. Registration of dust
particles near the lunar surface was implemented by the Lunar Ejecta and Mete-
orite (LEAM) instrument [7] mounted on the lunar surface by astronauts of the
Apollo-17 mission. According to the modeling study [8], the characteristic size
and characteristic number density of charged grains in the near-surface layer
on the illuminated part of the Moon are on the order of 100 nm and 103 cm?,
respectively. In this paper we present a concept of a simple optical experi-
ment to measure the polarization of solar radiation scattered from dust par-
ticles levitated over the lunar surface. These data can provide information
on optical reflectivity of lunar dust particles, which is a key characteristic
for the experimental estimation of the volume concentration of dust particles
forming an exosphere.

THE UMOV EFFECT:

Solar radiation is initially unpolarized. When it gets scattered from dust par-
ticles, it acquires partial linear polarlzatlon that is quantified in terms of the
degree of linear polarization P = (/ - )/(l +1,). Here, | and /‘ stand for inten-
sity of the scattered sunlight that is polarlzed perpendicular {o the scattering
plane and within that plane, respectively. P is dependent on the geometry of
light scattering that is described with phase angle o. Laboratory optical mea-
surements of various analogs of cosmic dust (e.g., [9]) and numerical sim-
ulations of light scattering by irregularly shaped particles (e.g., [10]) reveal
qualitatively the same angular profiles of P. Namely, nearly all samples show
positive polarization at side scattering (i.e., /, > I‘ ) with maximum of polariza-
tion P__ being squeezed to the range o = 70°=110°. Furthermore, polarization
sIowa Varies over these phase angles, so polarlmetrlc measurement at any a

within that range constrains P___ quite well.

An important feature of P__ is that it appears inversely correlated with the
geometric albedo A of dust partlcles Note that the geometric albedo compares
the backscattering reflectance of a given particle with that of a white Lambertian
disk of equal projected area G: A = M,,(0°)n/(k*G), where M, (0°) is the corre-
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sponding element of the Mueller matrix at backscattering o. = 0° and wavenum-
ber k (e.g., [10]). As recently shown in [10, 11], log(P__ ) linearly correlates with
log(A) in single-scattering, micron-sized particles. Furthermore, the interrela-
tion between log(P__ ) and log(A) in small single particles resembles very much
whatis long known in regolith surfaces, where this phenomenon is referred to as
the Umov effect (e.g., [12]). In Fig. 1 we reproduce some results obtained in [10]
for two types of irregular morphology, the so-called agglomerated debris par-
ticles and loose clusters. The Umov diagrams in Fig. 1 have been computed
for a real part of refractive index Re(m) = 1.6 and imaginary part of refractive
index spanning the range from Im(m) = 0.0005 up to 0.15. These refractive
indices are representative of various cosmic species, including lunar dust. The
light-scattering response was averaged over particle sizes with a power-law
size distribution r. Fig. 1 shows results for n = 2.5 (left panel) and n = 3 (right
panel). We refer the reader to [10, 11] for more details on the Umov effect. It is
significant that, using Fig. 1, reflectance of dust particles can be inferred from
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Fig. 1. Four examples of agglomerated debris particles (on left) and loose clusters (on
right) and their Umov diagrams at power indices n = 2.5 and 3.

CONCEPT OF EXPERIMENT:

The maximum of linear polarization occurs at phase angle o = 70° — 110°.
It is important that the phase function of polarization only slightly changes
in this range of o. Therefore, P__ can be well constrained by a single mea-
surement, for instance, at a ~ 98% Such geometry has an interesting feature.
Indeed, when orienting a detector (radiometer equipped with a polarizer)
toward zenith, a. = 90° occurs exactly at the moment of sunset/sunrise. Shortly
after sunset or before sunrise, the phase angle remains quite close o ~ 90°.
However, measurements in twilight make it possible to discriminate the pola-
rimetric response produced by dust particles located at different altitude.
This can be accomplished in practice due to motion of the shadow boundary
while the Sun moves beneath the horizon; see Fig. 2 for more details.

In twilight the exosphere is illuminated only above the shadow boundary that is
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Fig. 2. Scheme illustrating circumstances of the polarimetric measurements.
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characterized with the altitude h. The latter is defined by the radius of the Moon
(R~ 1737 km) and by the angle y (counted from the top edge of the solar disk
to horizon) as follows: h = R (1 — cosy) / cosy. Note, y is a complementary angle
to the phase angle, i.e., a = /2 — y. The altitude of h ~ 10 m will be achieved
at v ~ 0.1944°; whereas, h = 100 m at y ~ 0.6148°. Such angles are quite
small and, in the terrestrial circumstances, even the largest of them is achieved
within ~4 minutes after sunset or before sunrise. However, the apparent motion
of the Sun on the Moon is some 29.5 times slower as compared to Earth.
Therefore, h ~ 100 m will be achieved in approximately 2 hours after sunset or
before sunset. This provides enough time to accumulate the signal if needed
and, furthermore, repeat the measurements over this time period. Thus,
one can increase the altitude resolution in P < of lunar dust particles and,
as a consequence, their geometric albedo A. rp"lnally, it is important to stress
that accurate measurements of P__ not only provide crucial information on
reflectance of dust particles but, also they put further constraints on size distri-
bution and chemical composition of dust particles.
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INTRODUCTION:

The possibility of the formation of a dusty plasma cloud in the exosphere
of the Moon owing to impacts of meteoroids on the lunar surface is discussed.
Attention is focused on dust particles at large altitudes of ~10-100 km at which
measurements were performed within the NASA LADEE mission. It has been
shown that a melted material ejected from the lunar surface owing to the
impacts of meteoroids plays an important role in the formation of the dusty
plasma cloud. Drops of the melted material acquire velocities in the range
between the first and second cosmic velocities for the Moon and can undergo
finite motion around it. Rising over the lunar surface, liquid drops are solidified
and acquire electric charges, in particular, owing to their interaction with elec-
trons and ions of the solar wind, as well as with solar radiation. We show that
the number density of dust particles in the dusty plasma cloud present
in the exosphere of the Moon is in agreement with the LADEE measurements.

MEASUREMENT DATA:

Within the Apollo missions, dust particles with sizes ~100 nm were observed in
the exosphere of the Moon up to an altitude of about 100 km. Similar conclu-
sions can be obtained from the data of the recent US LADEE (Lunar Atmosphere
and Dust Environment Explorer) mission (September 2013-April 2014) [1]
according to which a cloud of submicron dust particles is continuously present
around the Moon up to altitudes of at least several hundred kilometers.

The characteristics of dust were measured within the LADEE mission, in par-
ticular, by means of a LDEX impact ionization dust detector, which allows the
direct detection of dust particles at the orbit of a spacecraft. The scientific aim
of the experiments was to determine the altitude, size, and density distributions
of dust particles over various regions of the lunar surface. The LDEX instru-
ment made it possible to detect individual dust particles with radii larger than
0.3 um and to measure the cumulative charge from several smaller particles
(from 0.1 to 0.3 ym).

The LDEX data were used to determine the average rate of collisions of dust
particles with the instrument. This rate appeared to be approximately 1 and
0.1 impacts per minute for particles with charges q > 0.5 fC and q > 5 fC,
respectively, which correspond to the particle sizes a >0.3 ymand a > 0.7 ym,
respectively. The LDEX measurements reveal the presence of stably existing
rarefied cloud of small dust particles with radii from < 0.3 ym to > 0.7 ym.
The number density of dust particles in the cloud observed within the LADEE
mission is in the range of (0.4 — 4) x 10° cm=3. The measurements did not
reveal an increase in the density of dust over the terminator region owing to
electrostatic processes that is expected within a dynamic fountain model for
lunar dust [2]. However, a stepwise increase in the dust density in the process
of interaction of some of annual meteor showers with the Moon was revealed.
This effect was particularly pronounced during the Geminid meteor shower. All
these circumstances indicate a correlation between processes of formation of
the dust cloud and collisions of meteoroids with the lunar surface.

There are also indirect indications of the existence of the lunar dusty plasma
cloud. In particular, the radio occultation data [3, 4] from the Luna-19 and Luna-
22 Soviet spacecrafts on the determination of the electron number density over
the lunar surface indicate [5] that the “lunar ionosphere” with the characteristic
altitude scale of ~10-30 km exists over the illuminated side of the Moon.
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METEOROID IMPACTS AND DUSTY PLASMA CLOUD FOR-
MATION:

Here, we consider a possibility [6] of the formation of a dusty plasma cloud
at large altitudes of ~10-100 km over the Moon owing to impacts of meteoroids
on the lunar surface. Impacts of meteoroids can result in the elevation of dust
particles, in particular, to high altitudes. The number density of dust particles
at these altitudes is determined by the flow of particles that appear because
of impacts of meteoroids and elevate over the lunar surface. This flow is in
turn related to the number of collisions of meteoroids with the lunar surface.
The number of collisions of meteoroids with a unit lunar surface per unit time
is about 100 m=2 day~'. Most of the impactors have submicron and micron
sizes. The average velocity of impactors is about 27 km/s.

Fig. 1. Scheme of the formation of zones |-V around the equivalent center of the mete-
oroid. The circle in zone | represents an unperturbed meteoroid located at the equivalent
center of a meteoroid explosion. Arrows indicate the ejection of material (in particular,
dust particles) at high velocities from the lunar surface from zones I-V. The upward ejec-
tions of evaporated and melted material are shown by the same colors as the corre-
sponding zones.

We consider the collision of a fast meteoroid with the lunar surface. The cal-
culations are performed for the case where the incident meteoroid and target
consist of continuous and porous gabbroid anorthosite, respectively. The
impact of a fast meteoroid on the lunar surface leads to the formation of zones
around the equivalent center of the meteoroid. These zones are (I) material
evaporation zone; (II) material melting zone; (lll) destruction zone of lunar
regolith particles and their irreversible deformations; and (IV) zone of nonlin-
ear elastic deformations of regolith material, where pressures in a nonlinear
acoustic wave are lower than the dynamic elasticity limit (Fig. 1). In zone V of
linear elastic deformations, which is formed behind zone 1V, the acoustic wave
can be considered as linear.

The calculations of the velocity and amount of the material rising over the lunar
surface from various zones provide the following conclusions [6].

» The mass of dust particles that originate from zone V of linear elastic defor-
mations of the regolith material and rise over the lunar surface to altitudes
higher than 10 m (1 km) is 80 (6) times larger than the mass of the material
rising from other zones (I-1V).

» The mass of dust particles that originate from zones IV and V of elastic defor-
mations and rise over the lunar surface to altitudes higher than 10 km is four
times larger than the mass of the material rising from zones I-11l.

* Only the material from material evaporation zone |, material melting zone
II, and zone Il of destruction of lunar regolith particles and their irreversible
deformations can reach an altitude of 100 km or higher over the lunar surface.

 Only the material ejected by the shock wave from material evaporation zone
| and material melting zone |l can reach an altitude of 700 km.

Furthermore, the material melting zone Il is the most important zone for the
formation of the dust cloud over the lunar surface. Only drops formed in the
material melting zone Il have velocities in the range from the first to second
cosmic velocities (for the Moon), i.e., from 1.68 to 2.38 km/s. Only these drops
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can undergo finite motion around the Moon. The material from the material
melting zone is ejected in the form of melted drops to altitudes of about 100 km
and higher. We estimate the sizes and number density of these drops.
We show that these drops form the dusty plasma cloud in the lunar exosphere.
The cloud is characterized by the number density < 10 cm~2 of dust particles
with sizes 300 nm < a, < 1 um in agreement with the LADEE data. Since the
meteoroid flux (including micrometeoroids) on the lunar surface exists always,
the dust cloud over the Moon also exists always.
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Recent studies [1] based on the Lunar Reconnaissance Orbiter data and aimed
at detecting the neutron fluxes that passed through the lunar surface regions in
the southern hemisphere of the Moon revealed the presence of hydrogen-rich
areas in the near-surface lunar region at latitudes exceeding 70°. The emer-
gence of near-surface hydrogen-rich areas may be driven by the solar wind
electrons and protons that impact the Moon, are absorbed by (implanted into) its
surface, and form neutral atoms and molecules of hydrogen or chemical com-
pounds that contain hydrogen, for example, in the form of hydroxyl groups [2].
This implanted hydrogen may accumulate at the lunar surface according to
the following mechanism. The solar wind protons are absorbed by the lunar
regolith particles at depths of up to 10-° cm. At the end of the proton path they
are chemically bound with atoms of the lunar regolith, in particular with oxygen
atoms; as a result, tens of percent of oxygen atoms in the lunar soil regions
that interact with the solar wind protons get bound into the OH hydroxy! groups.
This implanted hydrogen rises to the lunar surface due to diffusion. The deso-
rption of hydrogen bound in this way progresses very slowly at temperatures
lower than 400 K that are typical for the lunar surface. As a result, the surface
concentration of hydrogenous materials on the Moon may reach sufficiently
large values (up to 10'” cm~) in several thousand years [2].

However, the results obtained by Mitrofanov et al. [1] are treated often as those
which point at the presence of water ice in the near-surface lunar regions. Jus-
tification of such a treatment is important from the viewpoint of future lunar mis-
sions and exploration of the Moon, especially with taking into account very low
probability of the existence of free water (say, not incorporated in near-surface
lunar soil) on the Moon because of strong evaporation into atmosphereless
space at day time and impossibility to condense at night time. Determination of
a mechanism of the formation of water molecules incorporated in the near-sur-
face lunar soil is important for understanding the processes occurring in the
lunar regolith. The purpose of this work is the description of a mechanism of
formation of water incorporated in the crystal lattice of SiO,, which takes into
account the presence in the lunar soil of sulfur compounds, e.g., Ag,S.

Ag,S was found (see Fig. 1) in the form of microscale particles in feldspar
of funar regolith collected by “Luna-24” [3], [4]. The presence of Ag,S in the
lunar regolith can be explained by considering magmatic processes at early
stage of lunar evolution. In accordance with the conception [2], the energy of
the solar wind proton is enough to uncouple a molecule of SiO, in the crys-
tal lattice of quartz. Then the proton is coupled with an oxygen atom form-
ing hydroxyl (OH-) group. However, the hydroxyl group remains coupled with
a silicon atom presenting in the crystal lattice of SiO,. Such a configuration is
not related to the presence of water on the Moon. The thermal energy is not
sufficient to break chemical bonds in quartz. To explain the release of oxygen
atoms from the crystal lattice of SiO, we consider sulfur compounds (e.g.,
Ag,S) containing in the lunar regolith. Sulfur and oxygen atoms have similar
structures of outer electron shell, although the size of the sulfur atom is larger
than that of the oxygen one. Furthermore, the structure of the molecule Ag,S is
analogous to that of H,O. This results in a possibility of substitution of oxygen
atom in the crystal lattice of SiO, by sulfur atom and, correspondingly, in the
release of oxygen atom in the regions of lunar near-surface soil where argen-
tum sulphide contacts with silicon oxide.
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Fig. 1. Electron microscope image of a microscale particle containing argentum sulphide
from the lunar regolith collected by “Luna-24” [4].

The exchange between sulfur and oxygen occurs in the following manner.
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The above mechanism of exchange between sulfur and oxygen does not
require an additional energy immediately after the first energy pulse which cor-
responds to binding of H and O. Seemingly, this mechanism is a realistic one
from the viewpoint of formation of water molecules incorporated in the crystal
lattice of SiO,.

The rate of the process described by the above chemical reactions is limited
by the following factor. Breaking of the chemical bond Si-O is possible only
during the lunar day because the flux of the solar wind protons is needed for
the chemical bond breaking.

The above chemical reactions occur at the illuminated part of the Moon
in the layer of regolith of thickness of about 10-° cm. This is caused by a neces-
sity for the solar wind protons to reach the zone of their contact with argentum
sulphide (to provide breaking of the chemical bond Si-O). The estimate of the
probability of exchange between sulfur and oxygen atoms gives the magnitude
on the order 10°.

The presence of water molecules in the near-surface lunar soil influences
the photoemission properties of lunar regolith, and finally, the properties
of the dusty plasma system at the Moon, which will be studied within the future
space missions “Luna-25" and “Luna-27” [5]. We discuss the character of this
influence on the properties of the dusty plasma system.

This work was carried out as part of the Russian Academy of Sciences Pre-
sidium program no. 7 and was supported by the Russian Foundation for Basic
Research (project no. 15-02-05627-a).
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INTRODUCTION:

Superbolides, i.e. extremely bright meteors produced by entries of meter-sized
bodies into terrestrial atmosphere occurs roughly 10-20 times per year over
the globe, i.e. are rare events. The majority of observational data for super-
bolides consist of fireball detections reported from US Government sensors
(USG), which provide limited information (mainly irradiated energy, altitude
of maximal luminosity and entry velocity for smaller part of the events). Less
than two dozen of these events were recorded by groundbased observations.

Infrasound signals of fireballs are usually recorded by professional equip-
ment at great distances (in far zone) when waveguide propagation. Measure-
ments of weak shock waves in the direct propagation zone is an urgent task
and enable both to estimate the parameters of the cosmic body and to study
the processes of generation and propagation of infrasonic signals.

ROMANIAN SUPERBOLIDE:

Optical observational data on Romanian superbolide (January 7, 2015) include
optical and radiometric records obtained by the European Fireball Network
(EN), casual video records from Romania and USG data [1]. The strong infra-
sonic signals generated by the superbolide were detected by both the local
stations of the Romanian Seismic Network (operated by NIEP) and the IPLOR
array microbarometers. It is important to mention here that the main energy
deposition took place almost above the area where the IPLOR station is
deployed, i.e. the signal was recorded in the area of direct propagation, which
is rare. The infrasound signal was also detected by three CTBTO infrasound
stations in Germany (I26DE), Russia (143RU) and Kazakhstan (131KZ) at large
distances.

Analysis of optical data allowed to determine the trajectory, the entry veloc-
ity, the deceleration curve and the light curve. The meteoroid entered the
atmosphere at 27.76 km/s at an angle of 43° to the horizon. The maximum
energy release (maximum luminosity) was observed at an altitude of 42.8 km,
the length of the luminous trajectory was close to 70 km [1]. Analysis of infra-
sound data allowed to determine the location of the source of the signal
(i.e. corresponding part of the trajectory), to study the generation of overpres-
sure pulse during the flight and fragmentation of meteoroid.

Different approaches were used to estimate meteoroid energy based on
available optical and infrasound data. The relation connected the amplitude
of the overpressure and energy of the source was suggested. Independent
estimates of meteoroid energy were compared and reasonable agreement
was found.
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INTRODUCTION:

The interaction of meteoroids with the atmosphere generates an optical (meteors),
and acoustic radiation. Most meteor particles do not fall on the Earth’s surface and
their properties (mass, size and etc.) are estimated by observational data under
certain assumptions and with the help of the models of the meteor-atmosphere
interaction. The multi technique meteor observations provide independent sets
of observational data. The analysis of these data would allow to improve meteor

parameters and models of particle interactions with the atmosphere.

Multi technique (optical and acoustical) meteor observations were organized
by Institute Astronomy RAS and Institute for Dynamics of Geospheres RAS
in 2014 [1] and continued in August 2016. The double - station observations
are conducted on Zvenigorod observatory of INASAN (ZO INASAN) and Geo-
physical observatory IDG RAS Mikhnevo (GPhOMikhnevo). Simultaneously
infrasound meteor observations are carried out on three stations (IDG RAS,
GPhOMikhnevo, ZO INASAN) in 2016 (and present time).

The dynamic parameters (the radiant position, the geocentric velocities,
the beginning and end heights, the orbital parameters) and the light curves
of detected double-stations meteors were obtained. Meteoroid energies were
obtained based on infrasonic detections. Meteoroids masses, which were
estimated by both optical and acoustical observations, are compared and
observed uncertainties are discussed.

The work was partially supported by Program Ne 7 of the fundamental research
of the Presidium of RAS.
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Fig.1. Acoustic signals of the meteor 10-08-2016 (18:58:27) recorded at two stations.
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INTRODUCTION:

The International Asteroid Warning Network (IAWN) is a United Nations-en-
dorsed organization composed of a wide variety experts in the field of near-
Earth Objects (NEOs). In addition, the IAWN [1] includes experts in public
policy, disaster relief and communication, and education. There are currently
eight signatories to the Statement of Intent, including members in Russia,
Europe, Asia, South and North America. The main IAWN functions include
(but, not limited to):

- the conduct and coordination of the NEO search effort;

- follow-up and characterization of NEOs;

- communicating the risks and benefits of NEOs to a wide audience;
- educating the public on NEOs;

- maintaining a clearinghouse for NEO data;

- maintaining a database of potential impact consequences; and

- serving as the single trusted source for information on NEOs.

The current flyby of the near-Earth asteroid 2012 TC, is an opportunity
forthe IAWN to exercise a variety of interfaces to recover this inner solar system
interloper. 2012 TC, makes a close approach to Earth on 12 October 2017
ata distance of ~13, 600 km (~2.2 Earth radii) over Antarctica. It was discovered
by Pan-STARRS (on Haleakalé, Maui, Hawaii) on 4 October 2012 [2] and is
probably no larger than 27 meters across. Photometric observations [3] indi-
cate 2012 TC, possibly as a rotational period of ~12.24 minutes. However, 2012
TC, has an ofbit condition code' of 5, meaning the longitude uncertainty [in its
orbit] 28.2 arc-minutes or less. The current apparition of 2012 TC, provides an
opportunity to exercise the interfaces of IAWN to better coordinate the recovery
and crucial follow-up observations of this Apollo asteroid by observatories
around the world, representative of the critical first step in planetary defense.
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1 The orbit condition code is also known as the “U uncertainty parameter.” It is an in-
teger between 0 and 9 indicating how well an object’s orbit is known on a logarithmic
scale, where 0 indicates a well-determined orbit. Orbit condition codes are significant
when computing spacecraft transfer trajectories. Small bodies with higher orbit condition
codes imply inherently greater uncertainties in the existence and Dv values associated
with trajectories to those bodies. Orbit condition codes can be reduced as more optical
or radar observations become available.
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INTRODUCTION:

Meteorites are the raw materials for planetary formation, believed to contain
dust and grain particles that accreted to form primitive asteroids in the early
solar system. Most of the meteorites that reach Earth are chondrites, stony
matrix material of the oldest rocks in solar system that have not been modified
due to melting or differentiation. They provide an important clue to the under-
standing of the processes that transformed a disk of gas and dust into plan-
ets, moons, asteroids, and comets. An Important constrain for understanding
the first chondrites of the early solar system is embedded in the (a) calci-
um-aluminum rich inclusions (CAls) - mm-to-cm calcium-and aluminum rich
refractory inclusions found in carbonaceous chondrites produced by flash heat,
then accreted onto their parent asteroids, and (b) observations of fossil short-
lived (half-lives of <Myr) products of radio-nuclides (such as %Al) in meteorites
at abundances inconsistent with galactic nucleosynthesis. Of particular inter-
est are the observations of CAIl inclusions with enhanced abundance
of Mg, which is a daughter product of 2°Al decaying into 2Mg while emit-
ting 1.809 Mev photons, with a lifetime of 1.1x108 years. The galactic ratio
of 2Al/2’Al (radioactive/stable) is 3x10° while the deduced ratio in the CAI
gives (1.5-5)x10°5.

The young solar-like stars emit copious amount of x-rays indicatingintense
magnetic activity. The most spectacular present day heliospheric abundance
enhancement involves the energetic (MeV) *He isotope and selective heavy
elements in impulsive solar flares. The process of *He energization due to
resonant interaction with waves observed at a similar terrestrial auroral envi-
ronment as flaring solar corona will be described. Therefore, at the early epoch
of the young Sun a large number of impulsive flares have occurred and
the heliosphere was filled with a significant amount of energetic MeV
’He, as is observed in the present epoch. The abundance of 2°Al isotopes
was increased significantly before solidification through 2*Mg(®He,p)?Al, 22Si
(*He,ap) 2°Al, Mg (*He,pn)?°Al, Al (*He,a)?°Al reactions, which require these
energetic *He ions. Therefore, solar acceleration of rare isotopes in the
early solar system contributes to a selective formation of radioactive ele-
ments which are observed as fossil elements in the meteorites.
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From the observations, the asteroid Chariklo (and possibly Chiron) have
outer rings. The purpose of this paper consists in constructing the equilibrium
models of these asteroids and developing the kinetic mechanism of evolution

of their rings. We have specified for Chariklo the density p  ~2.71 glcm?®, the
mass M, ~8.817-10”g and the average radius R, ~128.16 km . Consistent
estimation of the parameters of Chiron with the average radius R, ~ 109 km

gives the density p ~1. 2 glcm® and the mass M, ~6.5-10”g. The rings
are modeled by circular gravitating toruses conS|st|ng of the small rock-ice
particles that orbit the asteroid. The method does not imply the presence of
hidden satellites near to asteroid, and the equilibrium of rings is determined by
small velocity dispersion and gravity of particles. The problem of calculating
the gravitational energy of the torus is solved. By using the energy, it is pos-
sible to express the mass of the ring through the mass of asteroid M,. For the

. e . P M -3 M -4
Chariklo’s inner (outer) ring the mass ratio is equal to V” ~10 V’Z ~107 |;
0 0

0 0

M M
and for Chiron VM ~3.66-10 [M’Z z1.66~103] respectively. The ratio of

M,
" ~10 (Chariklo) and —2 M ~ 4.54 (Chiron).

r2
The rings of both asteroids are located out of the Roche Iimit. We studied in
detail the kinetics of particle motion in the rings. The dissipation rate equation
for the rings is derived. From this equation a surprising result follows: the time

of energy dissipation (the time of evolution of rings) is only T =~ 10° =10*
years that to astronomical measures is very short time scale. wé present the
arguments supporting the idea that these rings in the future can become sat-
ellites of the asteroids.
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INTRODUCTION:

The formation of the solar system passed through the stage of interacting plan-
etesimals and small bodies [1]. Currently, the result is asteroid belt, satellite
systems of the giant planets and, in particular, the Earth-Moon system [2].
Accurate accounting of the stresses and strains caused by planetary processes
that accompanied the growth planetesimals allow us to better understand the
peculiarities of their migration, decay and merging.

ANALYTICAL PROCEDURE:

Together with geological/geophysical studies and laboratory-scale experi-
ments [3], analytical and numerical consideration of surface stress is a great
deal to our knowledge of the large-scale deep structure of planetary interiors.
So, the material is an elastic solid for shear stress 71, less than a critical value
TIO Once the critical shear stress (or “yield stress”) is exceeded, the material
flows.

To calculate elastic deformations and stresses of small bodies, one can use
well developed theory of gravitational and tidal potential [4]. The force field
strength F is determined by the gradient of the total potential

F = p,grad[V(n)], V(r) =V (r) + V (r) + V(r) (1

P, is the rock’s density, Vg is gravitational, V is centrifugal and V,is tidal poten-
tial. If the small body has an axis of symmetry the problem S|mpI|f|es to the
exact solution. In the cylindrical coordinate system (the z is an axis of symme-
try), the displacement vector u will be presented as the expansion

use u+e,u (2)

where up(p,z), u,(p,z) and u,= 0 are the radial, vertical, and azimuth compo-

nents of the displacement, respectively. Then, the equilibrium equation of an
isotropic body in the general (gravitational, tidal etc.) force field takes the form

M Au + (A + p) grad (div u) = —F, (3)
where J, A are the Lame constants and
M = E/2(1+v); A = vE/(1+V)(1-2v) 4)

where v is the Poisson ratio, and E is the Young modulus of the bodies rock.

Important to evaluate the deformation of a planetary body have the boundary
conditions: magnitude and distribution of load on the surface. In general, it is
three equations like

2u[e, Cos(n, k1) +'2e,, Cos(n, k2) + 2 e, Cos(n, k3) ] + Ae Cos(n, k1) =1, (5)
where e are the components of the straln tensor, e = e, + e,,*+ e,, — the unit
volume éhange n - the normal vector to the surface, k; - Unit véctors of the Car-
tesian coordinate system and f, - the corresponding pro;ectlon of the surface

forces. If the surface is free of load, as is usually the case for small bodies and
asteroids, f =

To analyze the surface deformation of a small body, tension and the maxi-
mum stress deviator 1__ are of the most interest. The latter it is determined
by the difference betwéén the maximum o, and minimum g, main stresses:

Toox = (0,-0,)2 (6)

max

Tension is the composition of stretching (rotation and tidal) and pressure (grav-
ity) forces. It is final value will be determined by the ratio of the intensities
of the involved potentials:
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V, = p,2a? G 2m/3, G — gravitational constant;

V, =p,a%w? w=21/T, T - the period of rotation; 7)

V.=p a2G M/d3, M is the central body mass, d — distance the distance to the
li

satellite and a - the largest semi-axis of the small body.

RESULTS AND DISCUSSION:

Unfortunately, none of the elegant spherical theory can be applied to an arbi-
trary asteroid or small body because of its huge eccentricity. For instance,
Saturnian satellite, Hyperion has eccentricity € = 0.812. On the other hand,
small body in first approximation is tolerably well presented by a two-axial pro-
late ellipsoid of principal semiaxes a and c, a > c. For instance, the gravitational
potential V_of a two-axial elongated ellipsoid is rather simple in the interior
and, if the 3ensity p, is assumed constant, can be written as

V,(x.y.2) = V [ A(e) — X B(g) — (y*+ 2%) C(e)], ®)

where (x, y, z) are Cartesian coordinates directed along the (a, c, c) axes
respectively; A,B,C are functions of eccentricity € = (a2 — c?)/a? have been found
analytically.

Similarly, will be presented the components of the stress tensor, which occur
as functions of Poisson’s ratio (v), and eccentricity, t = c?a? or € = 1 - t. For
instance, in the equatorial plane (z = 0, z-axis coincide with the axis of rotation)
stress component s,, caused by gravity (s11Ge) is

16,02 (42 402 4 3ty - 4wt + tlay 305 002 5 402 5 209)v200)

(1 —v)~[(t2+ S+ 16+ 11+ 814 16] :
where v1(t) and v2(t) are determined by B(g) and C(g). Also, we can determine
the s11 component of the stress tensor caused by rotation (s11Re) and tidal
(s11Te) forces. In fact, this component is most important when considering
the resulting tensile stresses in the plane x = 0 which is critical for the breakup
of the small body. It can be shown that when the tensile forces overcome
body’s self-gravity, the gap starts at the equatorial point (z=0, x=0, y=c)
on the surface and goes through along this plane. So, the beginning of the gap
can be started when the ratio

|s11Ge(v,t)-p

s11Re(v,t)+s11Te(v,t)’
will be less than 1, where p is the ratio of the intensities V /V .

We can illustrate this approach on the example of the Martian satellite -Phobos.
It is small body with size 27 x 22 x 18 km and synchronous rotation with period
7 h 39.2 min. Phobos exceeded the Roche limit for a “fluid” satellite, and
is held only by the strength of its rocks. Because of its mean density, 1.876 g/cm?,
Phobos composition similar to carbonaceous chondrite material, with Pois-
son’s ratio about 0.3. Of course, the exact elastic characteristics of the rocks
is unknown, but we can analyze by (9) its stability as a whole for any value
of the Poisson’s ratio

ITe(v,t,p) = 9)

3 . . .
25
ITe{v,047,5) 7
1 15
1

where t = c?/a®is 0.47 and p = V /V is about 5. As we can see from the above
picture, Phobos is stable with re%pect to the breakup by almost all reasonable
values of Poisson’s ratio. Instability could occur by v > 0.45, when a rocks
behaves as an incompressible fluid. Obviously, this is not happening and
Phobos is stable at the moment as the graph shows.
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In general, an asteroid should be modeled as homogeneous, elastic three-ax-
ial ellipsoid (a > b > c) subject to self-gravitational stress, rotational and tidal
forces. An exact analytical treatment then gives the stress and strain fields
throughout its interior and surface. Now, we obtained exact expressions for
the stress and strain tensors of a prolate ellipsoid only and estimates main
and shear stress value on its surface. Applications of the new formulation to
the number of non spherical small bodies and comets in the solar system will
be discussed.
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Control point networks have been created based on the latest Cassini data
(06/2016) for Saturnian satellites Dione and Rhea [1,2]. This allowed us
to check the libration amplitude of the satellites, as well as to prepare new
cartographic products.

The results of the subsequent photogrammetric processing will be also used
for online mapping of these bodies.
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INTRODUCTION:

We suggest that the large organic molecules found in dust of comet 67P/CG
were formed in the interstellar medium (ISM), many of them being at the origin
of Diffuse Interstellar Bands (DIBs) imprinted as absorptions in stellar spec-
tra. This conservation of organic molecules during the formation of comets
in the solar nebula is indeed possible with the scenario of a gentle, hierarchical
process of accretion emerging from many lines of evidences from Rosetta ren-
dez-vous mission (Davidsson et al., 2016). Within this scenario, large organic
molecules found now in the comet were formed in the ISM before the existence
of the pre-solar nebula. In contrast H,O ice sublimated, according to diverse
comet D/H values. While the organic t6 mineral mass ratios R, for comet Halley
and 67P/CG was measured in the range ~0.32-1.0, we estimated crudely that
the DIB carriers alone provide R ,,=0.32, but clearly some other organic mole-
cules of the ISM (in unknown quantlty) do not show up in absorption and could
increase this R ., ratio. The DIB decrease for lines—of-sight crossing the dense
cores of interstellar clouds and simultaneous steepening of the Far UV part of
the reddening curve suggest that DIB carriers coagulate and are part of the
very small grains finally preserved in comets. Such a conclusion implies that
a future sample-return mission from a comet nucleus would return information
not only on comets, but also on the exact nature of the interstellar species
producing the hundreds of DIBs, whose carriers have been unsuccessfully
searched for since seven decades.
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INTRODUCTION:

The spectral properties of sunlight scattered from a comet differ significantly
from those of unscattered light. The change is the result of the specific wave-
length-dependent light-scattering properties of dust particles and gases form-
ing the coma. Therefore, colorimetric measurements may be used to constrain
physical and chemical properties of cometary species. What emerges from the
photometric measurements of numerous comets is that their color significantly
differs from one comet to another [e.g., 1]. The red color is often considered to
be a distinctive feature of cometary dust [2]. However, other studies demon-
strate that comets may also have blue color [e.g., 3-5]. For example, all four
comets whose coma was investigated in [3] displayed blue photometric color.
Other examples of blue color of cometary dust can be found in [4, 5]. Finally,

it is worth noting the recent Rosetta measurements of the color of dust in
Comet 67P/Churyumov—Gerasimenko [6], in which 16 out of 70 individual dust
grains detected in the vicinity of the nucleus have blue photometric color. Thus,
the blue photometric color also can be a feature of some comets or, at least,
some part of their dust.Systematic, long-term studies of the color are still rarely
reported in the literature and, therefore, it is difficult to draw statistically reliable
conclusions. We report our observations of Comet C/2013 UQ4 (Catalina) that
further enriches the knowledge of the variation of cometary color.

COLOR SLOPE:

It is convenient to characterize the cometary color in terms of the so-called
color slope [7]. This characteristic also is referred to as the reflectivity gradient.
The color slope can be measured in per cent per 0.1 um and is defined as
follows:
Jloetm 1 20 (1)
T FT Ry

where Am stands for the true color index of the comet, i.e., the observed color
reduced for the initial solar color. We adapt the color index of the SunB - R =
0.996 from [8]. In eq. (1), A, and A, correspond with the effective wavelengths
of the filters used. In the present work, &, = 0.4353 um in the case of the B filter
(Ax = 0.0781 um) and A, = 0.6349 pm in the case of the R filter (AX = 0.1066
um). Although the filters are broadband, their bandwidths are well isolated one
from another.

We note that the geocentric distance of the comet varied by a factor of three
over the run of observations. However, we measure nearly the same part
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of the coma, adjusting the angular aperture of the signal integration. In the
vast majority of cases, the projected radius of the measured area is squeezed
between 3133.2 km and 3694.8 km with only one exception, 2091.1 km
corresponding to August 1, 2014. The results of computations of the color
slope with eq. (1) are shown in Fig. 1 as a function of the phase angle
of Comet Catalina.

Comet C/2013 UQ4 (Catalina)
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Fig. 1. The color slope as a function of phase angle in Comet C/2013 UQ4 (Catalina).
Red dots and blue diamonds show positive and negative values of the color slope,
respectively. Every data point is labeled with the corresponding date of observation. The
red dashed line shows the average color slope for eight available observations.

As one can see in Fig. 1, the color slope S’ in Comet Catalina ranges from
(-12.67 £ 8.16)% per 0.1 um up to (35.09 +11.70)% per 0.1 um. We note
that the observations were conducted at different phase angles, which can
cause some variation of the color [4]. However, seven out of eight observations
of Comet Catalina fall quite well into the two squeezed ranges of phase angle,
o~ 44.8° — 48° and a~ 65.5° — 68.6°. It is significant that within each of those,
the observed variation of the color slope cannot be attributed to the change
in the geometry of observations and, therefore, they have to be considered
in terms of change of the coma constituents.

What also emerges from Fig. 1 is that the coma population may experience
dramatic short-term variations. For instance, during a single day spanning July
18-19, the color slope decreases from (18.88 + 8.44)% per 0.1 um to (4.34 £
7.36)% per 0.1 um, and over a two-day period spanning July 16-18, the color
slope increases from (—4.43 + 6.90)% per 0.1 um to (18.88 + 8.44)% per 0.1
um. Note, the latter case could also suggest qualitative changes in the Catalina
color, from blue to red.

These findings have an important practical implication as they reveal that
a sole observation hardly characterizes the color of a comet. Indeed, when
characterizing the color of Comet Catalina, we meet a fundamental difficulty
due to the large dispersion of the observational results. Namely, in three out
of eight observations the coma appears blue and in the remaining five, it
appears red. During two epochs, June 2 and July 16, the blue color was detected
with high uncertainty that also might suggest a slightly red color of the coma.
A similar high uncertainty accompanies the measurements of the red color on
July 15 and 19. Overall, with confidence we detect blue color on one night and
red color on three other nights. Thus, we face the question: what is the color
of Comet Catalina?

The average color slope of Comet Catalina is equal to 6.98% per 0.1 um that
is consistent with other comets [2]. However, this is misleading, since this aver-
age color slope does not match any specific observation shown in Fig. 1. While
four observations appear consistent with the average color slope within the
error bars, the other four observations differ from it considerably. Therefore,
in our analysis we do not consider the average color slope in Comet Catalina;
instead, we analyze the whole range of the observed color slopes observed.

MODEL INTERPRETATION:

Using the model of irregularly shaped agglomerated debris particles [4], we
retrieve physical and chemical properties of dust in Comet Catalina on the
epochs when it revealed its reddest and bluest colors. What emerges from this
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study is that the corresponding extreme values of the color slope are unlikely
to be reproduced with the same material. This leads us to an important con-
clusion on chemical heterogeneity of the Catalina coma that there are at least
two components in the coma contributing significantly to the optical response.
The first component producing the bluest color is consistent with Mg-rich sili-
cates. There are three different options for the second component producing
the reddest color. It could be either Mg-Fe silicates, kerogen type Il, or organic
matter processed with a low dose of UV radiation, as well as a combination
of those three species. However, all intermediate values of the color slope in
Comet Catalina can be explained in terms of different volume ratios of these
two principle components. Our modeling also suggests that the dust particles
in both components obey a power-law size distribution r with the index n
being consistent with the in situ findings in comets. For more details on this
study we refer the Reader to [9].
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INTRODUCTION:

There is a class of near-Sun comets with perihelion distances ~ 0.05 au (sun-
skirting comets). Many of them have been observed in several apparitions [1].
In particular, comets 321P, 322P, 323P have been observed in five apparitions,
and 342P has been observed in four apparitions. This allows us to study their
orbits and to estimate nongravitational effects in their motions.

METHODS:

We determined the orbits of 321P, 322P, 323P and 342P using observations in all
the apparitions. The gravitational attractions of all the planets were taken into account,
and relativistic terms were included in the equations of motion. From consecu-
tive pairs of the apparitions, we obtained four representations of the observations
for 321P, 322P, 323P and three representations of the observations for 342P

NONGRAVITATIONAL EFFECTS:

From a comparison of the different values for the times of perihelion passage in
orbits calculated from different pairs of apparitions, we can detect nongravita-
tional effects in the motion. Nongravitational changes were estimated in 2001,
2004 and 2008 for 321P, in 2003, 2007 and 2011 for 322P, in 2004, 2008 and
2012 for 323P, in 2005 and 2011 for 342P. These computations show that there
are nongravitational forces acting on the sunskirting comets. The nongravita-
tional forces are very variable. Differences in the values of orientational ele-
ments provide evidence that nongravitational components perpendicular to the
orbital planes are substantial. Table 1 shows an example of nongravitational
changes for 342P near the perihelion passage in 2005.
Table 1. Changes of the orbital elements (the semimajor axis a, the eccentricity e,
the inclination i, the argument of perihelion w, the longitude of the ascending node Q,
the mean anomaly M) for 342P near the perihelion passage in 2005

Aa, au -0.000522+0.000011
Ae -0.000192+0.000033
Ai, deg 0.0960+0.0197
Aw, deg 0.7293+0.1196
AQ, deg -0.4108+0.1789
AM, deg -0.0024+0.0004

Potential interpretations of detected nongravitational variations are dis-
cussed. In particular, comparisons are made with the results obtained in [2]
for the Kreutz sungrazing system’s dwarf comets.
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We consider the old question of the change in the cometary gas production
rate with a heliocentric distance. In the simplest case (the Wipple’s approach)
the absorbed solar energy is spent completely on the sublimation of ice.
In this model, the energy loss for thermal re-radiation and for the change
in the internal energy of the nucleus is ignored. The production rate grows
as an inverse square of the distance. In the more realistic model we assume
that the nucleus surface is covered with a porous layer of dust. The layer is
characterized in general by thickness, size of dust particles (or pores), layer
permeability (a function of porosity and dimensionless thickness), and effec-
tive thermal conductivity (a function of pore size). In the presented two-layer
heterogeneous model the energy balance equations must be satisfied at
the boundaries of the dust layer (that is, at the nucleus surface and at the
boundary of the subliming ice): the absorbed solar energy is expanded on the
thermal re-radiation, the ice sublimation and the nucleus heating. Our goal
is to find out whether the presence of the dust layer can qualitatively change
the classical dependence of production rate on the heliocentric distance.
We investigate the case when the characteristics of the dust layer do not
change with time. The proportionality between the radiative heat conductivity
and the particle size may provoke an unreasonable conclusion that a steeper
growth in production rate can be caused by the increase in particle size.
We revise this hypothesis as well.

The qualitative analysis shows that under the fixed irradiation it is impossible to
speed up gas production from under the layer of the fixed dimensionless thick-
ness due to grain size increase leading to the increase of thermal conductivity.
The existence of a porous surface layer having the fixed characteristics does
not change the production rate as well.

In order to further support our findings, we present the results of massive
numerical simulation for a wide range of layer parameters. We use the two-
layer model where the heat flux through the overlaying dust layer is deter-
mined by the grain size, the layer thickness, and the effective dust conductivity.
The last one is simulated considering the hierarchic structure of the medium
(porous layer consisting of porous aggregates). A total of 400 options of layer
structure were considered. The results of calculations are well approximated
by a quadratic dependence and in agreement with the qualitative analysis.
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In historical documents, the appearance of comets has always been attributed
to major events[1]. Halley’s comet was mentioned for the first time in ancient
Greek chronicles in 468-466 BC and at the same time was noted in Chinese
records. Only in 1531 and 1607 did the appearance of Halley’s comet start
to be recorded in the Julian and Gregorian calendars, respectively. On March
6 and 9, 1986, for the first time in the history of science, the Russian space-
craft Vega-1 and Vega-2 approached [2] and closely passed by the nucleus
of Halley’s comet (1P/Halley). A few days later, on March 14, 1986, the same
was done by the European Space Agency’s (ESA) Giotto spacecraft [3].
These missions, together with the Japanese Suisei [4] (JAXA), marked
a successful start to spacecraft exploration of cometary nuclei. Subsequent
missions to other comets have been aimed at directly studying cometary
bodies carrying signs of the formation of the Solar System. The Rosetta
spacecraft [5], inserted into a low orbit around the nucleus of the 67P/Churyu-
mov-Gerasimenko comet, performed its complex measurements August 2014
to September 2016. In this report, some of the data from these missions are
compared. Direct studies of cometary nuclei launched 30 years ago by the
Vega mission suggest the diverse nature of cometary bodies, their atmos-
pheres, and their formation regions. Comparisons of the most thoroughly stud-
ied comets, such as 1P/Halley and 67P/CG, indicate significant differences
in their physico-chemical properties, origin, dynamics, and evolution. It can
even be noted that the widespread assertion that the study of the physics and
the evolution of comets will speed up resolving cardinal issues on the origin
of our Solar System is somewhat naive. On the contrary, new processes [6]
are being revealed, complicating hypotheses on the Solar System formation.
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Since 1960s, radio occultation has been usedin planetexploration to detectvertical
changing of temperature, pressure and electron density of atmosphere and iono-
sphere. In 1966, the radio occultation experimentof Pioneer-7 proved the existence
of Lunar ionosphere which is very thin (electron density is about 4x10* el/cm?)1.
In Apollo 14 mission, the electron density detected by the Charged Particle
Lunar Environment Experiment (CPLEE) was 10* el/cm?® at several hundred
meters high during lunar day time!™. In Luna-19 & 22 mission, the electron den-
sity profiles were detect and the peak densities were about 10 el/cm? .. In the
last decade, European mission SMART-1 and Japanese mission SELENE also
performed radio occultation experiment for Lunar ionospherel'-233,

The circumlunar return and reentry spacecraft is a Chinese precursor mission
for the Chinese lunar sample return mission. It was launched into type lunar
free-return orbit and loop behind the Moon once to test the high speed atmos-
pheric reentry of a capsule returning from the moon. The circumlunar return
and reentry spacecraft was launched on 23 October 2014 and nine days later
the return vehicle landed at Inner Mongolia successfully. The service module
performed a divert maneuver to avoid re-entry and to go to the Earth-Moon L2
(EML2) point. The service module stayed at EML2 until 4 January 2015 and
then conducted a departure maneuver to leave EML2 and begin a transition
into a Lunar Orbit. It arrived on 11 January 2015 in a 200x5300 km lunar orbit.
Finally ts orbit would be lower to ~100 km to image the target landing zone for
the Chinese lunar sample return mission which has not yet been disclosed.
During this period, we performed the radio occultation experiment to detect the
Lunar ionosphere.

The service module provides a stable and reliable frequency source, whose
short-term stability is nx10-%, for both X-band and S-band signal. The signals
transmitted from the spacecraft in S and X band passed through lunar ion-
osphere, interplanetary plasma, Earth ionosphere and atmosphere, finally
received by the ground tracking stations. According to the coherent ratio
of the S/X signal, we convert the phase information of S-band signal to the fre-
quency of X-band signal and calculate the difference of these two signal. Then,
the extrapolation algorithm was used here to deduct the interference error
of the earth ionosphere and the interplanetary plasma. Based on the above
work, the electron column concentrations of lunar ionosphere was explored
preliminary. The maximums of electron column concentrations are between
0.4~0.5x10"% el/m?, are two times of the maximum result from Luna 19/22, are
1~2 orders higher than the SELENE result, but well-matched with the result
from CPLEE. These results show that the lunar ionosphere is clearly exist
and much stronger than we expected. The result here gives a positive sup-
port and some dynamical constrains for the scientific objective of the very low
frequency radio astronomical payload onboard the Chang’E-4 lander mission.
But it also raises a new question that the characteristics and formation mech-
anism of a stronger lunar ionosphere is remain unknown. More observations
will be performed for further scientific targets.
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INTRODUCTION:

Collisions of meteoroids with the Moon are considered as an important source
of metals and hydrogen-containing species in the lunar exosphere. Recently
enriched content of Na and K atoms in the lunar exosphere soon after max-
imum of Quadrantid meteor shower was detected by LADEE space-craft [1].
In our previous papers quenching model of the chemical composition
of impact-produced clouds formed after collisions of meteoroids with the Moon
was already developed (see, for example, [2]). However, calculations of the
equilibrium chemical composition were performed in these papers with usage
of CHET program and outdated database of thermodynamical properties of
considered species [3]. Now we perform studies of the chemistry of impact
events on the Moon with usage of modern thermochemical program IVTAN-
TERMO [4].

USED MODEL.:

The elemental composition of the target is assumed to be that of the bulk Moon
[5]. The elemental composition of impactors is assumed to be that of Cl chon-
drites in accordance with [6]. Based on work [7], chosen target-to-impactor
mass ratio in the gas phase of the impact-produced cloud of 5 corresponds
to impact velocity of meteoroids equal to 14 km/s. The initial temperature
in the impact-produced cloud is taken as 10* K. The initial pressure is taken
as 10%, 104 and 10° bar. The adiabatic constant y was calculated at each
step of expansion of the cloud. About 450 gas-phase and solid-state species
of 12 elements (O, Si, Mg, Al, Ca, Na, S, Fe, H, C, Ti, and Ni) were considered
during calculation of the equilibrium chemical composition of the impact-pro-
duced cloud.
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Fig. 1. Dependence of pressure on temperature during expansion of the impact-pro-
duced cloud. For all curves the initial temperature T, = 104 K. The initial pressure P is
equal to 105, 105, 104, 104, 103, and 10° bar for curves 1, 2, 3, 4, 5, and 6, respectively.
The adiabatic constant is 1.2 for curves 1, 3, and 5. Adiabatic constant is calculated with
usage of IVTANTHERMO program for curves 2, 4, and 6.



At the beginning of cloud’s expansion the chemical composition of impact-pro-
duced cloud is in thermodynamic equilibrium. Quenching of the chemical
composition occurs when hydrodynamic and chemical time scales became
comparable. After quenching during further expansion of the impact-produced

cloud the chemical composition remains unchanged.

ADIABATIC EXPANSION OF IMPACT-PRODUCED CLOUD:

In previous papers (for example, in [2]) it was assumed that the adiabatic con-
stant is constant during expansion and equal to 1.2. This assumption is suit-
able for temperatures higher than 4500 K. However, this assumption leads to
significant overestimation of pressure during quenching of chemical reactions

at typical temperatures 2500 — 3500 K (see Fig. 1).
HYDROGEN BEHAVIOR IN IMPACT-PRODUCED CLOUDS:

For the case of T, = 10* K, P, = 10* bar at typical quenching conditions
T = 3300 K and Pq = 1 bar (see estimation of typical chemical and hydrody-
namic time scales in [2]) in clouds, produced during collisions of meteoroids
from strongest annual meteor showers with the Moon, main H-containing spe-

cies are H, H,0, and OH (see Fig. 2).
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Fig. 2. Equilibrium content of H-containing species (in units of mole/kg) in the impact-pro-
duced cloud formed during collision of Cl chondrite impactor with the Moon. Target-to-
impactor mass ratio in the gas phase at the beginning of adiabatic expansion of the
impact-produced cloud is 5.

Among OH-containing species water is the main compound at the reason-
able range of quenching temperatures. Due to lower quenching pressure
at the same quenching temperature and updated thermodynamic database the
content of metal hydroxides is significantly lower than that obtained with the
usage of CHET program and assumption of constant y value [8].

CONCLUSIONS:

Behavior of hydrogen-containing species during impact events on the Moon is
considered. It is shown that previously used assumption of constant y value
leads to overestimation of quenching pressure and underestimation of quench-
ing temperature in the impact-produced clouds. Obtained results can be used
for modeling of the OH exosphere of the Moon.
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We analyze the plasma and magnetic structure and properties of MM
at strong mass-loading conditions as observed on MAVEN at Mars
at the solar-zenith angle of ~ 80° on January 4, 2015 using measurements
of STATIC and MAG instruments. This strong mass loading of upstream
flow was apparently associated with plume ions ejected from Mars by the
solar wind motional electric field. Main parameters of crossing are indicated
on the figure 1.

The mass loading ratio p/p_, of pick-up ion density pl to solar wind mass den-
sity p,,, reached about 3(5% As a result the jump of the solar wind flow velocity
at thé"shock transition V,/V, constitutes 0.54, and magnetic field magnitude
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Fig. 1. From up to bottom: magnetic field magnitude, magnetic field components in
MSO coordinate system, energy spectra of protons and atomic oxygen.
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jump reaches 2.42. Normalizing by velocity ratio of upstream value of 280 km/s
to downstream value of 150 km/s we arrive at the 1.3 for magnetic field jump
across the tentative shock. This characterizes the shock as cometary-like
shock.

Authors are grateful to J. McFadden for possibility to use STATIC data and to
J. E. P. Connerney for use MG data.

This work was supported by Russian Science Foundation (Grant Nr.16-42-
01103).
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Magnetosphere of Mars forms from the solar wind magnetic flux tubes
mass-loaded by planetary ions. These flux tubes pile-up above dayside ion-
osphere and then drift around the planet to the night side forming the tail
of magnetosphere. This process was understood from analysis in papers [1], [2],
and [3] and from experimental evidence [4]. Most frequent name “induced
magnetosphere” came from initial assumption that magnetosphere originate
from ionospheric current induced by motional electric field E by the solar wind,
E =-1/c VxB were Vis the solar wind velocity and Bis interplanetary magnetic
field. Misleading name "induced magnetosphere” would be better eplaced by
“accretion magnetosphere” or “mass-loaded magnetosphere ”.

Measurements of plasma and magnetic field on Martian satellites Mars-2, -3, -5,
Phobos-2, and Mars-Express did not provide sufficiently detailed description
of dayside magnetosphere of Mars. Comprehensive measurements on
MAVEN spacecraft give the possibility of more detailed analysis of dayside
magnetosphere of Mars and its variation with the solar wind conditions. In
this presentation we will present analysis of magnetospheric crossings by
MAVEN with preliminary description of the flank magnetosphere structure and
its dependence on the solar wind conditions.
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Fig. 1. Parameters of plasma and magnetic field. From top to bottom: number densi-
ties of protons and heavy ions; convection velocities of these ions; the ratio of number
density of protons to the sum of O*, O," ions; ion kinetic, magnetic, and ion thermal
energies; magnetic field components and magnitude; the draping parameter (B /B ratio);
protons, O*, O_* gyroradii; angles between velocities of protons, O*, O_* and magnetic
field; altitude. Three regions are marked by vertical lines (from left to rigiwt): ionosphere,
magnetosphere, and ionosheath flow.
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to J. E. P. Connerney for use MG data.
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Studies of solar wind induced atmospheric losses were started in earlier 1970,
Several loss channels have been identified including pick-up of exospheric
photo-ions, ionospheric ions, plasma sheet ions, plume ionsescape. Measure-
ments performed during several solar cycles showed variation of these losses
by a factor of 10, being largest at maximum solar activity.

Simultaneous observations at Mars by the Mars Expressand MAVENspace-
craft open the new perspective to study Martian environment. We carried out
an analysis of interplanetary environment influence on the structure of plane-
tary ion fluxes in Martian magnetotail. We used solar wind and interplanetary
magnetic field measurements on MAVEN and heavy ions measurements in
Martian magnetosphere on Mars Express. These joint observations allowed us
to reveal two high latitudes maxima of escape flux (fig. 1). It was also possible
to estimate the influence of the disturbed solar wind conditions on the escape
rate by a factor of about 1.5.

This work was supported by Russian Science Foundation (grant Nr.16-42-
01103).
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Fig. 1. Distribution of heavy ions(O* and O,*)average fluxes in MSE coordinate system
(Mars-Sun-Electric field). X axis is directed fothe Sun, Z axis is directed along the elec-
tric field E = —[VswxB] and Y axis completes the right-handed coordinate system. The
black lines show the average positions of the shock (external curve) and the boundary
of Martian magnetosphere.
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We present multi-instrument observations of the influence of the solar wind
and solar irradiance on the Martian ionosphere and escape fluxes made
by the MAVEN spacecraft. The measurements provide us for the first time the
opportunity to study these processes with simultaneous monitoring of the solar
wind and ionospheric variations, planetary ion fluxes and solar irradiance.
Although solar wind interacts directly with the Martian ionosphere/atmosphere
creating the induced (draping) magnetosphere, the existence of the crustal
magnetic field essentially influences the magnetic field and plasma environ-
ment near Mars. As a result, a combined magnetosphere can arise with ele-
ments of the intrinsic and induced magnetospheres. This strongly modifies the
geometry of escape channels.

It will be shown that fluxes of planetary ions extracted at different ionospheric
altitudes and escaping through different channels (the trans-terminator region,
the ion plume, the tail lobes, the plasma sheet) respond differently on varia-
tions of the different drivers. Solar irradiance controls the fluxes of low-en-
ergy ions in the tail lobes. lon losses through the plasma sheet and boundary
layer vary with solar wind variations. As a result, total escape losses critically
depend on the external conditions.
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INTRODUCTION:

Planetary embryos form protoplanets via mutual collisions. This can lead to the
development of magma oceans. During their solidification, significant amounts
of the mantles’ volatile contents may be outgassed. The resulting H,0/CO,
dominated steam atmospheres may be lost efficiently via hydrodynamic escape
due to the low gravity of these Moon- to Mars-sized objects and the high stellar
extreme ultraviolet (EUV) luminosities of the young host stars. Protoplanets
forming from such degassed building blocks after nebula dissipation could
therefore be drier than previously expected. We model the outgassing and
subsequent hydrodynamic escape of steam atmospheres from such embryos.
The efficient outflow of H atoms drags along heavier species like O, CO,, and
its dissociation products. The full range of possible EUV evolution tracks of a
young solar-mass star [1] is taken into account. We consider the atmospheric
escape from Mars-sized planetary embryos at the orbital distances of Venus,
Earth, and Mars, bracketing the habitable zone. The degassed envelopes may
have surface pressures of a few bar to >1kbar, depending on the depth of the
magma ocean and its volatile content. Typical atmospheres of a few tens to
100 bar are lost within a few to a few tens of Myr. The most massive atmos-
pheres can only be removed if the young star is a strong EUV emitter and if the
embryos spend sufficient time at the closest orbital distances [2].
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INTRODUCTION:

Fig. 1 presents one of initial illustrations
of the magnetic field and ion structures
originating during solar wind — Venus
interaction [1]. Quite similar schematics
with minor modifications were repeated
in a number of publications (see e. g.
[2]). Though reflecting general features
of the solar wind interaction with Venus,
these diagrams do not depict important
details of the magnetic field and plasma 3 ST

properties in the planetary magnetotail. Fig. 1. Customary schematics
Really, the reconnection type magnetic of the solar wind interaction with
field geometry was observed behind the Venus.

Venus by Venera 9,10 ( (B_,'B,;) < 0, [3]

), Pioneer Venus (PVO) [4]3and Venus Express (VEX) orbiters [5]. Additionally
VEX observed flapping waves which are ultimately driven by the magnetic
reconnection [6].

The most unusual feature of the Venusian tail — the twisting of its magnetic
field lines was originally revealed in PVO magnetic field measurements [7]
and later confirmed by VEX observations [8]. Both set of observations will be
presented in the talk and optional origins of the planetary magnetotail twisting
will be discussed furthermore.

VENUSIAN MAGNETOTAIL TWISTING OBSERVATIONS:

Fig 2 presents first PVO observations of the magnetic field lines twisting behind
Venus [7]. Orange circles were added to the original figure in order to clarify
that in all cases the clock vice field lines twisting was observed from sunward
direction. Qualitative view of the magnetotail twisted field lines is depicted
in Fig. 3 [7].

Summary plot of PVO measurements of azimuthal magnetic field component
along a large number of orbits is presented in Fig. 4a [8]. Yellow-red circle in this
figure correspond to systematic presence of the clock vice directed (as viewed
from Sun) azimuthal magnetic field in the Venusian magnetotail, thus confirm-
ing and detailing earlier analysis of PVO magnetic field measurements [7].

Fig. 2. Magnetic field vectors as measured along PVO orbits. Note clock vice magnetic
field lines rotation behind the Venus in all cases [7].
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Later VEX magnetic field meas-
urements (Fig 4b, [8]) confirmed
the presence and direction of azi-
muthal magnetic field component in

. . , . the magnetotail of Venus. Note that
Fig. 3. Schematics of Venus’ magnetotail plots in Figs. 4 a,b are in different
field lines twisting after PVO observations [7]. reference fra.mes T~ VSO and VSE

(n respectively. This difference explains
apparent dissimilarity between fig-
ures — complete plate coverage and

o Systematic color variation from blue

to red with increase of Z, _ in Fig. 4b.

Both effects are due 1o alignment

s of Z . axis with rotating IMF electric

veo/Py Y /R, i field dElrectior;. Schematics of Venfus’

4. Summary plot of PVO (a) and VEX Magnetotail field lines twisting after

(b? magnetic flr}ellé) measurem(erzts behind VEX and PVO observations [8] is
Venus [8]. depicted in Fig. 5.

R DISCUSSION:

Specific value of azimuthal magne-
totail field B, is about 2-4 nT (see
Figs. 2,4). Estimation of the value of
total downstream electric current |
depends on the distribution of down-
stream current across the planetary
magnetotail which to some extent can
be evaluated from B, measurements
— across the tail (see, e.g., Fig. 4a).

— For B, = 2-4 nT the total downstream
electric current was evaluated in the
paper [7] as | _(1-2)-10° A. This
current corresponds to a flux F =
(0.6-1.2)-10%* s of singly charged
ions per second moving from the
planet. The above value of F can easily be supported by the loss of Hydro-
gen (~7.1-10% s ), Helium-(~7.9-10% s™' ) and Oxygen (~2.7-10* s™' ) ions by
Venus even in the period of low solar activity [9]. The above loss rates provide
possibility to estimate upper limit of | only, because, scavenging associated
with magnetotail draping would be expected to pick up both ion and electrons.

It is worth mentioning that contribution to the total downstream electric cur-
rent can be provided also by electrons precipitating to the nightside Venusian
atmosphere and creating main maximum ionization in the nighttime iono-
sphere [10]. Specific omnidirectional flux of these electrons is ~ 2-108 cm?2s?
that corresponds to movmg toward planet electron flux ~ 5-107 cm?s™ |, i.e.
to downstream current | _10” A. Minor part of this upper limit current can be
sufficient for providing Vénusian magnetotail field twisting.

An example of Venusian magnetotail current system that can provide proper
B, (B,,,) is presented in Fig. 6 [8]. In order to confine the azimuthal field
in"a shell- -shaped region, authors [8] used two currents |, and | (green
arrows in Fig. 6) at the outer and inner shells with sunward and anfisunward
directions, respectively. The average magnitude of B, ~ 4 nT is achieved when
louer @Nd 1, @re about 1.2 x 10° A[8].

outer

Fig. 5. Schematics of Venus’ magneto-
tail field lines twisting after VEX and PVO
observations [8].

The investigation of the magnetic
field at Mars and Titan show that
the azimuthal magnetotail field is
most likely a universal phenom-
enon for unmagnetized/weakly
magnetized planetary bodies
with developed atmospheres [8].

CONCLUSIONS:

_ The specific feature of the
Fig. 6. Schematic illustration of the current sys- Venusian tail — the twisting of
tem (green arrows) of azimuthal magnetic field jts magnetic field lines that was
B® (Bloop, red cycles) at Venus. [8]. originally revealed in PVO mag-
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netic field measurements [7], is confirmed by PVO measurement reanalysis
and by later VEX observations [8]. Possible reasons for magnetotail magnetic
field twisting are the planetary ions escaping from Venus and the magnetotail
electrons precipitating into planetary nighttime atmosphere, and responsible
for support of Venusian nightside ionosphere. A lot of questions still opened for
investigation, such as how does the twisting field form, what is the main agent
responsible for it, etc.
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INTRODUCTION:

First direct investigation of the Halley’s comet plasma mantle was performed
during the VAGA-1 and VEGA-2 flybys in 1986 at the dayside with closed
approaches of 8890 km and 8030 km, respectively. Onboard transmitters
Radio-occultation experiment was performed with onboard transmitters in 32 cm
and 5 cm ranges and ground receivers complex that recorded phase, fre-
quency and power of radio waves [1]. Comparison of radio-physics effects of
radio-waves propagation through Halley’s comet plasma envelope on March
6 and 9, 1986 with calibration measurements performed in time interval from
February 14 till March 1986 allowed one to determine the profiles of electrons
number densities. Direct measurements of ion ULF fluctuations, planetary
heavy ion velocity, number density and mass were made along VEGA-1 and
VEGA-2 trajectories by Faraday cups and planar electrostatic analyzers were
performed by BD-3 sensor [2] of APVN instrument [3]. Results of these exper-
iments and their comparison are presented in this talk.

RADIO-OCCULTATION EXPERIMENT:

Increase of integral electrons number density on the radio link was observed
during two fly-bys at the approach to the comet nucleolus as well as during ~90 s
afterwards. This unexpected delay required detailed analysis. The method of
reverse problem solution of radial electron number density distribution was
developed, analysis of limited method was made and the uncertainty of number
density was obtained [4].
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Fig. 1. Electron number density N(R) profiles obtained from radio-occultation data
of VEGA-1 and VEGA-2 at inbound trajectories (left) and at outbound trajectories (right).
Straight lines are the approximations of calculated distributions.

Calculated profiles of electrons number densities N(R) are shown in Fig. 1.
Accuracy of N(R) determination differs for approach and for retreat are dif-
ferent. Steady N(R) decrease for curves 3, 4 is monotonic as the distance
R increases from ~1.2:10* km to ~8-10* km, but curves 1, 2 show fluctuating
number density relative to average N(R) trend up to ~10% cm for R > 1.2-10* km
due to higher measurements error. All N(R) profiles have similar common fea-
tures: no sharp cometary plasma boundary is seen, the number density is
changes as R? at the distances from 11,700 km to 80,000 km, maximum of pro-
filesis located atthe distance of 11,700 km, and number density decreases at the
approach to the nucleus. It is shown that the electron number density depends
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of the comet activity: the maximum electron number density was ~3600 cm?,
during first fly-by, and was by factor of 1.7 smaller, though the location
of the number density remains unchanged.

DIRECT MEASUREMENTS:

BD-3 measurements were performed during all pass of VEGA-1 near comet.
Due to low cometary ions convection velocity these ions entered the instru-
ment nearly along the normal to the entrance window. The measured energy
of comet ions approximately corresponds to the water ion group, having a small
convective velocity. Calculated ion number density profile is shown in Fig. 2.

-3 Fig. 2. Heavy ions number
n,cm density profiles measured by
s 3 BD-3 ion sensor on VAGA-1

E (dots) and VEGA-2 (crosses).
Straight lines show R profiles
drown through number density
maximum at R ~ 12,000 km at
inbound trajectory. The heavy
ions mantle boundary (come-
topause) was determined by
sharp ion density gradient at R
~ 150,000 km [5].

m w W ® N 0 N 4 W W

R, x 10° km

Sharp increases of the number density to ~ 15 cm™ at (150-155) x10% km,
were observed at the entrance and exit of plasma mantle. This boundary
is analogue of Venus magnetosphere boundary (magnetopause or iono-
pause) formed due to the mass-loading of the solar wind flow by the plan-
etary ions [6]. It is seen that the ion number density varies with distance
till R ~ 12,000 km as R or slightly steeper. Deviations from this law are
the large-scale number density increase at inbound trajectory between
~ 66,000 km and ~25,000 km and more steep decreases at the outer
plasma mantle boundaries. Maximum number density of ~ 5 x10® cm
was measured at ~ 12,000 km with subsequent decrease to ~ 2 x10% cm™
at the distance of ~ 9,000 km from cometary nucleus. Similar ion number
density profile was observed at the exit trajectory of VEGA-1 with
exceptions of lower number density values and the absence of inhomo-
geneity. BD-3 on VEGA-2 measurements were obtained at inbound tra-
jectory only at the distances from 90,000 km to 40,000 km. Malfunction
of instrument was apparently due to large projectile impact. It could be seen
that the measured number density was about 3 times smaller at VEGA-2
compared to ones at VEGA-1 at similar cometocentric distances

COMPARISON OF RADIO-OCCULTATION
AND ION MEASUREMENTS:

It is not straightforward procedure to compare the results of two experiments.
Of three numbers density profiles only one crossing was considered appro-
priate. BD-3 measurements were obtained along spacecraft trajectory while
radio-occultation profile corresponds to the cut along spacecraft-Earth line.
As a result, these two profiles do not need to be similar. Fig. 3 shows compari-
son of two number density profiles along outbound trajectory of VEGA-1. Very
strong similarity of two profiles is very encouraging and confirms validity of two
experiment results.

CONCLUSION:

The properties of electrons number densities do not contradict to the main
results of the direct measurements of the ions number densities obtained on
VEGA-1, VEGA-2 and GIOTTO while some differences can be explained by
the fact that radio-occultation data analysis is smoothing the local plasma var-
iations due to averaging the data more than 1000 km along radio waves prop-
agation line.
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Fig. 3. Comparison of radial distribution of electron content obtained from radio-occul-
tation data (solid line) and ion number density distribution from direct measurements of
BD-3 sensor (dotted line). Both are for outbound trajectory of VEGA-1.
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INTRODUCTION:

The 1969 Mariner Mars Mission returned 73 images of Mars from its Mariner
6 spacecraft and 125 images of Mars from its Mariner 7 spacecraft during Far
and Near Encounter mission phases [1]. These images are being restored
as a NASA Planetary Data System PDS4 archive, and their ancillary data are
being reconstructed as NAIF SPICE kernels together with a searchable cata-
log for Mars surface areas.

THE IMAGE ARCHIVE COLLECTION:

Both Mariner 6 and 7 spacecraft carried narrow and wide angle cameras [2], [3], [4]
mounted on pointable scan platforms, and used vidicons to produce the Mars
images during approach and flyby [5]. The original Experiment Data Record

Fig. 1. Five-band restored image for 7F63
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(EDR) monochromatic image files were extracted from a NASA Space Science
Data Coordinated Archive CD-ROM [6], [7] using PC-based software [8] and
saved as digital BitMap Picture (BMP) files. The CD-ROM archive was created
by S. LaVoie, JPL, for the Science Digital Data Preservation Task (SDDPT),
which was separate from the PDS. A five-layer image cube was produced
for each image where: Band 1 was the original EDR monochromatic image;
Band 2 had EDR missing lines filled and noise spikes, blemishes and reseaux
removed; Band 3 was a high pass filtered version of Band 2 with latitude /
longitude / limb / terminator / sub-spacecraft / sub-solar / Phobos / Deimos
| star overlays; Band 4 was a simulated Mars image produced by illuminat-
ing the Mars Global Surveyor Mars (MGS) Orbiter Laser Altimeter (MOLA)
global digital terrain model (DTM) [9], [10]; and Band 5 was Band 4 with Mars
quadrangle and lander location information as overlays (Figure 1). For Phase |
of the restoration effort, 5-band cubes have been produced for each image
in the Mariner 6 and 7 Far Encounter mission phases and archived as PDS4
formatted images having detached XML label records.

THE NAIF SPICE ARCHIVE COLLECTION:

The Navigation Ancillary Information Facility (NAIF) [11] did not exist at the
time of the 1969 Mariner Mars mission; therefore there were no SPICE kernels
for these images. Image timetags, spacecraft positions and camera pointing
data were extracted from [12]. The spacecraft positions were fit by a trajectory
numerical integrator to produce SPICE trajectory .bsp kernels. The .bsp ker-
nels combined with the pointing data were used as initial guesses to produce
frames .tf and attitude / pointing .ck kernels. The MOLA digital image models
(DIMs) were registered to the actual images to produce precision pointing
data. The reseaux in each image were located and used to produce geomet-
ric camera models captured in tables and in instrument .ti kernels. Fictitious

spacecraft clock .tsc were created.
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WORKING GROUP FORMATION:

The International Phobos / Deimos Surface Characterization and Site Selec-
tion Working Group (PDWG) was formed by members and scientists of the
European Space Agency (ESA), the National Aeronautics and Space Agency
(NASA), the Japanese Aerospace Exploration Agency (JAXA) and the Russian
Space Agency (Roscosmos) during the Seventh Moscow Solar System Sympo-
sium (7M-S3) in October 2016. The 7M-S3 participants covered a wide range
of science disciplines that included space agency members and scientists who
had or were operating past and current missions and instruments, implementing
new exploratory missions and studying future missions to the Martian moons.
Past mission included Viking and Phobos 88. Current missions include Mars
Express, MAVEN, MRO, and Odyssey. New missions include MMX with poten-
tial future missions such as Boomerang and Phootprint. The group is open
to all past, present and future explorers of Phobos and Deimos, both robotic
and human exploration missions that could be stepping-stones to Mars.

WORKING GROUP OBJECTIVES:

The objectives of the PDWG developed during the 7M-S3 include: encourage
current missions to continually obtain observations of the two moons to improve
global surface spatial and spectral resolutions and improve knowledge of their
topographies, orbits, interiors and environments; encourage / participate with
the science community to produce higher-level, derived global multi-spectral
datasets from past and current missions to support surface characterizations
and future landing / sample site selections; recommend data interchange /
archive standards for the higher-level, registered and map projected datasets
to insure ease of use by GIS-type tools; continually involve the planetary sci-
ence community through focused meetings and presentations at international
science conferences as well as at active mission science team meetings.

DATA PRIORITIES:

The PDWG identified the existing and continuing Mars Express High Resolu-
tion Stereo Camera and OMEGA observations as the highest priority to pro-
duce global, multispectral registered and map projected datasets for surface
characterization and for improving digital terrain models (DTMs) and orbits.
Of similar priority was the development of a searchable catalog of the Mars
Express HRSC / OMEGA, Viking Orbiter and Phobos 88 multispectral images
to enable the international science community to study selected surface areas
and produce desired datasets. The observations from the other instruments
in the Mars Express science payload and unique observations from MAVEN
IUVS and THEMIS IR were identified as very desirable. The Viking Orbiter and
Phobos 88 image data were identified as high priority existing datasets.

FOCUS:

The JAXA Mars Moon Exploration Mission (MMX) was identified as the mission
to focus the development of new, derived data products to keep the PDWG
continued activities relevant. Evolving missions under study would also pro-
vide focus as they mature and their surface / environment data requirements
become defined.
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INTRODUCTION:

DePhine — Deimos and Phobos Interior Explorer — is proposed as an M-class
mission in the context of ESA's Cosmic Vision program, projected for launch in
2030. The mission will explore the origin and the evolution of the Martian satellite
system, by focusing on the interior structures and the diversities of the two moons.

THE MISSION:

The DePhine spacecraft will be inserted into Mars transfer (the baseline mis-
sion assumes a launch on a Soyuz Fregat) and will initially enter a quasi-satel-
lite orbit of Deimos to carry out a comprehensive global mapping with various
remote-sensing instruments. We aim at a global stereo and multispectral imag-
ing with 5 m/pixel minimum and local high-resolution imaging with 1 m/pixel and
better. Close flybys (1-2 km at speeds of 3-4 m/s) will be performed, during which
radio tracking, stereo imaging, radar sounding, observations of the magnetic field
and recordings of the Gamma-Ray/Neutron flux will be carried out. A steerable
antenna will allow simultaneous radio tracking and remote sensing observations
(which, e.g., is technically not possible for Mars Express during Phobos flybys).
The close flybys at low velocities offer longer data integration times as well as
higher signal strength and data resolution. 10 — 20 flyby sequences, including
polar passes, will result in a dense global grid of observation tracks, where data
from grid intersection points will be used for cross-over analysis. The space-
craft will then transfer into a 2:1 Phobos resonance orbit to carry out multiple
close flybys and to perform similar remote sensing experiments as in the case of
Deimos, for comparative studies. Additional instrumentation, e.g. a dust detector
or a solar wind sensor, will study the space environment of the Martian satellites.

FUTURE PROSPECTS:

If Ariane 6-2 and significantly greater lift performance are available for launch,
we expect to carry and deploy a small lander on Deimos. DePhine will be
launched approximately 6 years after the MMX (Mars Moon Exploration)
mission, currently being prepared by JAXA, which is to return a sample from
Phobos. DePhine will build upon the experience of this mission and address
follow-on science issues pertaining to the Martian satellite system that may not
be resolved by this early mission to Phobos alone.
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Jirgen Oberst, Kai Wickhusen, Konrad Willner, and Klaus Gwinner, German
Aerospace Center Berlin, Germany; Sofya Spiridonova and Ralph Kahle, German
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Mars Express remains one of ESA's most scientifically productive missions
whose publication record now exceeds 1000 papers. Characterization of the
geological processes on a local-to-regional scale by HRSC, OMEGA and part-
ner experiments on NASA spacecraft has allowed constraining land-forming
processes in space and time. Recent results suggest episodic geological activ-
ity as well as the presence of large bodies of liquid water in several provinces
(e.g. Eridania Planum, Terra Chimeria) in the early and middle Amazonian
epoch and formation of vast sedimentary plains north of the Hellas basin. Mars
Express observations and experimental teams provided essential contribution
to the selection of the Mars-2020 landing sites. More than a decade-long record
of the atmospheric parameters such as temperature, dust loading, water vapor
and ozone abundance, water ice and CO2 clouds distribution, collected by
SPICAM, PFS and OMEGA spectrometers as well as subsequent modeling
have provided key contributions to our understanding of the martian climate.
ASPERA-3 observations of the ion escape covering complete solar cycle have
revealed important dependencies of the atmospheric erosion rate on parame-
ters of the solar wind and EUV flux. The structure of the ionosphere sounded
by the MARSIS radar and the MaRS radio science experiment was found to be
significantly affected by the solar activity, the crustal magnetic field, as well as
by the influx of meteorite and cometary dust. MARSIS and ASPERA-3 obser-
vations suggest that the sunlit ionosphere over the regions with strong crustal
fields is denser and extends to higher altitudes as compared to the regions
with no crustal anomalies. Reconnection of solar magnetic field lines carried
by the solar wind with field lines of crustal origin opens channels through which
the ionospheric plasma escapes to space, producing strong and narrow cav-
ities in the density. The situation is very different on the night side where the
ionosphere has patchy structure. Such patchy ionizations are observed in the
regions where field lines have a dominant vertical component. Through these
patches the ionospheric plasma from the dayside penetrates and supplies the
nightside ionosphere.

Mars Express has fully accomplished its objectives set for 2015-2016.
The mission provides unique observation capabilities amongst the flotilla
of spacecraft investigating Mars. The mission has been confirmed till the end
of 2018. The science case for the mission extension until the end of 2020
has been submitted to the ESA Science Program Committee. The observa-
tion program proposed for 2019-2020 includes both augmenting the coverage
and extending long-time series, as well as new elements and potentially new
opportunities for discoveries. It will be boosted by collaboration and synergies
with NASA's MAVEN, ESA-Roscosmos Trace Gas Orbiter (TGO) and other
missions. The talk will give the mission status, review the recent science high-
lights, and outline future plans focusing on synergistic science with TGO.
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INTRODUCTION:

This overview presents physical principles, the latest results and sum-
mary of operations of the Dynamic Albedo of Neutrons (DAN) instrument
on the surface of Mars. Scientific instruments of the DAN experiment were
set onboard NASA Mars Scientific Laboratory interplanetary mission. It will be
presented latest science products which were measured in the passive mode.
In this mode the instrument detects reflected flux from Martian subsurface. Flux
is induced by galactic cosmic rays as a source of neutrons that are reflected
by subsurface hydrogen.
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ABSTRACT:

Since April 2016 the dosimeter Liulin-MO has been conducting radiation
environment investigations aboard the Trace Gas Orbiter (TGO) of the joint
ESA-Roscosmos mission ExoMars. Liulin-MO is a module of the Fine Resolu-
tion Epithermal Neutron Detector (FREND) aboard TGO. Presented are data
for the radiation dose rates, particle fluxes and dose equivalent rates of the
ionizing charged particles measured in the interplanetary space and in high
elliptic Mars orbit from 22.04.2016 to 07.03.2017 in the phase of declining solar
activity of 24-th solar cycle. Data obtained are compared to the data of other
radiation measurements in the interplanetary space.

The obtained results indicate that during the cruise to Mars and back (6 months
in each direction), taken during the declining of solar activity, the crewmembers
of future manned flights to Mars will accumulate at least 60% of the total dose
limit for the cosmonaut’s, astronaut’s career.

A similar to Liulin-MO module, called Liulin-ML for investigation of the radia-
tion environment on Mars’ surface as a part of the active detector of neutrons
and gamma rays ADRON-EM on the Surface Platform is under preparation for
ExoMars 2020 mission.
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INTRODUCTION:

ExoMars is a two-launch mission undertaken by Roscosmos and European
Space Agency. Trace Gas Orbiter, a satellite part of the 2016 launch carries the
Fine Resolution Neutron Detector instrument as part of its payload. The instru-
ment aims at mapping hydrogen content in the upper meter of Martian soil with
spatial resolution of up to 40 km. This resolution is achieved by a collimation
module that limits the field of view of the instruments detectors. A dosimetry
module that surveys the radiation environment in cruise to Mars and on orbit
around it is another part of the instrument.

This paper describes briefly the mission and the instrument, its measurement
principles and technical characteristics. We then focus on the first data accu-
mulated during cruise to Mars and the commissioning elliptical orbits where the
instrument could operate before the aerobraking maneuvers started. These
data give an estimation of what the instrument mapping capabilities during the
nominal science phase could be and are of particular use.
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INTRODUCTION:

Radiation environment and its influence on the astronaut's health and elec-
tronic equipment reliability is one of the fundomental challenges in interplan-
etary space flights. Radiation environment in space mostly consist of galactic
cosmic rays (GCR) and Solar proton events (SPE). In the estimation of total
equivalent dose, secondary radiation shall be accounted as well, mostly
caused by neutron component of the radiation environment. Amount of neu-
tron component depends on spacecraft structure and radiation shield prop-
erties. This is vital to study radiation environment neutron component for far
missions preparation and planing. In the last 15 years with participation of the
authors of this presentation four neutron detectors were built: HEND, LEND,
DAN and FREND as a payload for NASA and ESA spacecrafts Mars Odyssey,
Lunar Reconnaissance Orbiter, Mars Science Laboratory and ExoMars mis-
sions respectively with primary goal to estimate elemental composition and
hydrogen-rich materials on the planets. In this presentation data from these
instruments will be used to estimate neutron component of the equivalent dose
in interplanetary space.
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NASA and IKI/Roscosmos established in 2015 a Joint Science Definition Team
(JSDT), a key task of which was to codify the synergy between the goals
of Venera-D [1] with those of NASA [2,3]. In addition, the JSDT studied poten-
tial NASA provided mission augmentations (experiments /elements) that
could to fill identified science gaps. The first report to NASA - IKI/Roscosmos
was provided in January 2017. The baseline Venera-D concept includes two
elements, and orbiter and a lander, with potential contributions consisting
of an aerial platform/balloon, small long-lived surface stations or a sub-satellite.

INTRODUCTION:

The Venera-D mission concept is devoted to the detailed study of the atmos-
phere, surface, and plasma environment of Venus [1]. Envisioned as launch-
ing in the post-2025 timeframe and consisting of an orbiter and lander with
advanced, modern instrumentation, this mission would build upon the Venera,
VEGA, Pioneer Venus, and Magellan missions carried out in the 1970’s and
1990’s [4,5,6] along with the more recent Venus Express [7].

Our knowledge of Venus’ basic atmospheric properties (composition, ther-
mal structure, clouds, winds, etc.), and how different this planet is from Earth
has come through the success of the Soviet, US, ESA and now, JAXA mis-
sions to Venus as well the Earth-based observations of last decades. Venus
was formed in the inner solar system out of the same proto-planetary mate-
rial as Earth, and is considered Earth’s twin. Although these siblings have
nearly the same size, mass, and density, unlike Earth, which has a comforta-
ble condition for the life, Venus’ climate presents a “hellish® condition, fueled
by a massive (90 atm) CO, atmosphere which is responsible for an enor-
mous greenhouse effect and a near-surface temperature of 470°C, sulfuric
acid clouds, lack of water. Its young surface is sculpted by volcanism and
is deformed by folding and faulting resulting in belts of mountains and rifts.
The lack of an intrinsic magnetic field suggests the planet’s interior struc-
ture may also be different than that of the Earth. Why did Venus take
an evolutionary path so different from that of the Earth, why and when did
the evolutionary paths of these twin planets diverge? Were there ever favora-
ble conditions for starting life on Venus?.

THE GOALS OF VENERA-D MISSION COMPONENTS:

Specific areas of scientific investigation would focus on the dynamics of the
atmosphere with emphasis on atmospheric superrotation, the origin and evolu-
tion of the atmosphere, and the geological processes thathave formed and modi-
fied the surface with emphasis on the mineralogical and elemental composition
of surface materials, the chemical processes related to the interaction
of the surface and atmosphere, solar wind interaction and atmospheric losses.

Orbiter Goals consist of the following: study of the dynamics and nature
of superrotation, radiative balance and greenhouse effect; investigation of the
thermal structure of the atmosphere, winds, thermal tides and solar locked
structures; measurement of the composition of the atmosphere; study of the
clouds, their structure, composition, and chemistry; evaluation of the nature of
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the ‘unknown’ UV-absorber; and investigation of the upper atmosphere, iono-
sphere, electrical activity, magnetosphere, and the escape rate.

Lander Goals focus on the detailed chemical analysis of the surface material;
study of the elemental and mineralogical composition of the surface, including
radiogenic elements; characterize of the geology of local landforms at differ-
ent scales; study of the interaction between the surface and the atmosphere;
investigation of the structure and chemical composition of the atmosphere
down to the surface, including abundances and isotopic ratios of the trace and
noble gases; and direct chemical analysis of the cloud aerosols.

To fill the “science gaps,” where important VEXAG science may not be
addressed by the baseline Venera-D concept, the JSDT generated a list
of possible contributed options: from specific instruments such as a Raman
Spectrometer and an Alpha-Particle X-Ray Spectrometer (APXS) to possible
flight elements such as a maneuverable aerial platform, small long-lived sur-
face stations, a balloon, and a small sub-satellite.

In situ measurements, both in the atmosphere and on the surface have not
been carried out for more than 30 years. The Venera-D mission is proposed
to correct this gap. Long-duration measurements in the atmosphere (from
several weeks to several months) would aid in understanding the processes
that drive the atmosphere. A well instrumented mobile platform or balloon
that could maneuver to different altitudes in the clouds could help understand
the ‘puzzles’ of the UV-absorber, its nature, composition, vertical and horizon-
tal distribution as well as providing a platform to measure key trace and noble
gases and their isotopes, meteorology and cloud properties, composition, etc.,
depending on scientific payload. Another high priority augmentations that are
considered are small long-lived surface station (possibly 1-5 stations with an
operation life time from 60 days to up to one year) and subsatellite.

JSDT RECOMMENDATIONS:

The JSDT identified priorities for the science goals and objectives for the com-
prehensive scientific exploration of Venus. Based on these priorities, a base-
line Venera-D mission would consist of a single highly capable orbiter and
a single highly capable lander. In addition to the baseline mission, the JSDT
identified potential “contributed” augmentations that would enhance the sci-
ence return. In formulating a strategy for the development of Venera-D,
the JSDT identified areas where investments would need to be made to bring
the mission concept to fruition.

FUTURE WORK:

The next phase of development of the Venera-D concept would focus on a
more detailed examination of the science measurements and potential instru-
mentation along with the specifications of the spacecraft requirements.

In its ongoing work, the JSDT will incorporate into its deliberations information
from a set of science community modeling workshops (in May at GRC, Cleve-
land, USA and in October at IKI, Moscow) to identify additional key measure-
ments (and corresponding instruments) that could be achieved by the planned
Venera-D mission. In addition these workshops will identify needed high-value
data that could be obtained by Venera-D that would advance future modeling
work, specifically the development of new GCMs.
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INTRODUCTION:

Nuclear instrumentation based on neutron and gamma-ray spectroscopy meth-
ods were often used by different planetary missions to derive the bulk elemen-
tal abundances of surface materials. Usually these nuclear instruments were
implemented on orbital missions to produce global elemental maps [1,2,3,4].
For surface operations, active gamma-ray spectrometers could be accommo-
dated onboard landing missions. For such instrumentation, a pulsed neutron
generator that can generate short and very intense pulses of high energy neu-
trons (14 MeV) is used to irradiate subsurface under the lander and produce
secondary gamma emission. The use of active gamma and neutron spectrom-
eters commonly occurs in various Earth applications related to geology, secu-
rity applications, transportation, medicine, etc. Active gamma ray and neutron
spectrometers have been proposed for space missions to the planets and sat-
ellites of the solar system, including Moon, Mars and Venus. [5-11].
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Fig. 1. The example of comparison between measured by gamma spectrometer (blue
color) and numerically modeled (black color) gamma ray lines for radioisotopes pro-
duced in the reactions with Al, Mg, Fe with fast neutrons.

In our study, we presented the results of a series of ground tests with a pro-
totype of an active gamma-ray spectrometer based on a new generation
of scintillation crystal (CeBr,). These tests have been conducted with a con-
sideration to its applicability to future Venus landing missions. We evaluated
the instrument’s capability to distinguish the subsurface elemental composition
of primary rock forming elements such as O, Na, Mg, Al, Si, K and Fe. We have
estimated that the expected accuracies achieved in this approach could be as
high as 1-10% for the particular chemical element being studied.
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INTRODUCTION:

ESA and Roscosmos have signed a cooperation agreement to work in part-
nership to develop and launch two ExoMars missions—in 2016 and 2020.
The first mission is currently in progress, aiming to study Mars’ atmospheric
composition in unprecedented detail. The second mission will deliver the
ExoMars Rover and a Surface Platform to the surface of Mars.

The ExoMars Rover will carry a comprehensive suite of instruments dedi-
cated to exobiology and geology research named after Louis Pasteur. After
the rover egress the Surface Platform will serve as long-lived stationary plat-
form (expected lifetime is 1 Earth year) to study surface environment with suite
of scientific instruments. The scientific objectives of the Surface Platform are:

+ Context imaging;

* Long-term climate monitoring and atmospheric investigations.
« Studies of subsurface water distribution at the landing site;

» Atmosphere/surface volatile exchange;

* Monitoring of the radiation environment;

» Geophysical investigations of Mars’ internal structure.

To address these objectives scientific payload has been selected and is cur-
rently in development. Payload consists of 13 instruments with total mass
of 45 kg.



CHARACTERISATION OF DUST SUSPENDED
IN THE ATMOSPHERE OF MARS: THE DUST
SUITE - MICROMED SENSOR FOR THE
EXOMARS 2020 MISSION

F. Esposito’, C. Molfese', F. Cozzolino', F. Cortecchia? B. Saggin?,
D. Scaccabarozzi®, I. Arruego Rodriguez*, A. Martin Ortega Rico*,
Ismael Traseira Rodriguez*, P. Schipani’, S. Silvestro’, C.l. Popa',
A. Zakharov?®, G. Dolnikov?®, A. Lyash®, I. Kuznetsov®

"INAF — Osservatorio Astronomico di Capodimonte, Salita Moiariello 16,
80131 Napoli, Italy;

2INAF — Osservatorio Astronomico di Bologna, Via Ranzani 1, 40127
Bologna, Italy;

3Politecnico di Milano, 1/c via Previati, 23900, Lecco, Italy;

‘INTA, Ctra. Ajalvir km 4, Torrejon de Ardoz, Madrid, Spain;

5IKI, 84/32 Profsoyuznaya Str, Moscow, Russia, 11799.
francesca.esposito@na.astro.it

KEYWORDS:

Martian suspended dust, dust detector, Mars, dust, dust devils, dust storms,
saltation

INTRODUCTION:

Nowadays, dust is a relevant agent that affects environmental conditions in the
lower Martian atmosphere and, thus, may interact / interfere with any instru-
mentation delivered to Mars surface for in situ analyses.

MicroMED is an Optical Particle Counter, proposed as a European contribu-
tion to the Russian-led Instrument “Dust Suite”. It is a novel experiment, never
developed for space applications. It has been designed to measure, for the first
time directly and in situ, the size distribution and number density vs size of dust
particles suspended into the atmosphere of Mars, close to the surface. This
information represents a key input in different areas of interest: 1) to improve
knowledge on airborne mineral dust in terms of physical properties and lifting
mechanism, 2) to improve climate models and 3) to address potential hazards
for future landed Martian exploration missions.

Indeed, Martian atmosphere contains a significant amount of suspended dust.
It varies with seasons and with the presence of local and global dust storms,
but never drops entirely to zero. Aerosol dust has always played a fundamental
role on the Martian climate. Dust interaction with solar and thermal radiation
and the related condensation and evaporation processes influence the ther-
mal structure and balance, and the dynamics (in terms of circulation) of the
atmosphere.

Main dust parameters influencing the atmosphere heating are size distribu-
tion, abundance, albedo, single scattering phase function, imaginary part of
the index of refraction. Moreover, major improvements of Mars climate models
require, in addition to the standard meteorological parameters, quantitative
information about dust lifting, transport and removal mechanisms. In this
context, two major quantities need to be measured for the dust source to be
understood: surface flux and granulometry. While many observations have
constrained the size distribution of the dust haze seen from the orbit, it is still
not known what the primary airborne dust (e.g. the recently lifted dust) is made
of, size-wise.

MicroMED has been designed to fill this gap. It will measure the abundance and
size distribution of dust, not in the atmospheric column, but close to the surface,
where dust is lifted, so to be able to monitor dust injection into the atmosphere.
This has never been performed in Mars and other planets exploration.

MicroMED is a miniaturized/optimized version of the MEDUSA [1], [2] instru-
ment, which was selected by ESA for the Humboldt Payload, on board the
lander of the previous configuration of the ESA ExoMars, before the mission
changes approved in 2009.

MicroMED (Figure 1) is able to measure the size of single dust grains entering
into the instrument from 0.2 to 10 mm radius, giving as products the dust size
distribution and abundance. It analyses light scattered from single dust particles.
A pump is used to sample the Martian atmosphere, generating a flux of gas and



m THE EIGHTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2017

dust across the instrument trough the inlet. When the dust grains reach the Optical
Sensor, they cross a collimated IR laser beam emitted by a laser diode. The light
scattered by the grains is detected by a photodiode, which is amplified by the Elec-
tronics. The detected signal is related to the size of sampled dust particle.

An Elegant Breadboard of MicroMED has been realized and fully tested by the
proposing team. Tests performed in relevant environment (in a Martian simu-
lation chamber) have demonstrated the fully functionality and performances of
the instrument.

We will present the progress in the development of the instrument.

Fig. 1. MicroMED Breadboard in the Martian Simulation Chamber at INAF Naples (ltaly).
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INTRODUCTION:

The primary objective of the ExoMars 2020 mission is to land at a site on Mars
with high potential for scientific exploration. After that purpose is accomplished,
and in order to achieve the scientific objectives for the mission, the rover will
leave the Lander and travel across the surface of Mars. The Surface Platform
(SP) will remain stationary for the duration of the mission and will use its scien-
tific payload to obtain data regarding the context imaging on the landing site,
long-term climate monitoring, and atmospheric and surface investigation.

An Anisotropic MagnetoResistive (AMR) instrument is part of the scientific pay-
load on the SP within METEO (METEOTrological instrumentation module), that
will travel onboard the ExoMars mission, with the objective of performing local
magnetic field measurements at the landing site on Mars.

This work describes the instrument and summarizes the scientific objectives.
Additionally, we give an insight in the measurements which will be accomplished
in terrestrial analogues of Mars prior to the exploration of the Red Planet.

The scientific goals of AMR instrument are the determination of local crustal
magnetic signatures at the landing site and the measurement of the variations of
the magnetic field on the surface: the latter comprise short term daily variations
and superimposed anomalies due to the interaction with the solar wind along the
duration of the mission (Fig. 1). This part of the investigation will include the com-
parison with MAVEN data to improve the interpretation and extent of the events.
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Fig. 1. Time varying magnetic superimposed events.

The AMR instrument consists of two main units, the E-BOX, whose main tasks
are the power distribution, control and data processing, and serves as physical
interface for communications with METEQ; and the S-BOX, which is the deploying
sensor head of the instrument. It comprises a 3-axis vector magnetometer based
on AMR technology, a tilt angle sensor and a temperature sensor (PT-1000).

The S-BOX is linked to the E-BOX through an SPI communications I/F that will
operate as a slave unit in charge of collecting the scientific data (Fig. 2).

The AMR instrument has been designed as a balance between compactness,
mass reduction and magnetic cleanliness at the head (S-BOX). Its final loca-
tion is a solar panel of the SP, from which the S-BOX will be further ejected
to a distance of 2 m lying on the Martian surface.

The rocks exposed at the pre-selected ExoMars 2020 landing sites have been
formed during the Noachian period (>3.7 Ma) by fluviatile, deltaic or lagoon-like
sedimentation processes under oxygen-poor and highly acid hydrous condi-
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Fig. 2. Block diagram of AMR instrument.

tions. This is documented by the occurrence of different phyllosilicates and
hydroxide minerals (e.g. Ehimann et al. 2011).

In particular, minerals like jarosite and lepidocrocite, which have been detected
on Mars and were also formed along terrace systems of the Rio Tinto in Huelva,
Spain, indicate formation under similar highly acidic conditions and thus have been
considered as a Martian analogue on Earth (Amils et al. 2014). These aqueous
mineral formations have also been associated with a microbial-related iron enrich-
ment (Oggerin et al. 2016). The type and amount, as well as the regional distribu-
tion and vertical extension of the distinct precipitated iron-ore minerals (including
goethite and maghemite), should be traced and mapped with our AMR instrument
to prove its capacity to determine the magnetic signatures of different ore minerals.

Like on Mars, the early geological history of the Earth was characterized by oxy-
gen-poor and hydrous conditions. But after the great oxidation event on Earth
at around 2.3 Myr (Canfield et al. 2013), most aquatic systems became more or
less completely oxygenated. Only ocean basins with strong density gradients
which inhibit vertical mixing, like that of the Black Sea which has been the place
of many groundbreaking new discoveries, still provide anoxic conditions.

Recently the discovery of a stratified anoxic basin at the Golfo Almirante
Montt in southern Chile (Silva & Vargas, 2014) offers a unique opportunity to
understand the natural effects of deep water anoxia as well as related mineral
precipitation and transformation under these conditions. Due to the smaller
dimensions of this basin (35 x 40 km), mineral sources and regional variations
of the magnetic signatures can be better traced than in the Black Sea. Mag-
netic mapping of the Golfo Almirante Montt basin combined with representa-
tive piston sediment core drilling of RV Sonne Cruise in 2018 along transects
of this basin will provide unique information concerning the differences
in the (magnetic) mineralogy between oxygenated and anoxic basins.
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NEWTON project aims to develop a new multisensory instrument to measure
the real and imaginary susceptibility of rocks and soils at different frequencies
in contrast to other commercial devices [1].

In order to achieve this, the head of the sensor is a resonant circuit with an open
autoinductance “L”. The susceptibility is measured by the change in the L due to
the closure of the gap when a rock approaches the head. A first prototype has
been conceived to be part of a surveying system (Fig. 1) in which the head is
approached to the rocks during the tracks and therefore there is no need to load
the samples, which simplifies the prospections. A latter prototype will be devel-
oped for near future planetary rovers as part of the geological suites.

Fig.1. Surveying system where NEWTON first prototype will be integrated.

Since in both cases the power of the systems is limited, the circuit is based
on a modified tank circuit (Fig. 2), which has a resonance frequency that min-
imises the power consumption from the power supply achieving intense cur-
rents in resonance in the autoinductance.

One of the concerns of the circuit is to achieve a sufficiently intense and exten-
sive stray field in the L to penetrate the samples and magnetize them avoiding
the effect of their surface roughness. In relation with this respect, a discussion
is made regarding the different topologies of autoinductance used (H, C, and
8 shapes) paying attention to the intensity of the flux lines and the produced
stray field.

The other question is how to vary the resonance frequency avoiding the switch-
ing among different branches of tuning capacitors. In this device, this goal has
been achieved by means of magnetic amplifiers [2]. At his point, different archi-
tectures are shown, and their characteristics described.

The degree of consecution of the objectives and the miniaturisation levels
reached [3] together with the potential to include such capability in the geologi-
cal modules of planetary rovers present a very attractive scenario for missions
such as Martian Moons eXploration (MMX) or Mars sample return missions.
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INTRODUCTION:

Following the development of the Chinese lunar exploration program, astro-
nomical facilities have been planned to set on the surface of the Moon so as
to obtain new sciences from the Moon. The Chang’E 4 explorer (including
a relay satellite, a lander and a rover, etc.) is a mission to the lunar far side,
designed, assembled, and tested by CNSA. In Chang’E-4 lunar lander mis-
sion, a low frequency radio astronomical detector will be firstly settled on the
far side surface of the Moon to detect the solar burst, and to investigate the
lunar ionosphere. Additionally, it will be tested technically as a pathfinder mis-
sion for the future lunar surface low frequency radio observatory.

LOW FREQUENCY DETECTOR OF CHANG’E-4 LANDER:

After ~10 years preparation of a radio astronomical team from National
Astronomical Observatory of Chinese Academy of Science, a very low fre-
quency radio astronomical detector will be settled on the far side surface
oftheMoon[1],inChinese Chang’E-4lunarlandermission. The 3monopoledetector
of 5 meter long each will mainly investigate the type Il and type Ill solar burst,
and will also to investigate the possible lunar ionosphere above the landing
site[2], by means of taking the advantage of radio quiet environment of lunar far
side. Figure 1 shows the concept of the lander with radio astronomical payload.

Fig.1. Three monopole HF antenna onboard lander.

After the successful Chang’E-3 lunar nearside landing mission, the backup
mission of Chang’E-4 with an identified lander platform and the same designed
rover as YUTU has been planned to launch and land to the lunar far side
in a couple of years by CNSA. A relay communication satellite will operate
in the orbit around the Earth-Moon Lagrange point L2.

Due to the geometric limitation and the data link limitation from the lunar
far side to the Earth, two ultra-violate optical payloads have been removed
from the lander. The saved installing space, launch mass, and power con-
suming of the lander makes a unique chance for testing some advanced
payload techniques of the science from the Moon. Very low frequency



(of 100KHz~40MHz) radio astronomical payload becomes one of the leading
choices.

However, due to the absorption by the Earth’s ionosphere and hampered
by the man-made low frequency signals (RFI), the radio sky below ~15 MHz
cannot be viewed from earth-based facilities. In fact, up to date the range from
several kHz to 15-30 MHz remains the least explored electromagnetic fre-
quency range and is expected to conceal many scientific discoveries. Hence,
the future advent in radio astronomy is expected by the realization of low-fre-
quency radio space-based facilities to open up this frequency domain for astro-
nomical exploration.
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Fig.3. lonospheric profile of the Moon by Luna 19, 22 (credit: Vyshlov, 1976)

In Chang’E-4 mission, considering EMC control not being carefully designed
for the lander platform, and considering that a long-time working low frequency
GPR on board the rover will give serious effect to HF band, the mission team
has lease chance of using the radio payload to detect the sky background for
cosmological observation. During the 6 months nominal mission of the lander,
the low frequency payload will focus on the solar burst so as to follow CMEs out
to 1 AU, and will study the possible lunar ionosphere simultaneously with the
solar activity [2]. The lunar ionosphere was 1%t reported by Luna missions [3].
Also below 2MHz, the payload will monitory the possible Jupiter burst, which
may be used to explain the planetary radio burst in other solar planetary
system.

EARTH-MOON VLBI

Many limitations of nature or artificial are blocking the interferometric observa-
tion between the lander and the Earth ground, as well as between the lander
and the relay satellite, where a joint Dutch and Chinese low frequency receiver
installed. The nature limitations include: (1) not easy to find a compact HF
radio source in the space; (2) HF signal from radio source to the receiver(s)
may be totally scattered or blown away by the interplanetary plasma or by
the solar wind [4]. The artificial limitations includes: (1) range and range rate
link between lander-relay satellite-ground station has not been required and
designed from very beginning;(2) only the optical image match method will be



applied to find the position of lander in the lunar coordinate frame with large
systematical biases; (3) OCXO of payload with enough stability and perfect
time synchronization to UT1 has lease chance; (4) only up to ~90Kbps low
data rate link downlink to the Earth.

Mission team are trying the best to solve above limitations, so as to find a route
to test the interferometric observatory between the lander and other possible
low frequency unites. Among them, the most important ones are developing a
time synchronization method among the lander, a relay satellite and the Earth
ground UT1, and a 4-way range & range rate link between lander-relay satellite
and the ground tracking station. Also, several kinds of OCXO of space qualified
or military qualified have been selected. The Allen deviation analysis of a best
stability USO is shown in Figure 4. Mission team are still working on the choice
of OCXO now.
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Fig.4 The Allen variance analysis for a selected space qualified ultra-stable oscillator.

Additionally, with the possible 4-way link, lander positioning and POD
of relay satellite can be done at the same time. After that, with the relay com-
munication link, a reasonable time synchronization can be carried out.

The payload may using the lander bus information and tag two layers time
signal on the recording data, one from the lander and another from the payload
OCXO time counter. A short period linear model of time drift between them will
be retrieved for correlation analysis.

Jupiter may be a reasonable candidate compact radio source at HF band.
However, even after above solutions being applied in the mission devel-
opment, there will still be some large blocks for space VLBI. We will use
the payload as a pathfinder radio observatory, to test and to find the new
techniques for the future special designed lunar far side low frequency
mission.
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INTRODUCTION:

The colonization of the Moon remains one of the primary targets of Space Agen-
cies all over the world. We have chosen the area located at the South Pole of the
Moon for prospective placement of Russian Lunar Base. We analyzed several
base placement factors including solar radiation intensity, elevations and relief,
temperature differences and the possibility of having direct radio communica-
tion with the Earth. Then we have created a 3-dimensional multiscale navigation
model which is supposed to be used while landing to the site.

3D NAVIGATIONAL MODEL.:

The navigational model consists of two scale levels. The first one includes LRO
LOLA Elevation Model with resolution 118m [1] and LRO LROC-WAC Global
Mosaic with resolution 100m [2]. It's designed to simulate approach to the Moon.
The second scale level has the 1-meter resolution and was designed to simulate
the landing process and rover routes at the lunar base area. At the beginning,
we planned to obtain the high-resolution model using stereophotogrammetric
processing NAC images at ISIS and ASP. Then we figured out that it was impos-
sible with our processing method because of inappropriate convergence angles
of NAC images, which were too small for good resulting DEMs. Afterward, we
decided to use the DEM obtained by Rosiek M.R. et all [5] and to combine it with
LOLA measurements. This kind of decision helped us to reduce the LOLA and
NAC DEMs local distortions caused by qualities of the NAC LROC and LOLA
shooting. Also, we have designed the mosaics of 14 NAC images using ISIS
processing. All Images were selected so that the maximum possible area was
illuminated by sunlight. The final DEM and NAC mosaics with 1-meter spatial
resolution combined together allow us to simulate the real lunar surface at the
prospective lunar base area. We also made the comparison of the final DEM
hillshade and NAC images to check the quality of processed DEM.

RESULTS:
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INTRODUCTION:

The radio-science (RS) experiments are widely used for most space mis-
sions. They exploit existing telecommunication systems of space vehicles and
ground-based space communication networks for extremely high accuracy
ranging and Doppler measurements. These data have applications for exact
orbit parameter determinations and for investigations of gravitational field, inte-
rior and atmosphere of solar system planets and their satellites.

A progress in precision of RS-measurements is possible by use of coherent
transponders in on-board telecommunication systems, an by simultaneous
involvement of maximum number of space vehicles (orbiters and landers) and
ground-based stations. The radio beacon instrument [1-3] manufactured in IKI
for Luna-Resource and Luna-Glob space missions includes the coherent tran-
sponder for Lunar landers. An extension of number of RS-active landers on the
Moon is planned by cooperation with Chang’E — 6/7/8 missions [4-5].

3D RS-ranging accuracy is tied with number and distance between ground-
based antennas. It needs therefore a global cooperation. For Lunar [4-5] and
Martian [6-8] RS-investigations the signals will be generated and received by
Earth-based giant antennas belonging either to the NASA deep space network
(DSN), the ESA tracking network (at low Earth-Mars distances), and the Rus-
sian ground stations network.

MOON:

RS-experiments with Luna’s Radio Beacons, for L-R-1 and future Chang’E —
6/7/8 missions for a lunar geophysical and dynamical exploration. Chinese
Academy of Sciences suggest a mission with 1-2 landers at the near side or
rim area of the Moon, of >2000km separated away from each other and from
Luna-Glob/Resource mission. The experiment will uncover how a rocky body
forms and evolves to become a planet by studying the size, thickness, density

X-band radiolink -

I k - 8.4’."5 GHz Coherent

Downlin transponder

Fig. 2.
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and overall structure of the Moon’s core, mantle and crust, as well as the rate
at which heat escapes from the lunar interior.

» The mission will conduct five investigations on and below the surface of the
Moon to uncover the evolution history for solid bodies of the solar system:

» Determine the size, composition, physical state (liquid/solid) of the lunar core;

* Determine the thickness and structure of the lunar crust;

» Determine the composition and structure of the lunar mantle;

* Determine the thermal state of lunar interior;

» Measure the magnitude, rate and geographical distribution of lunar internal
seismic activity.

L-R-1,

749/880,
e }'4 9/3334

sﬂa

Fig. 1.

MARS:

The ExoMars Lander RS-experiment (LaRa) is designed to obtain coherent
two-way Doppler measurements from the radio link between the lander and
the Earth over at least one Martian year. The instrument lifetime is thus almost
twice the one Earth year of nominal mission duration. The LaRa instrument
consists of a coherent transponder with up- and downlinks at X-band radio fre-
quencies. The Doppler measurements will be used to observe the orientation
and rotation of Mars in space (precession, nutations, and length-of-day varia-
tions), as well as polar motion. The ultimate objective is to obtain information/
constraints on the Martian interior, and on the sublimation/condensation cycle
of atmospheric CO,. Rotational variations will allow us to constrain the moment
of inertia of the entire planet, including its mantle and core, the moment of
inertia of the core, and seasonal mass transfer between the atmosphere and
the ice caps.

GROUND SEGMENT:

Ground Segment (GS) is extremely important part of RS measurements.
Figure 1 shows GS for Luna RS experiments. Russian antennas (VLBI net-
work Quasar) and Chinese antennas would be used as GS for Luna RS exper-
iments. Mars investigation needs larger antennas because of additional 60 dB
attenuation due to larger distance. Figure 2 shows RS experiments planned in
“ExoMars” international project with LaRa instrument.

GS would use big Russian antennas: “Bear Lakes” — 64 m; “Kalyazin” — 64 m;
“Ussuriysk” — 70 m, “Evpatoria” — 70 m. Also the Russian Complex for Receiv-
ing Scientific Information (RKPNI) would be used for RS experiments with
LaRa. The RKPNI includes two antennas: “Bear Lakes” and “Kalyazin”; and
has the needed infrastructure: Up-link and Down-link facilities, processors for
signal treatment to support RS experiments with LaRa.

REFERENCES:

[1] Kosov A. S. New features of radio science experiments in Russian “Luna-Glob”
and “Luna-Resource” programs // The Sixth Moscow Solar System Symposium 6M-S3.
Moscow. Russia. 2015. P. 201-203 (6MS3-PS-15).

[2] Gromov V. D., Kosov A. S. The objectives of the radioscience experiment in Luna-
Resource and Luna-Glob space projects // The Sixth Moscow Solar System Symposium
6M-S3. Moscow. Russia. 2015. P. 43-44 (6MS3-MN-20).

[3] Gromov V. D., Kosov A. S. The ranging accuracy of the radioscience experiment with
the radio-beacon transponder in comparison with laser ranging // The Seventh Moscow
Solar System Symposium 7M-S8. Moscow. Russia. 2016. P. 278 (7TMS3PS65).

[4] Gusev A., Hanada H., Kosov A., Ping J., Titov O. Dynamics of the inner solid and
outer liquid cores of the moon for ChangE-4/5, Luna-25/26, ILOM projects // The Sixth

190-abstact



8MS3-IM-17

Moscow Solar System Symposium 6M-S3. Moscow. Russia. 2015. P. 35 (6MS3MN17).
[5] Gusev A., Hanada H., Kosov A., Meng Z., Ping J., Titov O., Vasilyev M.
Tidal-librational dissipative dynamics of the Moon and radio/laser beacons
VLBI/LRR/LLR technologies for ChangE-5/6, Luna-25/26/27, ILOM missions // The
Seventh Moscow Solar System Symposium 7M-S8. Moscow. Russia. 2016. P. 61 (7TMS3-
MN-18).

[6] Dehant V. et al. Future Mars geophysical observatories for understanding its internal
structure, rotation, and evolution // Planetary and Space Science. 2012. V. 68. P. 123-
145.

[7] Rivoldini A., Van Hoolst T., Verhoeven O., Mocquet A., Dehant V. Geodesy constraints
on the interior structure and composition of Mars // Icarus. 2011. V. 213. P. 451-472.
[8] Le Maistre S., Rosenblatt P., Rivoldini A., Dehant V., Marty J.C., and Karatekin O.
Lander Radio science experiment with a direct link between Mars and the Earth // Planet.
Space Sci. 2012. V. 68(1), P. 105-122, DOI: 10.1016/j.pss.2011.12.020.



ELUSEEL B THE EIGHTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2017

FUNCTIONAL TESTS OF ARIES-L INSTRUMENT

D.A. Moiseenko', O.L. Vaisberg', R.N. Zhuravlev', S.D. Shuvalov’,
A.Yu. Shestakov', P.P. Moiseev?, M.V. Mitjurin?, E.l. Rodkin?,

V.V. Letunovsky?, LI. Nichushkin?, A.D. Vasiliev?

'Space Research Institute of the Russian Academy of Sciences (IKl),
modaldi@iki.rssi.ru;

2Astron Electronics, Orel, Russia, info@astronel.ru

KEYWORDS:

Plasma instrument, space plasma diagnostics, energy-mass analyzer,
mass-spectrometry, Moon, Secondary lon Mass Spectrometry .

INTRODUCTION:

Study of lunar regolith is an important part of investigation of origin, evolution,
and properties of the Moon. The purpose of experiment is investigation of solar
wind interaction with the surface of the Moon, desorption of surface layer, and
composition of surface layer. Secondary lon Mass Spectrometry is common
methods of analysis solid bodies. Experiment on the Moon allows one to use
the solar wind flux as primary ion beam.

Panoramic ions and neutrals analyzer ARIES-L is an energy-mass spectrom-
eter with field-of-view ~ 2mm. Scheme of the ARIES-L electronic optics and
ARIES-L qualification model is presented in Figure 1. Wide viewing angle
allows this instrument to measure simultaneously the solar wind flux and char-
acteristics of secondary ion flux sputtered from lunar regolith. Instrument also
includes converter of neutral atoms located within the field of view of instru-
ment. Secondary neutrals sputtered by the solar wind are ionized on the surface
of converter and are measured by the same ion energy-mass analyzer. Sec-
ondary goal of experiment is the study of solar wind interaction with Earth’s
magnetosphere and magnetotail.

We are presenting results of functional tests and calibrations of qualification
model ARIES-L instrument for LUNA-Glob mission. Functional tests of the
instrument includes energy range and energy resolution tests, estimations
of angular resolution and field of view, mass resolution test for time-of-flight

|/’ ih}E\muu||||||||
3 (

Fig. 1. Scheme of the ARIES-L electronic optics: 1 — mirror M1 with gate; 2 — electro-
static analyzer; 3 — mirror M2; 4 — position-sensitive MCP-detector.
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INTRODUCTION:

MEDA (Mars Environmental Dynamics Analyzer) is a Spanish scientific contri-
bution to the MARS2020 rover. The Radiation and Dust Sensor, here and after
RDS [6], is one of the instruments included in this payload and it will provide
the characterization of the Mars dust: opacity, size and morphology, as well as
other interesting atmospheric data.

BACKGROUND:

The RDS includes two different sensors that share the same structure but have
totally independent electrical interfaces:

RDS DISCRETE PHOTO-DETECTORS (RDS-DP).

This sensor is based on a set of photo-detectors, with different wavelength and
oriented to different angles, to be used as a radiometer. This design takes its her-
itage from previous designs as MetSiS [2], DREAMS-SIS [1] and REMS-UV [3]

Fig. 1. MEDA RDS Qualification Model

RDS SKYCAM.

It is based on the MERs [4] and MSL [5] engineering cameras that use
the same hardware with a new lens set, designed to perform observations
of the Sun and the brightness of the sky as a function of the observation angle
and dust load in the atmosphere.

TECHNOLOGICAL VALIDATION CAMPAIGN:

To manufacture a payload to be able to survive to a long-duration mission
on the Martian surface environment, special tests have to be carried-out.
The most critical parameter in the design is the extreme thermal cycling
to which the hardware will be exposed during the mission life [-130°C to
+40°C]. Therefore, a long time validation test was performed to all the
technologies, materials and integration processes previously selected, to
design the RDS.



RDS TECHNICAL DESIGN:

Once the building blocks have been validated and tested, a complex phase
of design of the instrument started. The major problems were the weight and
size of the instrument taking into account the camera was a sensor to use “as
is”, at least the major internal parts. Hence, the RDS-DP was grown all around

the camera optimizing the use of the available volume and its functionality.

This optimization process has permitted to design two independent sensors,
in one hand a 1024x1024 camera with fish-eye lens and in the other hand,
a 17 photo-detector radiometer sensor that contains a 16-bits ADC, memory and
a FPGA that permits to operate it digitally (RS-422 interface with master-slave

protocol).

RDS QUALIFICATION CAMPAIGN:

The model philosophy of the RDS is the classical one, with several models
manufactured with different aims: Structural Model (SM) to ensure in an early
stage that the mechanical design was compatible with the qualification cam-
paign, a Thermal Model (TM) to correlate the thermal analysis with a repre-
sentative model, the Electrical Model (EM) to test electrical I/F, Qualification
Model (QM) to validate the design under extreme mission conditions and the
Flight Model and Spare for the final rover assembly.

CONCLUSION:

RDS is a complex instrument to be part of the MEDA payload of Mars2020
rover. The design key-points, development status and qualification issues will
be presented.
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INTRODUCTION:

With what little information we have about the surface of the moon, there is very
litle documentation detailing much about the surface of the moon apart from
images we obtain from satellites. Lunar caves are more of a prediction than
actual knowledge not be- cause of how much we know but how little we know.
However, there have been few predictions of the existence of lunar lava tubes
and caves stemming from pictures taken by various satellites. This includes
rilles on the surface as well as what is predicted to be a lava tube skylight.
One major prediction of the formation of rilles is the flowing of a liquid, most
likely lava from a volcano or other source since there is no evidence of other
liquids. Flowing liquid erosion also accounts for the fact that many rilles have
walls that run parallel as opposed to a more erratic shape [1]. Another piece
of evidence for lunar caves is the picture taken by SELENE Terrain Camera.
It shows a hole on the surface of the moon that is unlike many of the cra-
ters that dot the surface of the moon [2]. Whereas many craters on the moon
show definite illumination on both sides of the depression, the photograph
of the skylight only has half of the circumference illuminated suggesting that
there is a possibility that this depression has more depth.

These caves could be used as places for human habitation, supply storage,
emergency shelters, as any infrastructure that is capable of withstanding radi-
ation damage from the sun or physical bombardment is worth investigating.
These structures can aid in the safety and preservation of future inhabitants if
utilized properly.
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The main scientific goal of the Europa Lander is to search for evidence
of life. The abundances of some inorganic compounds, and their combina-
tions in certain ratios, could serve as a powerful biosignature, particularly if
found in association with biogenic organic compounds [1]. We propose a new
technique for the detection and identification of terrestrial type microorgan-
isms by elemental composition analyses of Europa subsurface samples. We
also describe the design of a laser ablation time-of-flight mass-spectrometer
(LA-TOF-MS) accompanied by a simple sample preparation unit (SPU) to con-
duct these analyses.

This next-generation instrument is based on the heritage of the LASMA
instrument developed for Phobos-Grunt, Luna-25 and Luna-27 missions — a
LA-TOF-MS [2, 3]. It is able to perform various tasks in the study of sample
elemental and isotopic composition, and structure. Combining both a method of
laser ablation and of soft ionization, the device allows for study of both elemental
and isotopic composition of samples as well as the mineralogical composition of
the sample indirectly with the detection of oxides, salts and other compounds.

A laboratory prototype of the instrument based on the LASMA TOF-MS was
used to detect the microbial biomass in ice samples and their solid residues
via analysis of the elemental composition. Our method is based on the fact that
the matrix structure of any terrestrial microorganisms contains about the same
amount of elements H, N, C, O [4]. It was essential that the ratios of these
elements in living organisms could be accurately reproduced. Of all the matrix
elements, the content of N and C can be the most reliably reconstructed.
The content of H and O heavily depends on the water content in the biomass,
while the content of N and C is not affected. Moreover, due to the high con-
centration of these elements in terrestrial type organisms, they can be easily
detected. In addition to the abundances of N and C we also chose as biomark-
ers the ratios P/S and Ca/K. It is very important to remember that these ratios
do not change dramatically over time, and even fossils can exhibit certain
stable values. Our approach is based on the selectivity of nutrient absorption
by microbial cells from the environment. Previously, it was found that the ratios
P/S and Ca/K inside microorganisms change over the life cycle and depend
on the physiological state of the cells. Also, fossilized microorganisms can be
distinguished from living microorganisms. The elemental microanalysis makes
the detection of cells in a native mineral environment possible due to the selec-
tive accumulation of these elements by cells.

We have conducted numerous laboratory studies on cultures of microorgan-
isms and polar permafrost samples as terrestrial analogs for martian polar
soils while working on the proposal for ExoMars lander to confirm experimen-
tally the possibility of biomass identification via the following biomarkers: P/S
and CalK ratios, and C and N abundances. We emphasize that only the com-
bination of these measurements will allow to discriminate microbial from purely
geological samples [5, 6, 7]. This technique, currently aimed at the search and
identification of microorganisms in icy samples from Europa subsurface, can
also be applied to other samples like sediments and dust.

One of the advantages of the LA-TOF-MS is that it also enables assessment
of sample compositional heterogeneity on a per-spot basis rather than meas-
urements of the bulk sample. It is possible to perform both mapping across the



sample surface and depth profiling. Expected spatial resolution of mapping is
30x30 uym? across the surface and 1 um in depth.

The huge experience in this field gained during last decades of joint work in our
common team will allow us to solve this challenging task.
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INTRODUCTION:

A vortex pair (“mushroom” feature) consisting of a cyclone and anti-cyclone,
was first observed in nightside images from the IR2 camera [1] on Akatsuki
orbiter [2] on April 15, 2016 at 1.74, 2.26 and 2.32 p wavelengths in the north-
ern hemisphere (Figure 1). Such vortex pairs were first detected on Earth
when water vapor images became available from geosynchronous weather
satellites[3]. A sequence of three images about two hours apart reveals the
vortex circulation. The detection of such pairs on Venus raises questions about
the forcing mechanisms for the formation on the slowly rotating planet with only
the fast zonal winds providing vorticity generation.

Fig. 1. The “mushroom” feature seen in this IR2 image on the night side of Venus is
interpreted as a pair of cyclone and anticyclone circulations in the mid to lower cloud
layer of Venus. Similar formations have been seen at other times and also were found
in VIRTIS images of Venus from Venus Express.

WHAT CAUSES THESE CIRCULATIONS ON A SLOWLY
ROTATING PLANET?

The Coriolis force on Venus is low due to the very slow rotation rate of the
planet, and the only vortex circulations observed so far on Venus are the global
circulation vortices over each pole [4]. Surface topography and vertical shear
of the zonal flow may be two contributing factors that lead to the development
of the observed mesoscale circulations. However, what makes the circulations
visible through opacity variations of the upper cloud are still unknown.
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INTRODUCTION:

Optically thick Venus clouds are consisted of concentrated sulfur acid aerosol
and located at altitudes of 50-70 km. Three layers can be specified within the
clouds according to sizes of prevailed aerosol particles [1]. The upper haze
at altitudes above 70 km is consisted of sub-micron particles of mode 1 with
radius of less than 0.4 uym. The upper cloud layer (50-70 km) contains parti-
cles of mode 1 and 2. The mode 2 size is about 1 um. The biggest particles
relating to mode 3 have radius value of 3-4 ym. Modes 3 and 2 are prevailed
in the middle (50-57 km) and lower (47-50 km) clouds. Mode 3 particles deter-
mine the opacity and bulk of the Venus cloud layer [1]. Clouds are the reason
for the strong greenhouse effect and form the current Venus climate. Thus,
cloud characteristic variations may cause changes in the entire atmospheric
dynamic and composition. Moreover, there is a probability of both short and
long term variations in the cloud layer [2, 3, 4].

THE 1.28-um TRANSPARENCY WINDOW OBSERVED
BY SPICAV IR:

Remote observations of clouds lower layer parameters are almost impossible
due to its opacity. However, there are narrow IR spectral windows named “trans-
parency windows” where IR emission formed in lower atmosphere is able to
escape to space [5]. These windows are located between strong absorption
bands of CO,. The weak emission can be observed in the night atmosphere
of Venus. The dataset of measurements of 1.28-um window emission forming
at altitudes of 15-30 km is used in this work. Emission of the 1.28-ym window
is not sensitive to minor species composition in atmosphere but determined by
scattering within the cloud layer. The major influence is exerted by the biggest
particles of mode 3 concentrated in the deep clouds. However, oxygen airglow
at 1.27 ym producing in night atmosphere at 100 km is registered within 1.28-um
window [6] as well. Thus, the spectral interval near maximum of window intensity
is chosen in the way to eliminate the airglow emission line from consideration.
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Fig. 1. Geographical distribution of maximum value of 1.28-ym window intensity. Data is

averaged within latitude-longitude cells of 5 degrees width each. Gray areas mean the
lack of data.
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The whole dataset of nadir observations performed by SPICAV IR instrument
onboard Venus Express covered time range of 2006-2015. The maximum
emission intensity value varied from 0.05 to 0.1 W/m?/um/ster in this period.
Moreover, the geographical distribution of values was not uniform: northern
hemisphere values appeared to be higher than southern ones (Fig. 1).
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CLOUDS PARAMETERS VARYING THE 1.28-um
TRANSPARENCY WINDOW EMISSION:

Direct modeling of the window aimed to distinguish the cloud parameters that
were responsible for the strongest fluctuations of the emission. The synthetic
spectrum is built according to multiply scattering radiative transfer model cal-
culated by the SHDOMPP program realizing the spherical discrete ordinate [7]
method for plane parallel atmospheres [8, 9, 11]. Atmospheric characters are
from the VIRA database and the surface emissivity is equal to 95% here. The
75% solution of sulfur acid is taken for the aerosol composition. The optical
depth, single scattering albedo, asymmetry parameter are calculated using Mi
theory for the two models described in Bezard et al., 2009 and 2011 [8, 9] and
Haus et al., 2016 [10]. Sensitivity of the emission intensity to low extinction
change within each 1-km wide layer was computed. The first model gave the
most influential layer at the altitude of ~65 km. The second one showed the
emission might be more sensitive for layer of 50-55 km. The current differ-
ence between results prevents us from the certain conclusion witch cloud layer
plays the major role in modulation of 1.28-ym window emission. The future
improvement of cloud model should clarify more precisely the changes that
occur in the lower clouds.
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INTRODUCTION:

Photometric and polarimetric observations of Venus show that particles in
the upper clouds of Venus form such an optical phenomenon near opposi-
tion as glory. The presence of glory itself poses stringent constraints on the
properties of cloud particles: they are to be spherical, and the dominant size
strongly governs the glory feature position. The VMC/VEx measurements
at small phase angles allowed the radius R . and the refractive index m of
cloud particles in the observed regions to be estimated [1,2]. In most cases,
the obtained values of the refractive index turned out to be somewhat hlgher
than those expected for the H,SO, solution. Such an effect can be produced
by an admixture with a high refractive index, which seems quite natural, since
small submicron particles that are ubiquitous in the Venus clouds and hazes
can serve as condensation nuclei for H,SO, droplets. The radiative-transfer
modeling showed that, to fit the VMC uv phase profiles, one should take into
account the presence of small submicron particles in the clouds, some of
which are absorbing in UV.

The nature of these submicron particles is not clear yet, and it likely varies with
altitude. Among probable candidates with a high refractive index, ferric chloride
andsulfurareworthmentioning. Since sulfurcannotbewetted by sulfuricacid[3],
the microphysical models consider the sulfuric acid condensation on a surface
fraction of a polysulfur particle, so that the actual particles would be made up of
a polysulfur particle stuck to the side of the H,SO, droplet [4]. From the point of
microphysics, such a scenario may successfzully work; however, from the point
of interpretation of observations of glory, it poses a problem since the irregular
surface of complex particles may break the conditions for producing glory [5].
At the same time, it has been recently shown that sulfur aerosol cannot
be the unknown UV absorber, because its abundance is too low at the
cloud tops, while the delivery of FeCl; into the upper cloud layer and
the production of H,SO, are just in proportlon that is required to fit the
observed UV albedo of Venus, and the small submicron and 1-um modes
of particles fit this proportion as well [6,7]. The ferric chloride particles
may serve as condensation nuclei for sulfuric acid, and the 1% con-
centration is close to that required to explain the blue absorption [8].
Moreover, the 1-um complex particles may be produced in coagulation of
smaller droplets with cores and have several very small FeCl, inclusions.

The purpose of this study is to check how small submicron particles (with a rel-
atively high refractive index) stuck to H,SO, droplets or included into them may
influence the phase profiles of such complex cloud particles at small phase
angle characteristic to a glory feature.

MODELING:

Though the Venus atmosphere is optically thick, the glory feature produced
by single scattering of cloud particles survives in diffuse multiple scattering.
Consequently, the influence of particles’ heterogeneity on the glory feature can
be studied by the single-scattering models. They were calculated with a mul-
tiple-sphere T-matrix code [9] for several cases of randomly oriented particles
(see Table, where the examples of particles are also shown) at two VMC wave-
lengths A (the effective variance of the size distribution is 0.07).

RESULTS:

Below there are the phase dependences of intensity and polarization of light
scattered once by H,SO, droplets with FeCl, particles included (Fig.1) and
sulfur particles stuck fFlg 2). Only the backscatterlng domain is shown.
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Table. Parameters of the complex particles tested

particle R, Refractive index

(number) A=0.965 pm

A=0.365 um
H,SO, (host) 1 um 1.47 +0.0i 1.44 +0.0i
FeCl, 0.2 um 1.65 +0.01i 1.60 + 0.0i
(inside) (2, 4)

0.1 um 1.65 +0.01i 1.60 + 0.0i

4,9 1.80 +0.015i 1.60 + 0.0i
Sulfur 0.2 um 2.339 + 0.025i 1.95 + 0.0i
(stuck) (2, 4,9,19)
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The phase functions for H,SO, droplets with 0.1-um FeCl, inclusions are not
displayed here, since their effect has turned out to be very weak.

According to the recently developed ideas on the glory formation, glory is
caused by interference of two surface waves, which are generated by rays
entering the droplets at almost diametrically opposite points and suffering one
internal reflection [5]. In this view, the more additional particles on the spherical
surface of droplets, the less favorable conditions for interference of the surface
waves; and this makes the glory feature less prominent down to smoothing.
The presence of additional particles inside the droplets changes the propaga-
tion conditions for differently polarized components of light inside the particles,
which destroys the glory pattern in polarization, if the inclusions are compa-
rable to the wavelength in size; and the glory feature in intensity remains well
developed. Note that the angular position of the glory maximum in intensity
is not sensitive to the presence of admixtures (at least in the considered size
range), while the glory minimum moves, as if the refractive index of the drop-
lets increases.

CONCLUSIONS:

The light-scattering simulations for complex spherical particles of sulfuric acid
containing admixtures with a high refractive index help us to make a choice
between the candidates to the so-called UV absorber in the Venus clouds.
Now we may conclude that sulfur cannot be responsible for the contrasts
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observed at A=0.365 um, since submicron sulfur particles, if stuck to H,SO,
droplets, would smooth the glory feature, while this feature is practically always
seen in the images of the upper clouds of Venus taken at small phase angles.
At the same time, the presence of the other widely discussed UV absorber,
FeCl,, in H,SO, droplets poses no problem from the point of interpretation of
obsefvations of glory.
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INTRODUCTION:

The available data indicate a zonal wind rotation of the Venus’s atmosphere
from East to West. The wind speed changes almost monotonically with altitude,
reaching about 100 m/s at the level of the upper cloud layer. The cyclostrophic
balance approximation and the results of temperature and pressure determi-
nation from the radio occultation (RO) data of the Pioneer Venus Orbiter were
also used to determine the zonal wind profiles by [1, 2]. The zonal wind speed
at altitudes from 40 to 80 km in the latitude range from 15° to 85° under the
assumption of the Northern and Southern hemispheres symmetry was deter-
mined by [1]. The authors of this work indicated that the radio occultations used
in their study had been carried out, in general, in the Southern hemisphere at
low latitudes and in the Northern hemisphere at high latitudes. Nevertheless,
they did not exclude the possibility of hemispheric asymmetry at high latitudes.
In this connection, it is interesting to determine the zonal wind speeds for the
Northern and Southern hemispheres, separately.

PROCESSING AND ANALYSIS OF EXPERIMENTAL DATA:

For determining the zonal wind speed we used the cyclostrophic approxima-
tion balance and RO measurements at latitudes from 60° to 87° in 17 regions
of the Southern hemisphere, and in 27 regions of the Northern hemisphere of
Venus. These measurements were made during the period from October 1983
to September 1984. Orbits of the Venera-15 and -16 spacecraft were such that
the entries into occultation took place in the Northern hemisphere and exits in
the Southern one. Some details about the Venera-15 and -16 spacecraft inves-
tigations, the dates and location of RO measurements in latitude, longitude,
solar zenith angle can be found in [3—6]. The aim of this work is to determine
the zonal wind speed in the polar and near-polar regions of Venus at altitudes
from 50 to 80 km from RO data of the Venera-15 and -16 spacecraft. To find the
zonal wind speed, we used the altitude profiles of temperature and pressure
obtained from the processing of RO data at a decimeter radio wavelength (A
= 32 cm). The characteristic properties of the radio occultation technique and
of the experimental data processing are described in [3, 6]. The result of the
RO data processing are temperature T and pressure P altitude profiles, which
give the values of these parameters at various altitudes in the interval from 40
to 90 km [3]. In the range of pressure variations corresponding to this altitude
interval we marked 28 fixed “standard” pressure levels from 1098 to 5 mb.

The temperatures at these pressure levels were found by linear interpolation of
temperatures nearest to the chosen fixed levels. The number of chosen levels
allowed the retention of individual characteristics of the temperature profiles.
Fig. 1 shows the temperature dependence on the latitude at four pressure
levels (602, 181, 122 and 55 mb) in the Southern hemisphere. The temper-
ature values obtained from RO data at the corresponding latitudes and pres-
sures are shown by circles and squares in Fig. 1. The circles apply to the
curves 1 and 3, the squares — to the curves 2 and 4. The curves describing the
latitude-temperature dependence are the cubic polynomials fitted by the least
squares technique to the experimental data. These least squares fits were
used by us to obtain the latitude-temperature gradients. The quality of fitting is
defined by the root mean square variance o on every “standard” pressure level
(representative values of o are drawn as error bars for each curve in Fig. 1
and 2).
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The fitted curves in Fig. 1 show the latitudinal dependence of the tempera-
ture at different pressure levels. The temperature decreases with increasing
latitude at a pressure level 602 mb in the latitude interval from 66° to 82°.
This trend is characteristic also for temperature-latitude dependence at lower
pressure levels down to 180 mb. The transitional region lies within the pres-
sure range of 180 to 120 mb, corresponding to the altitude interval from 61 to
63 km, where a change of the sign of temperature-latitude gradient occurs in
the latitude interval from 66° to 82° as shown in Fig. 1 (curves 2 and 3). Small
temperature contrasts between the polar and near-polar atmosphere are char-
acteristic of the transitional region [3]. In the Southern hemisphere the temper-
ature increases with increasing latitude at fixed pressure levels from 120 to 30
mb, which correspond to altitudes from 63 to 70 km. For determining the zonal
wind speed in the Northern hemisphere, we use the temperature and pressure
data obtained from radio occultations in 27 regions at latitudes greater than
60° [3]. The circles refer to curves 1 and 3, and squares to curves 2 and 4
in Fig. 2. The temperature decreases with increasing latitude at the level of
602 mb in the latitude interval from 69° to 84°. This trend continues at lower
levels down to 220 mb. A change of sign of the latitude-temperature gradient
at latitudes from 69° to 84° occurs in the pressure range from 220 to 180 mb.
A transitional atmospheric region for which small values of the latitude-temper-
ature gradient are characteristic, exists in this pressure range corresponding
to the altitude interval from 60 to 61 km. Curve 2, corresponding to the upper
boundary of this transitional region, illustrates this tendency. A temperature
rise with increasing latitude (curves 3 and 4) is observed at pressure levels
lower than 180 mb. By comparing the latitude profiles of the temperature in the
Northern and Southern hemispheres, one notices that the latitude-temperature
gradients are negative at pressures from 1100 to 220 mb at latitudes from 70°
to 80°, and that their values are almost the same at corresponding latitudes
and pressure levels in the Northern and Southern hemispheres of Venus.
This indicates symmetry of the atmospheric thermal structure of both hemi-
spheres in this pressure range. However, indicated symmetry no longer exists
at pressures lower than 220 mb, i.e. at altitudes higher than 60 km.

CONCLUSION:

Temperature and pressure data in the Venus’'s atmosphere obtained by
the radio occultation method using the Venera-15 and -16 spacecraft from
October 1983 to September 1984 are used for a wind speed analysis.
The altitude and latitude profiles of zonal wind speed in the middle
atmosphere of Northern and Southern hemispheres of Venus at alti-
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tudes from 50 to 80 km in the latitude interval from 60° to 85° have been
found. Wind speeds were determined assuming cyclostrophic balance
of the planetary atmosphere. A jet with a maximum speed 100—115 m/s located
at altitude of approximately 60 km at 73°-75° N is shown to exist in the Northern
near-polar atmosphere. Above 65 km, the wind speed usually decreases with
altitude, as the polar atmosphere in the Northern hemisphere is warmer than
the near-polar one at these altitude levels. The speed of zonal wind increases
with altitude at high latitudes of the Southern hemisphere above 70 km,
showing a possibility of the existence of a jet at altitudes greater than 70 km.
Acknowledgments: This work was partially supported by the Program 1.7
of the RAS Presidium.
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INTRODUCTION:

The presence of powerful atmosphere of Venus leads to a significant refraction
of radio signals during propagation at low elevation angles [1-4]. Periodically
repeated radar experiments and radio occultation investigations using orbital
spacecraft do not give details on the magnitude of refraction in the lower layers
of the Venus atmosphere. High stability of radio signals emitted by ground-
based transmitters and appropriate onboard data handling can enable high
precision radioholographic investigation of the atmosphere and ionosphere of
Venus by use of bistatic and radio occultation methods to obtain vertical pro-
files of the physical characteristics of the atmosphere and ionosphere. Refined
experimental data on the magnitude of refraction in the atmosphere of Venus
obtained by use of analysis of the “Venera-10 and 15” bistatic radar experi-
ments are presented and future directions developed in sounding the Earth
using signals of navigational systems are described.

SPACE RADIO-HOLOGRAPHY:

Highly stable radio signals emitted by Earth-based transmitter after propaga-
tion through the ionosphere and atmosphere along the direct (1) and reflected
path arrived to receiver aboard an artifical satellite on the near planetary orbit
(Fig. 1). The direct signal is used to analyse: (1) the plasma structures and ver-
tical distribution of the electron density in the ionosphere; (2) the layers, wave
activity, absorption, bending angle, refractivity, pressure, temperature in the
atmosphere above the critical level near the height 34 km. The reflected signal
is analysed to reveal: (1) the relief features, subsurface structures, reflectivity,
soil parameters; (2) the refractive attenuation, absorption, bending angle, and,
possibly, layered or wave structures in the lower atmosphere.

0 h230 240 250 225 230 235 240
Fig.1. Bistatic radio-holographic investigation of the Venus (left) and Earth’s atmosphere

and surface. The first bistatic (middle) and monostatic (right) radio images of Venus
surface obtained in 1983 by Venera-9 satellite.

BENDING ANGLES IN THE LOWER ATMOSPHERE FROM
DATA OF “VENERA-9, 10 AND 15, 16” ORBITAL MISSIONS:

The first bistatic experiments has been provided by “Venera 9 and 10” mission
(1975) [3,4]. Bistatic experiments have been repeated in 1983 during existence
of the orbital spacecraft “Venera 15 and 16” [4]. The monochromatic modee for
radio signals emitted from Venus satellite at wavelength 32 cm has been used
for investigation. The reflected signals have been received and analysed by a
system on the Earth based station. In Fig. 2 (left) the curves 1-3 described the
time frequency story of the reflected signal during three RO events provided
in November 1983. The frequency of the direct signal is constant because
closed loop mode of receiver. Curve (1) corresponds to immersion in radio
shadow, and curves (2), (3) relate to emersion of the satellite “Venera-15".
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Because variations in the orbital speed of satellite the inclination of curves 1-3
and observation time of reflections are different.
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Fig. 2. Left. Time-frequency map of the reflected signal observed during radio occultation
experiments provided during 1983 November 09, 12, and 11, curves (1)-(3), respec-
tively. Position of the direct signal is shown by vertical lines (in the left, top corner). Right.
Results of restoration of the bending angle from bistatic radar data. The impact param-
eter and bending angle are indicated along the horizontal and vertical axis, respectively.

The curves 1-5 (Fig. 2, right) described results of the bending angle measure-
ments during 1975 November RO events 04, 02, and 25 (curves 1-3) and 29
(curves 4 and 5 correspond to observations of in the Evpatoria and Yssuriisk).
The curves 1-4 are displaced for comparison. The displacement values are
shown in the upper left corner in Fig. 2 (right). The thin smooth lines in Fig. 2
(right) indicate approximation of the experimental data. The bending angle
varies in the interval 0.06-0.13 radian when the impact parameter changes in
the range 5060...6075 km.
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Fig. 3. Bending angle (left) and refractive attenuation (right) in the atmosphere of Venus
at wavelength 32 cm (data of “Venera - 9 and 10” [4]).

Irregular systematic variations of the bending angle are of order 0.01 rad and
have very small correlation in data of measuments from different receiving
stations (curves 4,5 in Fig. 2). The noise fluctuations are about 0.002 rad and
illustrate an instrumental accuracy. The difference between data of events
is about 0.015 rad that can correspond to changes of physical conditions
in the investigated regions. In Fig. 3 (left) the smooth line shows functional
dependence of the bending and sliding angles. The points correspond to
experimental data measured in five equatorial regions of Venus [3]. The data
have significant scatter caused by features of bistatic radar measurements:
influence of small and large scales of relief, possible effects of horizontal
atmospheric inhomogeneity, irregularities, and/or layered structures. The
angle of refraction exceeds about 10 - 20 times the same value at the appro-
priate geometry in the Earth’s atmosphere. Refractive attenuation of radio
waves (Fig. 3, right) is correspondingly about 5 - 10 times higher than under
the same conditions in the Earth atmosphere and varies from 1-2 dB at graz-
ing angle 14°-15° radio waves to 9-10 dB at 8°-9°. It should be noted that the
sliding angle of the reflected radio waves bounded below by a value of about
8° because of capture by constantly existing waveguide in the atmosphere
of planet. First measurements made by satellite “Venera — 9,10” showed a
possibility of determining the refractivity in the lower Venus atmosphere at
wavelength 32 cm, and remains unique.



DIRECTIONS OF FUTURE INVESTIGATIONS:

Highly stable signals synchronized by atomic frequency standards and radiated
by GPS satellites at wavelength 19 and 24 cm create at the altitudes from 0 to
20 000 km above the Earth surface radio fields that can be used for the devel-
opment of the bistatic radiolocation and RO method as a new tool for global
monitoring of the planetary ionosphere, neutral atmosphere, and surfaces [5].
During extended experimental and theoretical studies new radio-holographic
approaches and principles have been derived that can be directly applied for
bistatic radar and RO investigation during future interplanetary missions. There
are four important directions: (i) innovative estimating the altitude dependence
of the total absorption of radio waves using the RO amplitude and phase var-
iations at a single frequency; (ii) evaluation of the slope, altitude, and horizon-
tal displacement of the atmospheric and ionospheric layers from the RO signal
intensity and phase data using the eikonal acceleration/intensity technique;
(iii) separation of layers and irregularities contributions in the RO signal,
determination of vertical profiles of the turbulent and small-scale structures
by joint analysis of the RO signal eikonal and intensity variations at a single
frequency; and (iv) introduction of the new combined phase-intensity index for
the RO study of multilayered structures and wave processes. This regularity is
valid for every RO ray in geometrical optics approximation including reflections
from the surface [5].

CONCLUSIONS

During the GPS RO analysis it is shown that the eikonal acceleration has the
same importance for bistatic radar and the RO method as the phase path
and Doppler shift for radio location [5]. Satellite radio-holography approach
derived during multiple satellite missions working in the near Earth space can
be directly applied for planetary investigations.
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INTRODUCTION:

The ~1500 km diameter Isidis basin is the third largest impact structure on
Mars. Regions surrounding Isidis, including Nili Fossae and NE Syrtis, provide
insight into the mineralogical and climatological history of Mars.The forma-
tion, alteration, and erosion of features in the cirum-Isidis region are well-con-
strained with time, beginning in the early Noachian after the formation of the
Isidis basin, and ending in the Hesperian before the Syrtis Major lava flows
embayed the area. Throughout the region, there are distinct stratigraphic layers
with correspondingly distinct alteration products, suggesting multiple different
aqueous alteration regimes [1].Thes trait graphically lowest layers in theregion
are (1) the basement unit, characterized bylow-Capyroxene andrichin Fe/Mg
smectites, contains mega brecciab locks,and exhibit spatches of kaolinite;

(2) the overlyin go livine-rich unit, which is variably altered to Mg-carbonates;
and (3) a spectrally flat and crater preserving capping unit [1-3].Above the
selayers,emplacedlater,isasulfate-richunit and a cappingunit of Syrtis Majorl
avaflows. In the past, it has been ass umed that the different aqueous salter-
ation regimes, related to the alteration of the sedifferent stratig raphic layers,
were temporally separated [e.g.]. Here, wesuggest that this is not who lly the
case, and that the three lowestunitswereformedand altered contemporane-
ously with the Isidis event, following the description of the Impact Cratering
Atmosphericand Surface Effects (ICASE) model[4,5,6].

ICASE BASIN-SCALE IMPACT EVENT AFTERMATH

€) OBSERVED ISIDIS BASIN OGIC CONFIGL N
a) DISTAL FACIES b) PROXIMAL FACIES (EHLMANN AND MUSTARD, 2012)
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Fig. 1. Isidis Basin impact event aftermath. (a) and (b) explore expected variation in
observed stratigraphy with varying distance from the basin. (c) shows the observed
mineralogic configuration, from [2]. g_d) demonstrates our interpretation for the forma-
tion of the observed layers, highlighting the corresponding ICASE-related steps [e.g.6].

PREVIOUS INTERPRETATIONS:

Basement unit.The Fe/Mg smectites within the basement unit may repre-
sent deep hydrothermal alteration in the martian subsurface [8] that was later
exhumed by the Isidis event [9].Terrestrial analogs suggest that formation of
the smectites through this mechanism would take thousands of years and
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require temperatures up to ~873 K[1,8].This interpretation of the basement
unit is consistent with the presence of megabreccia blocks within the unit that
were likely excavated during the impact event. Following emplacement, the
basement unit experienced aqueous alteration (Fig. 1c), producing patches of
kaolinite-bearing material. The kaolinite-bearing unit is tens of meters thick [1]
and does not exhibit bedding, suggesting that the alteration was in-situ, and
leads to two formation hypotheses [e.g. 1]: (1) top-down leaching of the Fe/Mg
smectite-rich basement unit, and (2) hydrothermal alteration in the subsurface
and subsequent excavation.Large impact events could have caused regional
high-temperature surface alteration, leading us to explore the former hypothe-
sis further in the context of the Isidis basin event.

Olivine-rich and capping units.Overlying the basement unit is the olivine-rich
unit (Fig. 1c).Leading formation hypotheses include (1) post-Isidis lava flows
[10,11] and(2) the Isidis impact melt sheet [9,12].Theunitranges in thickness
from 5[3] to 160 m [2]and conforms to the underlying topography [2]. Aqueous
activity has variably altered the unit to Mg-carbonate [1]. The spectral signa-
ture of Mg-carbonate is more uniform and pervasive in NE Syrtis than Nili Fos-
sae, suggesting that aqueous alteration was more extensive in NE Syrtis [3],
closer to the basin interior. Additionally, the olivine-rich unit has a high thermal
inertia when compared to the other stratigraphic units [3], suggesting that it is
more coherent.Overlying this layer in NE Syrtis is a ~10 m thick, spectrally flat,
silica-rich capping unit [3].

Summary.The observed stratigraphy and mineralogy require at least three
episodes of aqueous activity [1]: (1) formation of the Fe/Mg smectites, (2) al-
teration of the basement and olivine-rich units,and (3) an episode involving
less water-rock interaction thaterodes the units. The episodes are canonically
interpreted to be temporally distinct [1], possibly spanning 250 Myr[3].

APPLYING ICASE TO THE ISIDIS BASIN EVENT AND ASSO-
CIATED MINERALOGY:

We exqure the possibility that the emplacementand alteration of the base-
ment,olivine-rich and capping units are essentially contemporaneous and re-
lated to the Isidis event and post-impact effects.

Basin-scale impacts vaporize significant volumes of target and projectile mate-
rial [e.g. 7]. The vaporized material expands away from the impact site as a
vapor plume composed of vaporized silicate material and water. The vapor
plume cools through radiation and expansion through the atmosphere. When
the plume cools to condensation temperature for the silicate material,the sil-
icate material will condense and fall out as molten spherules. We hypothe-
size that the global fallout of silicate condensate material [e.g. 4] corresponds
to the emplacement of the observed olivine-rich unit. The olivine-rich unit
drapes underlying topography [1,3], consistent with a silicate condensate layer
(SCL) being emplaced over pre-existing topography.The average thickness
of the Isidis SCL is estimated to be ~20 m [12],similar to the thickness of the
observed olivine-rich unit.Silicate condensate material preferentially deposits
at the impact site, suggesting a thicker layer in the Isidis region, relative to
more distal locations (Fig. 1). Proximal to the basin, the very high tempera-
tures of the SCL(~1600 K) could encourage rheomorphic flow off topographic
highs and ponding in topographic lows, leading to local variations in thickness
and exposure of the underlying basement unit. For these reasons, the Isidis
SCL is a potential candidate for the observed structure and distribution of the
olivine-rich unit (Fig. 1c,d).

The olivine-rich unit has a stronger olivine spectral signature than surrounding
regions and stratigraphic layers [2,12] and is the strongest olivine signature
detected on Mars [2]. Plausible explanations for this observation in the context
of the ICASE model [4,5,6] are (1)Noachian volcanic crustal compositions that
were richer in olivine than later extrusives[9], (2) an olivine-rich projectile that
contributed a significant olivine component to the vapor plume, or (3) early
crystallization of olivine and quenching in the cooling plume.

The olivine-rich unitis emplaced on top of the basement unit and thermal inter-
action and hydrothermal alteration between the units could account for some of
the observed alteration products. Following the condensation and fallout of the
silicate material, the vapor plume continues cooling and eventually reaches the
condensation temperature for water vapor. The water rains out and reaches
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the surface at temperatures close to condensation temperature (~373 K).The
rainfall (1) actsto cool the SCL, causing the water to cycle through the layer
and atmosphere for hundreds of years, a phase characterized by rainfall rates
of ~2 m/a [5]; (2) hydrothermally alters the upper portions of all exposed layers;
and (3) quenches the upper-most parts of the SCL, producing spectrally flat,
silica-rich glass (capping unit).

The high temperatures of both the substrate and aqueous medium (rainfall)
suggest that the upper portions of the olivine-rich unit and exposed areas of
the basement unit could be altered to clays on timescales of tens of years
[13]. Due to differences in parent rock composition,alteration of the olivine-rich
unit is predicted to produce Mg-carbonate [2], and alteration of the basement
unit is predicted to produce Al-phyllosilicates. Spectral analyses of the region
show both the variable alteration to carbonate and patchy distributions of kao-
linite [1]; the alteration of both units is partial, with both products (alteration)
and reactants (initial units) remaining [2]. The ICASE model [4,5,6] could help
account for this observation; the aqueous alteration related to impact-induced
rainfall is intense (Fig.1) but geologically short-lived, suggesting that the parent
rock will undergo only partial alteration.

To summarize, our interpretation of several of the stratigraphicunits follows
(Fig. 1): Low-Ca pyroxene-rich crustal blocks and hydrothermally altered Fe/
Mg smectite material areexcavated and emplaced during the Isidis event
(Fig. 1 d1).The vapor plume cools to silicate condensation temperature and
precipitates the olivine-rich SCL (Figs. 1b and d3); the SCLmay aid could play
arole in thermally altering the basement unit locally to produce Al-phyllosilicates
(Fig. 1d2). The silicate condensate material with the coolest temperatures
will be emplaced last, producing the capping unit. Soon thereafter, the vapor
plume cools to the water condensation temperature and precipitates abundant
hot rainfall (Fig. 1b); the ensuing hot rains (1) partly alter the olivine-rich unit
to Mg-carbonates (Fig. 1d4), (2) partly alterexposed regions of the basement
unit to Al-clays, and (3) quench the capping unit to produce silica-rich, spec-
trally flat, glass.Last, the final impact-related rainfall partly erodes the deposit
(Fig. 1 d5). In summary, the emplacement of the lower-most three units and
several of the key alteration phases associated with the Isidis basin stratigra-
phy may be related to the Isidis event and its aftermath (Fig. 1d), rather than
to separate subsequent environmental phases or events.

CONCLUSIONS:

Following [4,5,6], we have characterized the mineralogical influence of large
cratering events on early Mars. Critical to this analysis is the prediction of a hot
SCL tens of meters thick and subsequent intense impact-induced rainfall [4,5]
(Fig.1).These impact cratering depositional and alteration effects will clearly
influence the pre-existing substrate, a factor that has not been widely consid-
ered in the past. We propose that the circum-Isidis region offers an opportunity
to explore and assess the different aqueous environments and resulting min-
eralogical effects that characterize the region (Fig. 1) and may have occurred
elsewhere throughout martian history in association with other large craters
and basins.

The proposed explanation for the observed stratigraphy in the circum-Isidis
region suggests that the emplacement of the lower-most three stratigraphic
layers and subsequent aqueous alteration occurred over hundreds of years, in
contrast to the previous estimate of hundreds of millions of years. Additionally,
this explanation does not require a global climate transition, instead it explains
the geology and mineralogy through a climatic perturbation related to the Isidis
impact event. It is possible that post-impact conditions are responsible for the
observed stratigraphic sequence, suggesting that a continuous warm and wet
Noachian climate [e.g. 14] was not required for formation of these clays.
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INTRODUCTION:

Collimated neutron detector FREND [1,2] have been designed to provide infor-
mation about distribution of the epithermal neutron flux from Martian surface
with geometric spatial resolution up to 40 km from the 400 km TGO orbit [3].
However, presence of the Martian atmosphere may influence on the instru-
ment’s resolution by blurring out the neutron flux or by absorbing neutrons
while they are travel from Mars surface to the FREND detectors. It is well
known that Martian atmosphere column density varies significantly along the
Martian surface (due to topography). Also, it varies along Martian seasons due
to seasonal CO, depositions at Polar Regions. We would present results of
numerical simulations of neutron transport through the atmosphere and pro-
vide estimation of FREND spatial resolution.
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INTRODUCTION:

Escape processes in planetary atmospheres are triggered by the stellar wind
and radiation of their host star and determine the long term stability of the
atmosphere. In the present work the escape of hot oxygen and carbon from
the martian atmosphere for 1, 3, 10, and 20 times the present solar EUV flux,
corresponding to different epochs in Mars’s evolution, is investigated. Based
on simulated 1D profiles for neutrals and ions of the upper atmosphere for the
various EUV fluxes [1], the stochastic motion of hot O and C produced via dif-
ferent chemical reactions is calculated by means of a 3D Monte Carlo modell
[2]. From the obtained energy distribution of the suprathermal particles at the
exobase, the escape rates of O and C corresponding to the different EUV
fluxes can be estimated.

RESULTS:

We discuss different sources of hot oxygen and carbon atoms in the martian
thermosphere and their changing importance with the EUV flux. The increase
of the production rates due to higher densities resulting from the higher EUV
flux competes against the expansion of the thermosphere and corresponding
increase in collisions. We find that the escape due to photodissociation con-
tinuously increases with increasing EUV level, while other processes show a
different behavior. E.g., the escape of particles due to dissociative recombina-
tion of O_* reaches a maximum at the ~10 EUV level and starts to decrease
again forzhlgher values.

Depending on the initial rotation rate of the Sun and its rotational evolution,
the different EUV fluxes can be related to different times in the past of the
martian history by comparing a sample of solar like stars of different age and
rotation rate [3]. If we assume that the Sun has been a slow rotator in the past,
our findings show that Mars could not have had a dense atmosphere at the
end of the Noachian epoch, since such an atmosphere would not have been
able to escape until today. In the pre-Noachian era, most of a magma ocean
and volcanic activity related outgassed CO, atmosphere could have been lost
thermally until the Noachian epoch, when’non-thermal loss processes such
as suprathermal atom escape became dominant. Assuming a 2:1 relation for
lost hot O to lost hot C, our results suggest that not more than an equivalent of
some hundred millibar of CO, could have been removed since the Noachian
epoch by suprathermal atom escape
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INTRODUCTION:

The use of terrestrial analogs to extraterrestrial bodies is well established for
understanding the geologic processes required for the formation of observ-
able features today. We have chosen to explore the Dry Valleys of Antarc-
tica in order to understand the likely processes of valley network formation on
Mars before and after a period of significant climate change on the Noachian
Hesperian boundary. The cold and hyper-arid environment within the Dry Val-
leys closely simulate the climate of Mars today (Marchant & Head, 2007), and
the geomorphology of the Onyx River within the Dry Valleys may prove to be
similar to a subset of previously mapped valley networks in a global martian
valley network database produced by Hynek et al. 2010. Classification of both
the geomorphology and meteorology of the Onyx River will therefore play an
important role in characterizing the Antarctic Dry Valleys and may also provide
insights into Mars’ climate history (Head & Marchant, 2014).

Fig. 1. Glacial meltwater forming Onyx River tributaries from Clarke Glacier to the west
(left of photo) and Wright Glacier to the north (top of photo) captured via CAMBOT
imagery December 2001. Width of photo is approximately 1 km.

ONYX RIVER SOURCES AND SINKS:

The Onyx River located in Wright Valley Antarctica is a meltwater stream, and
is an example of endorheic dendritic drainage that forms annually from abla-
tion of multiple glacial toes bounding the valley in the austral summer. This
drainage network is not well developed; all ~30 tributaries are sourced from
cold-based glaciers with stream orders typically of 2 to 3 and up to 5 where
both the Wright Lower Glacier and Clarke Glacier tributaries merge. Ablation
at the Wright Lower Glacier terminus collects into the spillway glacial Lake
Brownworth at 300 m above sea level, which then overflows into the head-
waters of the Onyx River. Precipitation (snowfall) does not appear to influ-
ence river recharge significantly; precipitation instead feeds the Onyx River
via snowfall to glacier accumulation zones sourced from oceanic evaporation.
The Onyx River then flows 32 km southwest through abraded and meandering
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channels within the glacially carved valley and terminates at the closed-basin
Lake Vanda at 160 m above sea level (Shaw el at. 1980).
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FiG. 1—Onyx River. Geographical location (upper). Location of surveyed sections (lower).

Fig. 2. Schematic map view of Southfork Valley Antarctica with surveyed cross sections
depicted as numbers. (Shaw et al. 1980).

HYDROMETEOROLOGY AND GEOMORPHOLOGY:

Relatively fresh water sourced from glacial melt comes in contact with poorly
sorted soils near Lake Brownworth along the Onyx River. This process con-
trols the major ion composition within the river, which is significantly different
than that of the terminus of the river in the meromictic Lake Vanda. Keys and
Williams (1981) argue that marine aerosols are critical to maintaining the near
equal Na and CI concentrations found within Onyx. From the source to the
terminus of the Onyx River, the Gibbs Boomerang demonstrates that the Onyx
river transitions from a precipitation dominated river into a rock-dominated river
at relatively low salinities (Green et al. 1984). Flow duration within the Onyx
River is highly variable between the two extremes of river flooding that causes
bank erosion and no flow years when the river fails to reach Lake Vanda.
The maximum calculated stream discharge is 20 m®s. Early austral summer
discharge appears minimal — water is constrained mainly to inner channels
carrying relatively high sediment yields — as glacial meltwater contribution is
not continuous. The location of glaciers and the basement geology of Wright
Valley including glacial till, moraines, and igneous dikes control the morphol-
ogy of the Onyx River. The Onyx’s characteristic flow path appears to align
with low magnitude low flooding associated with -2°C daily surface averages
during the summer season. Hoke and Hynek also suggest regional episodic
temperature change was sufficient to produce the water required for valley
carving observed today (Hynek et al. 2010). The majority of flows are sourced
from glacial meltwater because groundwater input is largely contained as per-
mafrost centimeters beneath surface soils that spans 100’s of meters thick.
However, the capacity of regional hyper-arid soils to wick water from tributaries
that do not surficially feed the Onyx River may still act as a recharge source to
the river when travelling along the permafrost.

IMPLICATIONS FOR MARS:

We are assessing meteorological data obtained from the LTER database
for the Onyx River and geomorphological classification of the stream order,
length, and width of Valley Networks on Mars in order to find candidate ana-
logs on Mars to the Onyx River. We are documenting the climate parameters
required for the maintenance of the Onyx River during the austral summer, and
are using this analog to understand the likely climate required for the formation
and maintenance of similar water-carved features on Mars during a period of
climate change on Mars 3.6-3.8 Ga (Hynek et al. 2010). We are also interested
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in documenting similarities between the Onyx River and any of the 10 major
valley networks on Mars summarized by Som into three different classifications
(Som 2009).

Fig. 3. Meandering main river travelling southwest (towards the left of the photo) with
tributary flow from the north (from the top of the photo) contributing to the Onyx River
captured via CAMBOT imagery December 2001. Length of main river in photo is approx-
imately 1 km.
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INTRODUCTION:

The fretted terrain [1], a heavily dissected geologic terrain observed for hun-
dreds of thousands of square kilometers along the martian hemispheric dichot-
omy boundary, has no overt terrestrial analogues and has eluded complete
scientific explanation. Key unanswered questions include: 1) the timing/dura-
tion of the fretting process, 2) the mechanisms instigating the breakup, and
3) the processes responsible for the removal of the material and the volumes
of material removed. Here we estimate the limits on the amount of material
removed during the formationof the fretted terrain and explore implications for
existing formation hypotheses.

GEOLOGIC BACKGROUND:

The most extensive example of the martianfretted terrain occurs as a part of a
plateau over a surface area of ~1.19 x 108 km? at the northern edge of Arabia
Terra (Fig. 1a). Here mesas, plateaus, and knobs of Noachian highland plateau
material are arranged in irregular configurations and separated by wide, flat-
floored channels occupied by sedimentary valley floor fill [1]. Geological obser-
vations of this region suggest that the intervening material between highland
plateau outcrops has been removed [1,2], although its removal processes and
depositional location are unknown. The steep ~1-2 km high scarps surround-
ing the mesas, as well as their polygonal shape, suggest that erosion was
highly effective [1]. Many of the mesas directionally align in pairs or regional
groups, suggesting a possible structural cause [2]; these mesas decrease in
size and increase in spacing with increasing distance northward across the
dichotomy boundary [1].Examination of high-resolution CTX images (Fig. 1b)
showsthat cross-sections of the plateaus display three main geologic units:1)
a steep upper slope with outcrops of erosion-resistant bedrock, 2) an interme-
diate talus unit with a shallower slope, and3) a highly textured debris apron at
the base [3]. The erosion-resistant upper layers are attributed to a series of
volcanic flows observed on the surface of Arabia Terra [2], which date to the
mid and late Noachian. The thickness of these volcanic units and the nature
ofolder units beneath them are obscured by the multiple sections of eroded
material derived from the steep scarps (Fig. 1b).

Previous hypotheses for the origin of the fretted channels and fretted terrain
have called onmass wasting [1], groundwater sapping [4], aeolian erosion [5],
overland water flow [6], and extensional faulting [7]. Each ofthese conceptual
models is quite different and each has certain implications for surface condi-
tions and major processes operating during the late Noachian. For example,
removing the intervening material from the fretted terrain through predomi-
nately overland flow requires large amounts of water to erode and carry the
requisite sediment and deposit it in the northern lowlands.Despite the large
number of hypotheses, relatively little work has been done to assess them
quantitatively in order to more rigorously test each proposed origin, compare it
to geologic observations, and match conceptual hypotheses to geologic reality.
Through assessing quantitatively the volume ofmaterial that was removed from
the fretted terrain, we can begin to constrain these hypotheses and assess
their plausibility.
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Fig. 1a: Regional view of the fretted terrain north of Arabia Terra, with selected regions

analyzed for surface area.(MOLA 128 pixel/degree topography).1b,c: High resolution
CTX image of sections of the fretted terrain observed in northeast Arabia Terra.

MATERIAL REMOVED AND IMPLICATIONS:

The Late Noachian fretted channels and terrain have been modified by Ama-
zonian glaciation processes [8]. Previous work analyzed the amount of ice
and overlying debris in the debris aprons and lineated valley fill associated
with these processes [9]; these estimates can be adapted to quantify the total
amount of recent debris shed by the scarps of the fretted terrain based on a
SHARAD-estimated average debris layer thickness of 5-10 m.Because pre-
vious work has suggested that mass wasting is an effective mechanism to
remove the entirety of the fretted terrain [1], quantifying the amount of pres-
ent-day debris in comparison to the full volume of missing material allows us
to assess this hypothesis. As such, the amount of debris contained in the lin-
eated valley fill and lobate debris aprons of Arabia Terra is ~4.72x 10% km? [9].
As we will show, this volume is far less than the range of estimates for material
removed from northern Arabia Terra during the fretting process.

To establish basic constraints on the volume of material removed from the fret-
ted terrain, we first set basic assumptions to accommodate the variable nature
of the fretted terrain, which varies both latitudinally and longitudinally across
the region.Therefore, to estimate the surface area of material removed, we
assessed ten 100x100 km? sections within the fretted terrain containing distinct
varieties of plateaus, mesas, and knobs (selected boxes shown in Fig. 1a).
From these localized studies, we estimate that an average area of fretted ter-
rain has experienced 50-67% dissection/material removal.To assess the miss-
ing volume we consider the vertical thickness of material removed from the
fretted terrain, and whether this value remained reasonably consistent across
the region. The greatest elevation difference between the top of the plateau and
the lowland floor is ~2 km at the dichotomy boundary scarp, along the mouths of
the fretted channels in Arabia Terra. The smallest elevation difference is meas-
ured at the northern edge of the fretted terrain, where the mounded deposits
are at their minimum height: ~500-700 m. As an approximate upper bound on
the amount of material removed from the fretted terrain system over an area
of 1.19 x 10%km? (Fig. 1a), we assume that the ~2 km scarp at the southern
boundary of the fretted terrain once extended to the present northern edge.
Such an assumption, along with the calculated dissection range of 50-67%,
yields upper estimates for the volume of material removed: ~1.20 — 1.56 x
108 km?® of material over an area of 1.19x 10%km?2. However, it is more likely
that some iteration of the gentle northward slope of the Arabia Terra plateau
(~0.1-0.5°) continued north of the present dichotomy boundary [2], and thus for
a more realistic estimate of preexisting topographywe assume that the present
elevation difference observed at the northern edge (500-700 m) is consistent
with pre-fretting conditions, yielding amore realistic range in volume estimates:
7.44 x 105 —1.07 x 10% km?.

To properly assess candidate removal processes, these estimates must also
account for the variations in lithology of material removed, which varies down
section. The stratigraphy of the highland plateau includes up to several hun-
dred meters of a friable mantling deposit from the late Noachian [10], which
overlies multiple Noachian extrusive volcanic episodeswhose total thickness is
not well constrained due to the presence of debris cover, and thus may be over
1 km thick [2]. Beneath these volcanic units lies a heavily fractured basement
or megaregolith unit. The variations in porosity between these units does not
significantly affect the volume of material removed, but does have ramifications
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for the different methods proposed to remove large sections of the plateau.
While the overlying mantling unit and the underlying fractured basement may
be relatively easily removed through low-intensity erosional processes such
as fluvial overland flow [6] and aeoliantransport [5], removal of up to 1 km
of volcanic flows through such mechanisms requires either longer timescales
than estimated [2] or pervasive, preexisting fractures facilitating breakup [e.g.,
11]. We suggest that processes such as aeolian and fluvial overland floware
inefficient in producing the fretted terrain without additional modification to the
plateauunless higher-magnitude occurrences are invoked, i.e., large-scale
flooding [11].

This first-order examination of the amount of material involved in the produc-
tion of the fretted terrain (~7.44 x 105 - 1.07 x 108 km?®) suggests that observed
mass wasting associated with glacial processes in the region cannot account
for the volume removed from the area. Furthermore, hypotheses invoking
long-term overland flow of water or aeolian processes to remove the fretted
terrain must account for the presence of multiple lithologies in the missing
material,which respond to such erosional patterns differently and on varying
timescales. Future work examining the origin of the fretted terrain will contin-
uedetailed geomorphic and numerical investigation to assess the remaining
hypotheses and propose more robust formation mechanismsaccounting for
the geologic history of the Arabia Terra plateau.
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INTRODUCTION:

Much work has been dedicated to understanding the mechanisms respon-
sible for the formation of the martian outflow channels, enormous channels
thought to have been carved by episodic outburst floods [1,2]. Outflow channel
formation has been canonically interpreted to have occurred by catastrophic
eruptions of groundwater from pressurized confined aquifers [e.g. 1,2]. How-
ever, these models for outflow channel formation have been challenged by
difficulties in generating sufficient hydraulic head [3] and overpressure [4] and
by limited recharge sources [5].

In light of climate model results predicting the accumulation of regional ice
sheets across the martian highlands [6-8], and the widespread distribution of
contemporaneous volcanism on Mars [9], recent work has proposed large-
scale lava-ice interactions as a potential alternative mechanism for outflow
channel formation [10]. The relationship between Hesperia Planum volcanism
and outflow channel development has been explored by previous investiga-
tors who proposed heating and melting of ground-ice through extrusive and
intrusive volcanism as a possible outflow channel formation mechanism [11].
However, generating sufficient volumes of water and accounting for the com-
plete geomorphology of the system by this previously proposed mechanism is
difficult because the ice volume available to melt is constrained by the subsur-
face pore space.

Here we assess in detail the potential formation of outflow channels by large-
scale lava-ice interactions and top-down melting [10] through an applied case
study of the Reull Vallis outflow channel system. We first review the geomor-
phology of Reull Vallis to outline criteria that must be met by the proposed for-
mation mechanism and then evaluate the consistency of ice sheet lava heating
and loading formation predictions.

REULL VALLIS:

The Reull Vallis outflow channel consists of 5 individual segments grouped
into the upper and lower systems [12-14]. Distinct morphologic differences
between the upper and lower systems have been interpreted [14] to suggest
that the upper Reull Vallis served as a tributary to the lower system and that
formation of the lower system occurred by other mechanisms, with different
sources of water, and predated that of the upper system. Here we focus on
the upper Reull Vallis system due to the close spatial and temporal association
with the Hesperian Ridged plains unit [14].

The upper Reull Vallis system emanates from the northern trough, a ~140 km
long, tens of kilometers wide, ~100-200 m deep linear depression in southern
Hesperia Planum (Fig. 1). South of the northern trough, the upper Reull Vallis
system emerges abruptly as a large steep-sided canyon within Waikato Vallis
(Fig. 1). The Waikato Vallis segment of the upper Reull Vallis system shows
an abundance of evidence (Fig. 1) consistent with an origin by fluvial activ-
ity and erosion involving undercutting by subsurface flow [13,14]. The abrupt
emergence, lack of tributaries, depressed channel head, valley terraces, and
collapsed features at the channel head (Fig. 1) have been interpreted to sug-
gest that the water which carved the upper Reull Vallis system originated in
multiple flooding events from the subsurface of Hesperia Planum within the
northern trough [13,14]. The total volume eroded in the formation of the upper
Reull Vallis system is equal to the volume of the downstream valley segments
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~2,200 km3[14]. Assuming an average porosity of 0.3 [15] an upper-limit sed-
iment to water ratio of 0.4 (the maximum volumetric sediment load which can
be carried before the flood transitions to a debris flow; [16]), this translates
to a minimum required water volume of ~2,310 km?3. Finally, the flux required
to sustain flow within the upper Reull Vallis system is estimated through the
implementation of the Darcy-Weisbach equation [e.g. 17]. Peak flux estimates
are derived from valley width, depth, and slope measurements from upper
Reull Vallis assuming bankfull flow (which overestimates flow discharge, but
provides a firm upper bound estimate) yielding a value of ~10” m%/s. Minimum
flux estimates are derived by calculating the minimum discharge required for
incipient bed sediment motion [e.g. 18], yielding a value of ~10* m%/s.

These geomorphologic characteristics place several constraints on the forma-
tion of Reull Vallis: 1) Formation post-dating Hesperian ridged plains emplace-
ment. 2) Episodic release of water. 3) Release of water from the subsurface.
4) Subsidence of ~100-200 m within the northern trough, with retention of the
Hesperian ridged plains surface morphology. 5) Production and release of a
mini4mum o3f ~2,310 km® of water. 6) Supply of a volumetric flux of water of
~10-10" m¥/s.

4

Fig. 1. (a.) m within Hesperia Planum. The
northern trough has been interpreted as the source for the water which carved the upper
Reull Vallis system, which emerges abruptly as a fully-sized fluvial valley within Waikato
Vallis. (b.) Inset panel from (a.) showing a portion of Waikato Vallis in CTX mosaic data
with overlain gridded MOLA topography data. Fluvial and collapse/subsidence related
features are indicated.

FORMATION BY ICE SHEET LAVA HEATING & LOADING:

Having outlined these geomorphic formation constraints, the origin of the upper
Reull Vallis system by ice sheet lava heating and loading is assessed. We find
that an ice sheet lava heating and loading scenario involving the accumula-
tion of thick lava flows (>~100 m) atop regional ice sheets generally satisfies
the morphologic formation criterion derived from the upper Reull Vallis outflow
channel. The most consistent scenario involves sequential phases of melting
of thin ice deposits, which re-accumulate under an ambient “icy highlands”
climate [6-8] to undergo continual lava-ice interactions.

Meltwater production by this mechanism is predicted to occur after lava emplace-
ment over timescales of ~1 kyr [10], consistent with the first criterion. Successive
events of lava emplacement would result in successive episodes of heating and
melting and could account for the episodic nature of the upper Reull Vallis flu-
vial system, consistent with the second criterion. Water generated by top-down
heating and melting due to supraglacial emplacement of lava flows would be
expelled from below the superposed lava flows [10], thereby satisfying the third
criterion. Ice sheet lava heating and loading is also predicted to result in sub-
sidence of the superposed lava flows due to melting of the subjacent ice and
removal of structural support [10]. This satisfies the fourth morphologic criterion
requiring subsidence within the northern trough source area.

The cumulative volume of water which can be produced by the ice sheet lava
and loading mechanism is dependent upon the area over which melting occurs
and the thickness of ice available to melt. In order for melting confined within the
bounds of the northern trough (approximately 6,100 km?) to supply the minimum
2,310 km?® of water, an average of ~980 m of ice would need to be melted and
removed throughout the depression (which would likely cause significantly more



subsidence than the observed ~100-200 m). If an average of 150 m (the approx-
imate average depth of the trough) to 300 m (the approximate average predicted
Late Noachian regional ice sheet thickness; [19]) of ice was removed from the
subsurface, melting would have had to occur over an area of ~40,000 km? and
~20,000 km?, respectively (~1-2% of the total area of Hesperia Planum), though
subsidence is not observed over these extended areas. The final morphologic
criterion requires supply of a meltwater discharge of ~10%-10” m®s. Estimates of
top-down melting rates induced by ice sheet lava heating and loading [10], applied
over the required melting areas (6,100-40,000 km?), provide maximum discharges
on the order ~10* m¥/s, sufficient to satisfy the final minimum discharge criterion.

CONCLUSION:

We explored the potential genetic relationship between Hesperia Planum vol-
canism and the upper Reull Vallis fluvial system and assessed an ice sheet-lava
heating and loading model as a potential alternative formation mechanism. We
find that a scenario involving successive events of large-scale lava-ice inter-
actions that melt thin ice deposits which then undergo re-deposition due to cli-
matic mechanisms, best meets the upper Reull Vallis geomorphic criteria. This
ice sheet lava heating and loading formation mechanism offers advantages
over previous models in the ability to account for the wide array of geomorphic
characteristics of the upper Reull Vallis system as well as in the ability to more
readily supply the requisite volumes of water and discharges.
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INTRODUCTION:

The Aristarchus Plateau and the surrounding region contain some of the high-
est density of volcanic features on the lunar surface[1]. The Prinz-Harbinger
region, ~100 km east of the Aristarchus Plateau, contains multiple sinuous
rilles and is bound by Prinz crater to the southwest and Montes Harbinger
to the northeast. In this work, we used a combination of visible images and
topography data to observe the detailed stratigraphy and morphology of the
Prinz-Harbinger region. Detrended topography data? reveal a complex vol-
canic feature spanning the Prinz-Harbinger region containing distinct surface
textures that provide insight into the region’s past. This feature is analyzed and
a geologic history is summarized for the region.

The detrended topography data reveal a circular topographic rise in the central
Prinz-Harbinger region ~80 km in diameter and over 500 m in height relative to
the surrounding mare, with slopes generally between 0-2°. There is a well-defined
boundary between the circular rise and the mare, and there is a textural contrast
between the units, as the flanks of the circular rise contains linear grooves hun-
dreds of meters wide extending for several kilometers. The smooth, topographi-
cally higher region of the Prinz-Harbinger region contains the highest density of
sinuous rille source depressions in the region. The entire region has been mantled
by pyroclastic material, as can be seen in Clementine VNIR spectral data.

We interpret this circular rise to have formed from cooling-limited extrusive
volcanic flows. The circular rise is ~4600 km? in area, much larger than other
lunar mare domes. These characteristics suggest that the cooling-limited flows
necessary to form it were of higher effusion rates than was typical elsewhere
on the Moon for smaller shields.

The grooved terrain appears morphologically similar to ejecta textures typical
of crater formation, and was probably formed when a large crater, potentially
Prinz crater, formed nearby and scoured the region.

Additional volcanic material was subsequently emplaced on the top portion of
the circular rise, embaying the NE rim of Prinz crater and parts of the sculpted
terrain. This volcanic material was either erupted from, or contributed to by,
the formation of the sinuous rilles which flow directly downhill off the circu-
lar rise, and contributed lava to the surrounding plains. The density of sin-
uous rilles (representing higher-effusion rate eruptionsand lava composition
on erosion rates during the formation of Rima Prinz”,”container-title”:"Jour-
nal of Geophysical Research: Planets”,"page”:.”"EO0H14”,"volume”:"117","is-
sue”:"E12”,”source”:"Wiley Online Library”,”abstract”:”Lunar sinuous rilles
have long been interpreted as features that formed as the result of surficial
lava flow, though the precise mechanism responsible for channel formation
(constructed versus eroded origins) on the circular rise represent a shift in
eruption conditions through time to higher effusion rates. Pyroclastic materials
are expected to have been emplaced as a result of these high-effusion rate
eruptions[4].

REFERENCES:

[1] Zisk et al., The Moon,17 (1977).

[2] Kreslavsky et al., Icarus,283 (2017).
[3] Hurwitz et al., JGR, 117 (2012).

[4] Head & Wilson, Icarus,283 (2017).



8MS3-PS-13

SMALL LUNAR CRATER DEGRADATION:
TIME SCALE AND MECHANISMS

B.A. Ivanov'

TInstitute for Dynamics of Geospheres, Russian Academy of Science,
Leninsky Prospect 38-1, Moscow, Russia, 119334.
baivanov@idg.chph.ras.ru

KEYWORDS:

Crater degradation, bombardment rate, Apollo landing sites, LROC images.

INTRODUCTION:

New LROC images and DTM[1, 2, 3] allow us to analyze size-frequency dis-
tributions of small lunar craters (diameters less than ~100m) in the equilibrium
state for craters with the given level of degradation. This analysis gives esti-
mates of absolute time of degradation. The degradation rate varies from site
to site, giving better knowledge of the lunar subsurface geology and modern
surface processes. Also new demands for mechanical models of the crater
degradation might be formulated.

SMALL CRATER DEGRADATION MEASUREMENTS:

We use published data [2, 3] and additional measurements with LROC DTMs
to establish general trends of crater degradation at Apollo landing sites. The
state with d/D=0.06 and the corresponding internal crater slope a=11° is taken
the reference state. The number of craters with given d/D and a, normalized
to the crater number at the reference state gives a proxy for the relative time
/T, s = N(d/D)/N(0.06). An example is shown in Fig. 1 for the Apollo 17 site.
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Fig. 1. The general trend of degradations at the Apollo 17 landing site. 1 and 2 — Lunok-
hod 1 and 2 areas [2], 3 —[3], 4 — this work, open square — crater Shorty, open triangles —
two possible positions for Camelot crater.

ABSOLUTE TIME ESTIMATES:

Absolute times to reach the reference state of degradation are estimated with
(1) the standard Neukum'’s chronology, assuming the equilibrium crater areal
density, and (2) by fitting measured d/D and a values for a few craters dated
with returned Apollo samples to the general local trends (exampled on Fig. 1).

The summary of results is shown in Fig. 2. Some of dated Apollo craters are
two young and have d/D outside the reliable measured local trends. A15 crater
at Station 9 may be an anomalous (secondary?), or simply poorly resolved at
the available DTM with 2 m/pix resolution. Other craters illustrate factor of 3
dispersion around values, estimated with Neukum’s chronology.

The assumption that T, . is proportional to the crater diameter D seems to be
valid, in general, with some increase for D>100m.
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Fig. 2. Estimates of the normalized time, T, /D(vertical axis in Myr/m), to reach the deg-
radation state with d/D=0.06 for Apollo Iandal'ng sites labeled in each plate. Horizontal axis
in meters. Estimates based on Neukum’s chronology: 1 — [4]; 2 -crater areal densities
based on [5] for mares (A12, A15, A17) and on [6] for highlands (A14, A16), d/D is not
defined; 3 — [3], 4 — this work. DatedApollocraters: 5 - Head, 6 — Surveyor, 7 — (anomaly)
Station 9, 8 - Shorty, 9 — Camelot, 10 — Cone, 11 — Plum, 12 — South Ray (preliminary),
13 — North Ray (open circles — d/D trends, open triangles — slope trends).

CONCLUSIONS:

1. The comparison of general trends of crater’s degradation with dated craters
at Apollo landing sites shows a good coincidence with the bombardment
flux estimates based on Neukum'’s chronology.

2. The normalized time, T, ../D, to reach the d/D=0.06 degradation state varies
from ~2 Myr/m to ~10 Myr/m for various landing sites. On lunars mare, we
see a tentative trend for an increase of T, /D for craters with D>100m.

3. “Sandblasting” regolith transport is not the main agent in the late degrada-
tion, as bombardment rate is independent of the location.
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INTRODUCTION:

The goal of the study is to provide global morphometric catalogue of lunar
cratersfor scientific public use and at the same time to automatize the process
of morphometric characterization of craters.

THE STUDY:

We base on global data products with resolution about 100 m/pixel obtained
by LRO mission: WAC global mosaics and GLD100 [1]. That explains the
smallest size of the considered craters as 1 km (10 pixels). The largest craters
in the developing catalogue are 10 km in diameter, because bigger craters
already have morphologic description [2].

Identification of craters is carried out manually on image mosaics using ArcGIS
CraterTools instrument [3]. Then morphometric parameters of the craters are
calculated by means of two program modules: dD Calculation [4] and CraMo [5].

THE FIRST RESULTS:

We have finished catalogization of craters in polar areas (up to 60 degrees
latitude). Because of complicated lunar relief and imposed or half-destroyed
craters in some cases automatic morphometric measurements fail. Due to dif-
ferent algorithms used in the two implemented program modules, their results
can complement each other (Fig. 1).

Now we are working on equatorial zone.
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Fig. 1. First results of automatic morphometric measurements of lunar craters in polar
areas. The diagram shows how many craters have calculated morphometry using each
software module.
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INTRODUCTION:

Secondary craters (or secondaries) represent the craters formed by the impact
of fragments ejected from the primary impact , generally occuring beyond the
continuous ejecta deposit [1-3]. As one of the youngest lunar basins, Orientale
basin has the best-preserved secondary craters and other ejecta facies among
basins of comparable scale [4, 5]. The characteristics and distribution of its
secondaries can form a paradigm for other large basins on the Moon. Because
post-basin mare lava flooding to the east of Orientale has buried original ejecta
deposits, secondary crater distribution provides an additional approach to rec-
ognize the distribution of Orientale ejecta, from which the parent impact param-
eters, such as projectile approach direction and angle can be speculated.

DETECTING ORIENTALE SECONDARY CRATERS:

We report on our investigation of Orientale secondary craters carried out in
the area as far as 6 R (R = Orientale radius) from the Orientale basin rim, i.e.
Monte Cordillera. To display better the spatial distribution of secondaries, the
area of investigation is divided into small annular sectors with each annular
sector being half of an Orientale radius wide in radial direction and 20 azi-
muthal degrees wide in the concentric direction (Figure 1).

Fig. 1. Locations of 2728 identified
% Orientale secondary craters; red
color indicates larger diameter and
green color represents smaller diam-
eter. Secondary chains are marked
with short black lines radial to Orien-
tale. The purple shaded area desig-
nate that mare basalt was emplaced
in these regions. Blue shaded areas
| are interference zones where the
4 secondaries are subdued or the light
condition does not support crater
identification. Basemap is hill-shade
image from LOLA. The map is in
stereographic auxiliary projection
centering at Orientale center (95° W,
19°S).

We identified 2728 secondary craters with diameters (D) ranging from 2.14
km to 27.09 km in a total area of ~1.66x107 km? (Figure 1). The results sug-
gest that secondaries are concentrated in the northwest and their diameter
decreases as distance increases. There are 47 secondary chains identified
(Figure 1), whose lengths range from 27 km to 410 km, and are 128.7 km long
on average.

230-abstact
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ORIENTALE IMPACT SCENARIO:

The diameter and density of secondaries are inhomogeneous with azimuth
angle, indicating the heterogeneities of ejecta deposits with respect to azimuth
(Figure 1, Figure 2). It is obvious that mean diameter does not closely relate to
azimuth, while the density dramatically varies in different sectors.

Fig. 2. Density and average diame-
ter of secondaries located in different
azimuthal bins. Each bar represents
a sector of 5 azimuthal degrees wide
in a concentric sense. The color of the
bar represents density, and the length
represents average diameter. H-high
density, M1 and M2-medium density,
L1 and L2-low density. The azimuth
range of the estimated uprange and
downrange of Orientale basin impact
directions are shown.

Crater density {10 “he ¥)

IMPACT DIRECTION

As show in Figure 2, the density of secondaries can be subdivided into
five regions: the northwest high-density region (H) and medium-density
region (M1), the southwest medium-density region (M2), the wide low-den-
sity area (L1) in the east side and the other narrow low-density area (L2)
in the west. H region (305° to 330°) and M2 region (200° to 230°) show an
approximately bilateral symmetry, indicating the downrange of Orientale
impact direction was about the azimuth of 265°. Considering that the den-
sity of M1, next to H, is apparently higher than most of the other regions,
and that the existence of the very low density area around 240°, the down-
range direction of impact could be south to azimuthal 240°. In conclusion,
the Orientale impact downrange direction could be 240° to 265°, therefore
the uprange could be 60° to 85° (Figure 2)

IMPACT ANGLE

The secondary crater density discrepancy at different azimuthal angles
implies that the pattern of Orientale ejecta is between the planform charac-
teristics of (1) offset and concentrated cross-range and (2) forbidden zone
[6, 7]. On the Moon, the transition angles of offset, forbidden zone and
butterfly are 45°, 25° and 10° respectively, but the transition angle of offset
and concentrated cross-range is unknown [6], therefore the incidence
angle of Orientale impact is in the range of 25 to 45 degree. Considering
the incidence angle for offset and concentrated cross-range ejecta plan-
form is lower than the gentle offset planform, the upper limit of incidence
angle could be smaller than 45°.

ESTIMATE THE LARGEST SECONDARY CRATERS OF
SOUTH POLE-AITKEN:

Several previous studies of secondary craters [1, 4, 8, 9] make it possible to
obtain the scaling relationship of the largest secondary craters and their parent
craters on the Moon, as shown in

Figure 3 (A). Because the ratio of largest secondary crater diameter () to
parent transient cavity diameter () decreases with increasing in primary
diameter, the largest secondary diameter versus parent diameter is sepa-
rated into two groups (Figure 3). The relationship of and for large craters
is (Figure 3, B), which can be used to estimate of the heavily degraded
South Pole-Aitken (SPA) basin. Estimates of the transient cavity diameter
of the SPA basin ranges from 840 km to 2500 km according to different
estimations, corresponding to a diameter range of the largest secondary
crater of 29.7 km to 49.5 km. The study of Garrick-Bethell and Zuber [10]
reveals that the major axis of SPA outer ring is 2400 km, therefore we infer
that the largest secondary crater of South Pole-Aitken basin is not greater
than 40 km in diameter.
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Fig. 3. The largest secondary crater diameter versus transient cavity diameter of parent
crater (A) and power law fits (B). Power law fits are separately made for small primary
craters (equation in blue) and large primary craters (equation in pink).
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“Orbits make structures” — a main point of the new wave planetology based on
one important property of the keplerian elliptical planetary orbits. The ellipticity
implies periodical changes of accelerations and, thus, orbital forces structuring
cosmic bodies. The Earth and the Moon sharing the same circumsolar orbit
have similar main structural features. among them there are terrestrial Oceans
and lunar Basins. The most obvious are two tectonic triads: Pacific Ocean —
Malay Archipelago —Indian Ocean on Earth and Procellarum Basin —Mare Ori-
entale - SPA Basin on the Moon. Basalts cover the planetary depressions of
both bodies, but basaltic effusions are drastically different in age: the AR on
Moon and Mz-Cz on Earth. These ages well correlate with the body masses.
The more massive and inert Earth has heated and melted mantle much later
(the Newton’s law of inertia). Energy of movement transfers to the heat energy.

The Earth and Moon’s subsided hemispheres, for keeping angular momenta
of hemispheres equal, are filled with dense basaltic material. However, times
of the fillings are significantly different. The Earth-Moon system expands with
time. This means increasing its angular momentum. A natural response to it is
in slowing down rotation of both bodies diminishing their angular momentum
(action - opposite action). Diminishing momenta are compensated by melting
and uplifting to surfaces dense basaltic material [1]. However, on the Moon it
happened much earlier (4.5-3 billion years ago) because of diminished inertia
of the small mass satellite. At Earth - much larger and massive body than
Moon — 81 times — it happened much later. (3-4.5 billions): 81 = 37-55 million
years. According to this calculation, a “peak” of the basaltic reaction of Earth,
filling in by basalts of oceanic depressions is in the boundary of Mesozoic and
Cenozoic.

Enormous heating of terrestrial lithosphere documented by thick planetary
wide asthenosphere (stable and thick in oceanic tectonic blocks) leads to mas-
sive liberation (release) of volatiles, among them H2, CH4, N2. They penetrate
in the upper solid geosphere making large concentrations of hydrocarbons in
form of conventional deposits in “voids” and occurrences in slates and oceanic
bottom ices. ages of hydrocarbon deposits are mainly Mesozoic (70% Meso-
zoic in age, 20% Cenozoic, 10% Paleozoic) and well agree with the episode of
global heating and effusions of oceanic basalts [1]. These events are not occa-
sional but tied causatively. This means that origin of hydrocarbon deposits is
mainly inorganic though some decomposition of organic matter in sedimentary
rocks also exists. Flux of volatiles could accelerate the organic decay.

Another unexpected coincidence of the global heating, basalt “explosion”,
hydrocarbon concentrations and kimberlite magmatism is evident and impres-
sive. thick “roots” of Archean cratons, massive lithosphere help to keep certain
volumes of volatiles strongly pressed. Overcoming enormous pressure of the
upper lithosphere strongly squeezed fluids (“fluidizites”, according to prof. A. M.
Portnov) find way up using narrow cracks. Reaching upper predominantly sedi-
mentary layers with small pressure the fluids explode making kimberlite “cones”,
pipes. methane, meeting oxygen, burns to CO2 and H20O producing usual in
kimberlites serpentines.In some very rare cases (3 to 5 % of kimberlite pipes)
carbon is not burned totally and precipitates as crystalline substance — diamond.
Normally it keeps ideal angular shapes proving that it do not suffered long hard
way out of the mantle —asthenosphere (other hard minerals often are rounded).
Diamond age normally judged by seized inclusions is much older than kimber-
lites, but actually it is comparable to the host kimberlites. Now the low pressure
and very transparent diamonds were obtained from vapor in experiments [3].
Many years ago prof. A.M. Portnov proposed and substantiated this way to
origin of natural kimberlites and diamonds [4].
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A very important fact concerns the global distribution of alkali magmatism. it
starts about 2.5-2.7 billion y. ago [2, fig. 3] and covers all periods up to Present
but with very pronounced maximum in the Phanerozoic (0-600 min. y.ago). within
this period the last 200 min. y. (Mz-Cz) are the most productive. one could note
that the especially rich in alkalis (Na, K) and volatiles agpaitic syenites tend to be
relatively old (large devonian Lovozero and Khibina massifs of Kola peninsula,
permian Oslo rift, Norway intrusions, mesaproterozoic-1100 min.y.lilimaussaq
complex in south Greenland) (5). It means that easily melted agpaitic melts were
produced at the very beginning of the asthenosphere formation when temper-
atures were not relatively high. At the later stages with the higher temperatures
the asthenosphere produced enormous masses of less alkaline melts.

Not random coincidence of the global basalt “explosion”, degassing and
hydrocarbon concentrations in the crust, alkaline and kimberlite magmatism
means that these terrestrial global geologic processes are closely tied. the
asthenosphere formation due to transition of the mechanical orbital energy to
the heat energy is in a basis of these geologic processes. It is interesting that
the “age of dinosaurs”, “age of conifers”, appearance of birds and first mam-
mals coincide with mentioned above Mesozoic “maxima”.

Transition of large masses of materials to the crust from mantle with increas-
ing angular momentum of Earth naturally requires slowing planet’s rotation
to keep existing angular momentum. One observes a sharp slowing of rotation
in the Phanerozoic eon (fig.4).

t ottt 0t gt

Fig. 1. Scheme of hydrocarbon degassing of Earth (1) with a principal difference between
uplifted and subsided tectonic blocks (for the fundamental wave these are two hemi-
spheres-segments). 2- crumpling and faulting, “squeezing” basalts in middle-ocean ridges, gas
hydrate formation (points). 3- uplifted continents of the subsided hemisphere with “slate bar-
riers” on continents impregnated by slate gases and light oil. 4- broken by cracks-rifts uplifted
block enriched with less movable liquid hydrocarbons as a result of intensive degassing (5).

Fuecrorpamaa {aur. = 20)

Y i wm
A Pp MpNpPz Mz Cz

e ol T e s s i e
Z 0 c RS SBESNSSBEERSS8
3000 2500 2000 1500 1000 500 O (Ma) i
Fig 2. Histogram of kimberlite Fig. 3. Distribution of alkaline rocks with time.
ages based on the compilation n-number of massifs [2]

of Faure, 2006-a-ages.

Fi1G. 4. Change of the Earth’s rotation with time according to various scenarios
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Fig. 5. Recent methane explosion on Yamal Pen. Degassing goes on.
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The classical planetology considers impacts as a main source of energy
reworking surfaces and partly the deeper spheres of celestial bodies. However
a region or regions of origin of impacting objects affecting all without excep-
tion planetary bodies in all parts of the Solar system is poorly understood. At
the same time, planetologists now have several tens of images of full discs
of these bodies. Distribution patterns of “impact traces” — craters in many
of them are surprisingly regular. They show alignments, regular grids not
related to random hits expected from impacts but rather require more regular
and ubiquitous structuring force. Moreover, such regular patterns appear in
the outer gaseous spheres of some bodies including the Sun’s photosphere
(Fig. 1).

It was shown earlier (Kochemasov, 1995-2013) [1, 2] that such regular pat-
terns appear due to warping action of inertia-gravity waves affecting all bodies
moving in keplerian elliptical orbits (Fig. 2). Periodically changing accelerations
of celestial bodies cause their wave warping having in rotating bodies (but all
bodies rotate!) four ortho- and diagonal directions. An interference of 4 direc-
tions of standing waves brings about a regular net of uprising, subsiding and
neutral tectonic blocks. Naturally polygonal in details they appear as rings in
cosmic images. This is one of reasons why they often are confused with round
impact craters and essentially disfigure their statistics.

A fundamental nature of the wave woven nets of even sized round “craters”
(granules) is dependence of the “crater” sizes on orbital frequencies of bodies.
The lower frequency the larger size, the higher frequency the smaller granule
sizes. One could compare 5 bodies with widely differing orbital frequencies,
sizes and compositions: Titan (1/15.94days), Callisto (1/16.69), Moon (1/27.32),
Mercury (1/87.97), Earth (1/365.3). Moon (1/27.32), Mercury (1/87.97), Earth
(1/365.3). Images of their discs “peppered” with round features diameters
of which precisely correspond to their orbital frequencies witness that such tec-
tonic patterns can originate due to orbital energies. “Orbits make structures” —
this short notion adequately reflects the expressed above observations (Fig. 1).

The existing correspondence between orbital frequencies and tectonic granu-
lations proving the structuring role of orbital energy was earlier noted in com-
parative planetology of the terrestrial planets. The row of Mercury, Venus,
Earth, Mars, and asteroids with decreasing orbital frequencies is remarkable
by increasing relative sizes of tectonic granules, relief ranges, iron content
in lowland basalts and decreasing atmospheric masses from Venus to Mars.

In summary, firmly established tectonically identical structural features
observed in cosmic bodies of various classes, sizes, compositions (Fig. 1)
underline important role of external structuring energy. It presents itself as
the orbital mechanical energy. In full consent with the classical physics, the
mechanical energy transfers into heat energy of cosmic bodies influencing
their tectonics. That is why extremely frozen and small body as Pluto has com-
parable tectonic structures with large full of inner energy planets as Earth.
Recently appeared paper [3] shows comparable tectonic structures in Earth
and Moon, Earth and Mercury.
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Theorems of planstary tootonies:
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Fig. 1. Wave woven tectonic segments, sectors, and granules in cosmic bodies of vari-
ous sizes, states, and compositions [1]

=

Fig. 2. Forces acting upon a celestial body moving in an elliptical keplerian orbit. F1-cen-
trifugal, F2-gravity, F3- varying orbital force making a body to oscillate and produce
structures (Fig. 1).
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INTRODUCTION:

At present the scientists who study Mars are looking forward to the seis-
mic study of Mars. As a result of preparing for the experiment, the papers
in which seismic fields in the Martian interiors due to marsquakes are
modeled [1-4]. In studies [5, 6] an attempt to model the distribution
of the dissipative factor of Mars Q (/) has been made. The periods of free
oscillations of a planet are its impor!fant physical characteristics. If during the
seismic experiment of mission InSight [4] an event with low enough number of
oscillation is recorded, the problem of interior structure of the planet and the
distribution of the dissipative factor could be significantly moved forward.

INTERIOR STRUCTURE MODEL:

For numerical modeling we take two interior structure models M_50 and
M_100 with the crust thickness of 50 and 100 km, respectively [5, 6]. The mean
density (p,.), the crust thickness (/_ ), mantle ferric number Fe# (Fe#=Fe?*/
(Fe**+Mg) x 100), the hydrogen content in the core (H_), the core radius
(r...), the pressure at the core-mantle boundary (P__ ), weight Fe/Si ratio, the
content of Fe in the planet, normalized moment of inertia (//MR?), and elastic

Love number k.S for these models are given in the table.

Table. Parameters of trial interior structure models of Mars

Model pcrust Icrusl Fe# Hcore’ r core Pcore Fel Fe tOtaI’

kg/m® | km | mantle | mol.% | km (GPa) | Si | wt.%

IIMR? k2S

M_50 | 2900 | 50 20 70 1821 | 19.0 1.8 27.8 0.3639 | 0.162
M_100 | 2900 | 100 22 80 1870 | 184 | 1.9 29.5 0.3639 | 0.170

CALCULATION OF TORSIONAL AND SPHEROIDAL OSCIL-
LATIONS SPECTRA:

The method of free oscillations calculations is decribed in detail in [7, 8]. Func-
tions proportional to vertical displacements of spheroidal oscillations ,U(r) and
horizontal displacements of torsional oscillations W(r) for M_50 model are
shown in fig. 1. Qualitatively free oscillations sound the depth of a planet where
the displacements <0.3.
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Fig. 1. Functions ,U(r), proportional to vertical displacements of spheroidal oscillations (on the
left) and horizontal displacements of torsional oscillations ,W((r) (on the right) for fundamental

tones, n=2-200 along the depth. At the surface ;U, and W, are normalized to unity.
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ATTENUATION OF TORSIONAL OSCILLALTIONS:

Let k, be the dimensionless eigenfrequency of torsional oscillations
for a model with the dimensionless density p,(x) and the dimensionless shear
modulus p (x). Introducing some corrections fo these values P(X)=p,(X)+Ap(X),
X)=n, (X)+Au(X) we obtain new values of the k=k_ +Ak. When Ap<<p , Au<<p,,
we have [9]

Ak = Z[kp,Ap, +k,Aul, )
i=1

where i is the layer number S is the total number of solid layers in the model,

: )

J. X*zj,dx
O0Ak -1

oA
o J X pyz;,dx

J. [X*Z3 | g1 + (02 + £ = 2)z{ Jdx

O0Ak
K= [aAﬂ.]_ 2k, ' )
I _[X PoZio0X

Here Ap, and Ay, are the constant increments to p, and p, at the ith (x ,, x)
layer of the considered model, z,, and z,, are dimensionless functions W/ and
u(dW/dr-Wrr), respectively. According {0 the seismic waves profiles of model
M_50, we consider the planetary model consisting of seven zones along the
radius: 0-1821, 1821-1934, 1934-2215, 2215-2725, 2725-3185, 3185-3339.5
and 3339.5-3389.5 km (i =1- -7). Coefficients K, and k, are numencally calcu-
lated.

For the model of Mars with piecewise-constant distributions of p and p, the
dissipative factors /.QT, for torsional modes can be calculated as [10]

2 Sk,

Q 1 ui i , 4
"% Zj Q. 4)

where the indices j and / are omitted for all the quantities; p, is the value of

the dimensionless shear modulus in the i-th layer, k is a derivative of k W|th

respect to p, [see Eq.(3)], which can be calculated and use in eq. (4),

the value of Q (1) in the i-th layer.

The wave amplltude Ais decreasing with time as an exponent:

A=Aexp (-zt/Q;r) =Aexp (-ot/2Q), (5)
where t is the time, 7 is the period of a wave or an oscillation, f=c/2r is the
frequency.

Attenuation of oscillations because of unelastic dissipation can be characterized
by the values: Q, «, AE/E, which for Q, >>1 are related by ratio

27Q;" =20 /f =27Af | f = AE | E where « is the amplitude coefficient of the
attenuation of free oscillation: exp(- t) sin(2 = f't); fis the frequency, A fis a
half-width of a resonant line of the considered free oscillation, AE/E is the portion of
elastic energy lost during the cycle.

For calculations, the values of Q, from model M_QML9 [5,6] are taken.
The dissipation function Q, for forsional modes is shown in fig. 2 for
a fundamental tone and two first overtones. If overtones are recorded on Mars,
this means that the thickness of the Martian lithosphere is rather large, 300 km
or more, and the focuses of marsquakes are quite deep.

Displacements of the overtones penetrate noticeably deeper in the interiors
than in the case of fundamental tones. As seen from fig. 2, the attenuation of
overtones for a trial dissipative profile is larger (the function Q; is lower), than
for a fundamental tone. That is why overtones of torsional oscillations attenu-
ate faster than a fundamental tone.

Let us list some values of time, during which the amplitude of a torsional mode
e-times decreases: for a fundamental tone n=2 t~24 4; n=5 t~9y4; n=10 t~5y;
n=100 t~2.5u.

This work is partly financially supported by RFFR (project 15-02-00840) and
the Programme of Presidium RAS 7.
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Fig. 2. Attenuation of fundamental tones of torsional oscillations Q, (solid line j=0) and
two first overtones (dashed lines j=1 and j=2) as function of the oscillation number / (on
the left) and the period of the oscillation (on the right).
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INTRODUCTION:

For Mars there is the only constraint on the distribution of the dissipative factor
of the interiors Q (/) obtained from observations, this is the secular decelera-
tion of its satellité Phobos [1, 2]. In the interiors of Mars, which is dissipative
medium, the physical parameters of the problem under consideration: Q (/),
the shear moduius (/) and tidal Love number of the planet k, depend on'fre-
quency (the period of Phobos rotation around Mars, T, = 5.55 h =2x10*s, the
period of the solar semidiurnal tidal wave T_.= 12 h 19 min » 4.434x10%s). This
problem was considered in detail in [3]. The values of the dissipative factor
of Martian interiors are discussed from physical point of view in [4], where
the distribution Q in PREM was taken as a trial one. In this study, in order to
better understand this problem, we take some distribution Qﬂ(l) in the interiors
of the Earth up to the depth of / < 670 km as a trial zero approximation, which
is adapted to the conditions of Martian interiors. Making selections of a trial
distribution of Qy(l) in Martian interiors, we try to take into account both the data
of laboratory experiments and the experience in study of the Earth.

Pressure (GPa)
0 2 4 & B 10 12 4 18 18 20 22 24
A 5

Fig. 1. Model distributions of temperature in the interiors of Mars and the Earth as a function
of pressure (or depth for Mars and the Earth, respectively): black points present a geotherm
[5]; an areotherm: solid line [6]; dashed lines: 1-hotand 2 — cold profiles [7]; dotted lines [8].

Trial areotherms [6-8] (fig. 1) and a geotherm [5] are shown on the P — T plane.
It is seen, that the areotherms and the geotherm are similar and rather close.
Hence, it is assumed that the structure of Qu(l) in Martian interiors should topo-
logically look like as such for the Earth.

INTERIOR STRUCTURE MODEL:

At constructing a trial model of interior structure of Mars we base on the
cosmochemical WD — model [9] and the laboratory high pressure-tem-
perature experiments along a trial areothern and WD composition [10,11]
(solid line, fig.1). The moment of inertia and Love numbers of models
M_50 (crust 50 km) and M_100 (crust 100 km) are in agreement with
the recent data [12, 13]. Model M_50 (chemical composition, the radius
and the pressure at the boundaries) is shown in fig.2 (on the right).

In the present study the four-layers piecewise constant distribution Qﬂ(l) from
QLM9 model [14] is taken as a zero approximation, which overlaps the pressure
range in the silicate envelope of Mars (fig. 2a). This distribution is based on short
period seismic data in the range of 5-55 s of waves phases ScS and S. The
values of Q in the first three layers coincide with values in the PREM model, in
the forth layer of QLM9 model the values of QH are somewhat higher than it was
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taken for PREM. The task is to clear up a question, how much Q  (/), shown in
fig. 2, is in agreement with the data on the tidal deceleration of I5hobos if the
index in the power dependence of Q (I) is in the range of ~0.1-0.3.
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Fig. 2. The distribution of the dissipative factor Q (/) in the crust and the upper mantle
of the Earth in the QLM9 model (solid line) and functions a1, a2, B1, B2 for the sec-
ond order tide for M_50 model as a function of depth (on the Ieft) and a scheme of
trial interior model M_50 (chemical composition and the values of radius and pressure
at the boundaries) (on the right).

Love numbers are functional of the shear modulus y,(r), the bulk modulus K (r)
and the density p (r). The variation of tidal Love numbers k and h, and the tidal
lag from Phobos ¢, [3]

K
5h:f{ .ty hKO}d Sk = [{ uto
0 Qu #

K° —K0%dx,
K

]
gzzi_zij‘k (X)de

2Q, ki, Q,(x0))
where x=r/R, x_is the core radius, h hy. k n k. - functional derivatives
of k and h over u and K. Letusdenotea-k ,u B;= kK, o= h Ho»
B,= h, K,. These functions for the second order tide aré calculated for M 50 model
and drawn in fig. 2. They show fraction of Q and Q, of the i-th layer to Q, .

TRIAL DISTRIBUTION OF THE DISSIPATIVE FACTOR
IN THE INTERIORS OF MARS:

For trial models we take k,=0.17 and Q, ~ 92.5 (table 1). In the standart PREM
model for the Earth Q is constant in the (T s-1h) frequency interval. The logarithmic
creep function (Lomnﬁz model) suits this case [5]. In the long-period domain (tides,
Chandler wobble) Qu weakly depends on frequency, and it can be described by
a phenomenological power creep function, which relates to a transitional creep
stage [15, 16]. Let 0, and o, be the frequenmes corresponding to the period of
1h=3.6x10°s and the basic Phobos tidal wave of period ~2x10%s, respectively.

Table 1. Parameters k, and Q, .

= = Ref.

k, Q, Q, Ik, e
0.152+0.009 82.8+0.2 545 [17]
0.183+0.009 99.5+4.9 544 [18]
0.169+0.006 91.9+3.3 544 [12]

Table 2. The values of the dissipative factor (5 for trial models Q, (/) in Mars
at transformation form 1 hto 5.5 h, n=0.1 and 0.3."

n 0.1 0.3

Q(o,) 600 80 143 | 276 | 600 80 143 | 276
Q(o,) 505 | 674 | 120.5 | 2325 | 359 | 47.8 | 855 | 165
wo,) wo,) 0.998 | 0.998 | 0.985 | 0.984 | 0.992 | 0.991 | 0.996 | 0.995

Q, (M_50) 96.2 68.3
Q, (M_100) 89.9 63.8
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The results of calculations at the transformation of a primary distribution
of Q/(/) in the seismic range of periods to the Phobos period of 5.55 h are
given in table 2 for two values of index n=0.1 and 0.3.

The values on for interior structure models of Mars M_50 and M_100 - 96.2
and 89.9 -are rather close to the observed value 91.943.3 in table 1 for n=0.1.
For n=0.3 the disagreement with the observed value is significant. Taking
into account all uncertainties in the considered problem, the distribution Q (/)
for the seismic range of periods on Mars, given in the upper line in table
2 at n=0.1, can be considered as a first step. Let us call this model
of a trial distribution of Q (/) for Mars M_QML9. The authors hope, that after
the successful seismic experiment some corrections (perhaps significant)
could be inserted in this distribution.

This work is partially financially supported by RFFR (project 15-02-00840) and
the Programme of Presidium RAS 7.
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INTRODUCTION:

Studying of stress field in the Martian interiors is of interest to understand the level
of seismic activity of the planet and to localize zones of possible marsquakes’
sources for forthcoming seismic experiments on Mars. Joint analysis of gravity
and topography data in a frame of the static method let us some knowledge
on stress field in the crust and in the lithosphere of Mars [1, 2]. At present
detailed data on topography [3] and gravity field [4, 5] are available. In present
study numerical calculations of tension-compression stresses and maximum
shear stresses are carried out for two trial interior structure models of Mars,
with a 1x1 arc-deg spherical grid and up to 1000 km depth.

INTERIOR STRUCTURE MODEL.:

Trial models of Mars have 50 km (M_50) and 100 km (M_100) thick crust
[6]. The mean density (p_ ), the crust thickness (I_ ), the core radius (
moment of inertia (I/MRQélj elastic Love number ck2 and the density 5rop
at crust-mantle boundary for these models are given in the table. An outer
surface of a hydrostatic model is taken as reference surface for topography
and gravity field of Mars [7, 8]. Parameters of the equilibrium spheroid s,,
gravitational moments J,,J, are listed in the table.

STRESSES CALCULATIONS:

We use loading factors technique, which was developed in [9-11]. Two types
of models: 1) an elastic model and 2) a model with the elastic lithosphere (150-
500 km thick), and a weakened layer, which partly lost elastic properties (shear
modulus is ten times lower), under the lithosphere, are considered (fig.1).
The source of gravity anomalies is assumed to be the topographic loading and
density anomalies at crust-mantle boundary.
Table 1. Parameters of trial interior structure models

pcms |crus rcore 2 S pcrus(/ Sy Sy J D’ _J D’
Model | kg | km | km | MR K | p | a0 | 100 | 105 | a6
M_50 | 2900 | 50 | 1821 | 0.3639 | 0.162 | 3.00/3.36 | 3.338 | 9.374 | 1.800 | 7.634
M_100 | 2900 | 100 | 1870 | 0.3639 | 0.170 | 3.12/3.39 | 3.338 | 9.338 | 1.800 | 7.598

Figure 2 shows the maps of tension-compression and maximum shear

stresses for M_50 with 300 km thick lithosphere (on the surface, under
the crust, and at the lower boundary of the lithosphere). On the surface and in the
crust, there is concentration of stresses in the zones of Olympus Mont, the volca-

g o0 Kp
(i e 3) A02(H &) Ay R 1
N & Crust N
: 2 ,\ " Elastic lithosphere Y
X The weakened layer
p=piea /

500 1000 1500 2000 Eﬂﬂm;‘ﬁ‘(a
Fig.1. Den5|ty p gravity g, the bulk modulus K and shear modulus p along the radius
for model M_5


mailto:batov@ipu.ru

THE EIGHTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2017 E:1SRE 2 EI1]

[

180150120 -00 60 30 O 30 60 %0 120 150 180
Longiude

"30

0
12000 0 0 0 X W 0 120K ‘M 100150120 90 60 <X 0 30 &0 W 120 150 180
Longitude Langaude

Lattude

Fig. 2. Tension-compression stresses (on the left) and maximum shear stresses
(on the right) on the surface, at the depth of 50 km (under the crust) and 300 km (at lower
boundary of the lithosphere) for model M_50 with the lithosphere of 300 km.

noes: Ascraeus, Pavonis and Arsia; Valles Marineris, Utopia Planitia, Hellas and
Isidis. Under the crust the pattern is smoothed, the absence of intense stresses
under many topographic structures, except for Tharsis. At lower boundary of the
lithosphere there is a transition from compression stresses to tension stresses
under Olympus and Elysium, while compression stresses being around them; the
values of maximum shear stresses are 1.5-2 times higher than on the surface.
On the whole, the values of stresses for the model with a 300 km thick lithosphere
are 2-3 times larger than stresses at the same depths for an elastic model.The
difference of stresses for M_50 and M_100 models are about 10 percents.

Let us consider stresses under different structures for all types of models. Under
Olympus maximum shear stresses in the crust reach 20-30 GPa, decreasing
up to 5 GPa under the crust, while the values of compression stresses rea-
ching very large values - 50-130 GPa, depending on the lithopshere thickness.
Under such structures as Hellas and Argyre, Acidalia Planitia, Arcadia Plani-
tia and Valleys Marineris, both the maximum shear stresses and the tension
stresses are quite large, up to 20-30 GPa for tension in the lithosphere (fig.3).
The large values of shear stresses in the zones of large tension stresses are
the most likely areas for focuses of marsquakes.

This work is partly financially supported by RFFR (project 15-02-00840) and
the Programme of Presidium RAS 7.
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INTRODUCTION:

The Federal Space Program 2016-2025 includes the development and
creation of the spacecraft “Luna-Grunt” (project “Luna-28”) for landing on
the lunar surface, drilling and sampling lunar soil, and delivering lunar soil
to Earth. Delivering lunar rock samples to Earth is a necessary and key
element in the exploration of the Moon. Only under laboratory conditions is
it possible to study the texture, structure and microstructure of rocks and
minerals in detail, to determine and study the main, accessory and rare
minerals and inclusions, to analyze with any degree of chemical composi-
tion accuracy, including basic, subordinate and rare elements, the analysis
of the ratios of any stable and radiogenic Isotopes, determination of the
absolute age of minerals, rocks, and, accordingly, geological structures
and the processes accompanying their formation. These data form the
basis of knowledge about the origin, the conditions for the formation and
evolution of local and regional structures, the cortex and the entire plane-
tary body as a whole. An important element of the information content of
the delivered samples is also the way and place of sampling.

LUNAR ROCKS:

The lunar regolith has a complex stratified structure and its own stratigraphic
and geochemical history, which can be traced over several billion years from
the time of the formation of the underlying rocks (bedrocks) (Fig. 1). Layers
are a stratified sequence of ejection deposits from neighboring impact cra-
ters located at distances from the first meters to several hundred kilometers,
depending on the size of these craters. The larger the crater, the farther
the ejection. The stratified core of regolith carries information on the compo-
sition and age of regolith and bedrocks not only at the site of drilling, but also
on a fairly large adjoining area. If there are rare lunar rocks in the vicinity
of the borehole, these rocks are also likely to be represented in the form of
one of the layers in the selected core of the regolith.

LUNAR VOLATILES:

Volatile components, depending on the mechanism of confinement and
the form of being in the Iunar regolith, are divided into three
main types: implanted, weakly bound and frozen vola-
tiles [1-3]. The composition of the implanted gases is deter-
mined not only by the noble gases of the solar wind, but also
by the gases of the Earth’s wind, i.e. gases of the Earth’s upper atmosphere,
which under the action of the solar wind ionized and implanted into the
particles of the lunar regolith. According to the age of exposure of regolith
layers in the delivered stratified column of regolith and the appearance in the
layers of regolith of the component of terrestrial biogenic oxygen depleted
of 180, the time of appearance and spread of life on Earth can be determined
[4]. The change in the concentration of isotopes N (the main component of
the early atmosphere of the Earth) and light elements (He, Ne, Ar, etc.) in
regolith layers, makes it possible to estimate the time of the formation of
the Geomagnetic Field (Magnetosphere) of the Earth [5]. The study of the
composition of implanted gases of terrestrial origin in the regolith particles
before the formation of the Earth’s magnetosphere allows us to estimate the
composition of the primary terrestrial atmosphere. In the presence of soil
from the far side of the Moon, the time of synchronization of the rotation
of the Moon relative to the Earth can be estimated from the change
in the composition of the implanted gases (to the absence of gases
of terrestrial origin) [5]. The stratified column of regolith will also



allow studying changes in the activity and composition of the solar
wind and galactic cosmic rays for the period from the moment
of the formation of the underlying rocks, i.e. 3.5-4 billion years or more.

Implanted gases are resistant to mechanical and thermal influences within
a few hundred degrees. The method of thermodesorption mass spectrom-
etry is one of the few methods that allow studying the chemical and iso-
tope composition of implanted volatiles and their concentration depending
on the depth of implantation and activation energy [2].

Weakly bound gases are gases that saturate the porous space of the lunar
regolith. The content and composition of weakly bound gases in the lunar
regolith is determined by the following parameters: diffusion, which depends
on the surface temperature and the saturation concentration of the regolith
at a given temperature, the sublimation temperature and the composition
of frozen volatiles, the composition of gases from the Moon interior (vol-
canic origin), and the density of the solar wind flux, which depends
on the geographical longitude and latitude. This is one of the least investigated
types of lunar volatiles.

Frozen volatile components are in the open pore space in the form of particles
of micron size (hoarfrost) on the surface of regolith particles. The presence
of massive deposits of water ice in the form of lenses in the regolith
is estimated as unlikely. Unlike implanted components, weakly bound and
frozen volatiles are extremely unstable, and evaporate readily under tempera-
ture and mechanical influences on the lunar regolith. Investigation of concen-
tration and distribution by depth, chemical and isotopic composition of weakly
bound and frozen volatiles is possible only in situ.

TOOLS:

In the Vernadsky Institute for this project, the concept of a drilling rig,
combining two scientific tasks, is being developed. The first is drilling
to a depth of 1.5 to 6 meters (length of the drill rod is 1.5 m, set of up
to 4 drill rods) and selection of the core in the elastic sampler in the receiver
cassette (Fig. 2). In one cassette includes a sampler length of 1.5 m and
a diameter of 20 mm (internal diameter of the drill rod). The weight of the core
of 1.5, 3.0, 4.5, 6.0 m long is 840, 1680, 2520 and 3360 grams, respectively.
At the base of the rig is a bell, which is lowered before drilling to the surface
of the ground (Fig. 3). During the drilling and selection of the regolith column,
with the help of an auger from the outside of the drill rod, regolith slurry,
together with weakly bound and frozen volatiles, is fed under a sealed bell.
Weakly bound and frozen volatiles when submitting slurry upward sublimate
(evaporate) and fall under the bell, and from there they enter a gas analyzer
(mass spectrometer). Measurements of chemical and isotopic composition,
and gas concentrations are carried out continuously during drilling to the full
depth of the well.

The second device under development at Vernadsky Institute for this project is
a self-penetrating up to 3 meters logging thermal probe (Fig. 4), which is cur-
rently being developed for the Luna-27 (Luna-Resurs-1). The logging tool serves
to measure the temperature distribution to a depth and measure the internal
heat flux (flexible tape with temperature sensors), as well as to measure the die-
lectric and magnetic properties of the regolith and the depth density distribution
(IK probe, Fig. 4). The total weight of the logging probe is about 3 kg.

SUMMARY:

Expected scientific results of the automatic landing mission with the examined
set of scientific equipment:

1. The stratified column of regolith to a depth of 1.5 to 6 m, delivered to Earth
for the study of lunar rocks, minerals and implanted volatiles.

2. Chemical and isotopic composition and distribution in the regolith to a depth
of 1.5 to 6 m of loosely bound and frozen volatiles.

3. Electromagnetic properties of the regolith and their distribution to a depth
of 3m.

4. Thermophysical properties of regolith and internal heat flow.

For the first time geological, geochemical and geophysical sections will
be obtained, tied to the reference borehole, which will provide the maxi-
mum possible scientific performance of the landing spacecraft according
to the results of the scenario considered.
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Fig. 2. A cassette for receiving and storing a core in an elastic sampler (on the left) and
a drilling rig with a core storage (right). 1 - housing; 2 - the handle; 3 - spiral channel
for placing the sampler; 4 - receiving window; 5, 6 - guide grooves; 7 - electrical con-
nector
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ABSTRACT:

Was estimated the probability of encountering of dangerous slopes (>7°
on a 3.5-m-baseline) in five landing ellipses of the Luna-Glob (Luna-25) mis-
sion. In order to make these estimations, we analyzed dependence between
a fraction of a shadowed area on the LROC NAC images and the Sun angle over
horizon. We used a high-resolution DTM and the NAC images for the Apollo 16
landing site to calibrate our results and estimate the probabilities of encountering
of the slopes in five classes: <7°, 7°-10°, 10°-15°, 15°-20° and >20°.

INTRODUCTION:

During selection of the landing sites, determination of the short baseline
slopes is one of the most important tasks. In [1], several high-priority landing
sites were selected mostly on the basis of the frequency distribution of slopes
on a 60-m-baseline provided by the LOLA instrument [4]. This spatial resolu-
tion of the LOLA DTM is rather coarse for a confidential selection of the safe
surfaces. In our approach, we first analyzed a dependence between a fraction
of a shadowed area on the LROC NAC images and the Sun angle over hori-
zon and then calibrated the results using a high-resolution DTM and the NAC
images for the Apollo 16 landing site. Such a procedure allowed estimates
of the frequency distribution of the slopes on much shorter baselines, specifi-
cally 3.5 m, in five categories: <7°, 7°-10°, 10°-15°, 15°~20° and >20°.

The landing ellipses are in a region between 65-75°S and 0-60°E (fig.1): ellipse
1is at 68.77° S; 21.21° E, ellipse 4 is at 68.64° S; 11.55° E, and ellipse 6
is at 69.54° S; 43.54°E [1]. Two additional ellipses are in Boguslavsky crate:
Boguslawsky-1 (73.9° S; 43.9° E) and Boguslawsky-2 (72.9° S; 41.3° E) [1].
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Fig. 1. Several preliminary selected landing ellipses of the Luna-Glob mission.

DEPENDENCE BETWEEN THE SHADOWED AREAS
IN THE NAC IMAGES AND REAL AREA WITHIN SPECIFIC

RANGE OF SLOPES

Landing site of Apollo 16 was selected for our analysis because this area shows
similar morphology and elevation range as the preliminary selected landing
sites of the Luna-Glob mission. The analysis of the Apollo 16 landing site was
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Fig. 2. Dependence of real slopes area more than angle (a) and shadow area
on LROC images with the same Sun angle (a).

conducted in two steps. First: we estimated a fraction of the shadowed area
on the LROC NAC images as a function of the Sun angle over the horizon.
Second: using the high-resolution DTM for the same region, we determined
a real area of slopes within specific intervals and compared it with the fraction
of the shadowed area estimated at the first step. The least square root approx-
imation of the measured relationship between the area of real slopes steeper
than a specific angle (a) and the shadowed area in the image with the same
Sun angle (a), defines a calibration curve (fig.2).

ESTIMATION OF SLOPES IN THE POTENTIAL LANDING EL-
LIPSES OF THE LUNA-GLOB MISSION.

The calibration curve allows estimation of slopes to be made within the Luna-
Glob ellipses (fig.3).

Depending upon the local morphologic characteristics of the surface, coeffi-
cient of determination (R?) and mean square error (6?) of the calibration curve
approximation can vary. Results for the ellipses 1, 4, and Boguslawsky-1, 2
have the higher R? and the lower o2 (tab.1).
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Fig. 3. Ellipse 1. Left — dependence of shadow area on the LROC images and Sun
angle. Right — probability of slopes, produced after calibration of left graph.

These values indicate a tight dependence between the shadowed area and
the Sun angle; they can be used for more confidential determination of the
probability of encounter of the slopes within specific intervals. The low R? value

Table 1.

Probability to find the slopes in the classes
BeposiTHOCTb BCTPEUM YKIOHOB MO Kraccam

Ellipses 70 [7-10° | 10— | 15°= | s20° | o
15° | 20°
1 052 | 022 | 047 | 007 | 002 | 092 | 0412
4 058 | 0419 | 015 | 006 | 002 | 094 | 0.1
6 068 | 015 | 010 | 005 | 002 | 066 | 0.65
Boguslawsky-1 | 0.62 | 023 | 041 | 003 | 001 | 097 | 004
Boguslawsky-2 | 0.62 | 020 | 013 | 004 | 001 | 085 | 024




(0.66) and high of o2 value (0.65) characterize ellipse 6 (tab. 1). Low, flattop
hills are the most common small-scale topographic features within ellipse 6 [2].
Because of these hills, the areal fraction of shadows varies significantly (tab. 1)
but mostly for slopes that are less than 7°. These values, however, are within
the safety restrictions of the mission and, thus, ellipse 6 does not appear as a
potentially dangerous place to land.

CONCLUSIONS:

Among the five analyzed ellipses, the smallest probability of encountering of
slopes higher than 10°, characterizes ellipses number 6, Boguslawsy-1 and
Boguslawsky-2 (tab.1). Thus, considering the other criteria for the selection of
the landing sites, such as visibility of Earth and the Sun, ellipse 6 appears as
the most attractive landing site for the Luna-Glob mission.

It should be emphasized that for ellipse 6, the probability to find the slopes
steeper than 10° is relatively high (0.17). To minimize the risk of landing, one
can recommend either to re-locate the ellipse or to install an automatic pre-
land navigation system in order to avoid dangerous features on the surface (as
it realized on Chang’e-3 [3]).
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INTRODUCTION:

The Russian Federal Space Program for 2016-2025 provides for an extensive
program of space exploration of the Moon. It is planned within the Program
to launch one orbital (Luna-26) and four landing robotic spacecrafts (Luna-25,
Luna-27 - Luna-29) into the polar regions of the Earth’s natural satellite.

Successful implementation of tasks assigned to the robotic spacecraft will
create conditions for preparation of Russian manned expedition to the polar
region of the Moon. In addition, Russia, together with the European Space
Agency, prepares ExoMars and BepiColombo missions to Mars and Mercury
respectively. The success of these missions will largely depend on the qual-
ity of scientific results obtained. It is obvious that these cannot be achieved
without proper preparation of scientific instruments, organization, planning
and data support of scientific research. Unfortunately, these objectives are
paid insufficient attention to currently. It seems necessary to us to develop
in 2017-2020 the System for Analysis and Planning of scientific research (SAP-
Luna) for the Russian Lunar Program Projects which are planned in 2019-2025.
This system can be expanded in the medium and long term both to prepare
manned missions to the Moon and to prepare projects for studying Mars and
other celestial bodies of the Solar system. In our opinion, the proposed infor-
mation system will allow the scientific community, on one hand, and space
industry on the other, to most effectively implement the objectives of the mis-
sions planned and thus acquire the best possible scientific results.
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INTRODUCTION:

The Luna-Glob landing zone is in the southern sub-polar region within the
heavily cratered highlands, near the southern portion of the rim of the South
Pole-Aitken (SPA) basin [1], [2]. In the landing zone, numerous large craters
(up to 100-120 km in diameter and a few kilometers deep) form a very rough
surface at tens of kilometers scale. During their formation, these craters have
redistributed materials emplaced within the Luna-Glob landing zone by the
lunar basins. Which sources are the most important at the top-three landing
sites? Determination of the sources will help to facilitate the final selection of a
landing site and the following interpretation of the in-situ analyses.

THE HIGH-PRIORITY LANDING SITES:

Three major criteria were applied for selection of the landing sites. (1) The sur-
face within the landing ellipses should be relatively smooth. (2) The sites must
have optimal illumination and communication conditions for the 2019 launch
windows. (3) The sites must be characterized by as high content of hydro-
gen as possible. Application of these criteria resulted in the selection of twelve
potential sites [3], [4]. The combination of the 60-m-baseline roughness of the
surface, the Sun and Earth visibility, and the specific WEH values were used to
collectively define landing ellipses 1 (68.77°S, 21.21°E), 4 (68.65°S, 11.55°E),
and 6 (69.55°S, 43.54°E) as the higher priority sites [3], [4].

SOURCES OF MATERIALS IN THE LANDING ELLIPSES:

Although the ejecta from the SPA basin should strongly dominate the Luna-Glob
landing zone, most of the younger lunar basins also have contributed materials
to this region but at much smaller proportions. The mean model thickness of
the post-SPA basin ejecta in the Luna-Glob area is ~3.2 km, which is ~96% of
the total thickness of ejecta of all lunar basins in the Luna-Glob landing zone
[5]. Assuming a no-mixing scenario for the ejecta emplacement, which repre-
sents an extreme case [6], a layer of the post-SPA basin ejecta will overlay the
SPA ejecta. Constant impact gardening will eventually redistribute material of
this layer and mix it with the SPA ejecta. In the Luna-Glob landing zone, there
are 72 craters larger than 20 km in diameter [7], [8]. Their diameters vary from
20 km to 128 km, and the mean diameter is ~68 km. The total area of these
craters comprises ~50% of the landing region and the mean nearest neighbor
distance for these craters is ~36.3+15.5 km, which is close to the mean radius
of the larger craters. Thus, even under a conservative assumption of no mixing
during the basin ejecta emplacement, the larger craters alone appear to be
able to remix ejecta from the lunar basins in the landing zone.

MAJOR TERRAIN TYPES AT LANDING SITES:

The proportions of the basin-related ejecta estimated for the Luna-Glob land-
ing zone as a whole could be different at the specific landing sites. For exam-
ple, flat, light-toned plains make up either the majority or significant portions
of landing ellipses 1 and 4. The other occurrences of flat plains are scattered
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throughout the southern sub-polar area [1] and likely belong to a class of the
lunar smooth plains known as Cayley Formation [9], [10]. These plains origi-
nally were interpreted as having a volcanic origin [9] but samples collected by
the Apollo 16 mission imply that an impact-related origin of the plains is more
plausible [11]. This interpretation is often applied to all occurrences of light
plains [12[, [13], [14], [15], although a volcanic origin of some light plains [17],
[18], [19] cannot be ruled out [20], [21].

MODELS OF THE LIGHT PLAINS FORMATION:

The volcanic hypothesis for the formation of light plains in the Luna-Glob land-
ing zone faces the difficulty of the absence of volcanic sources and volcanic
features (flow fronts, domes, edifices, lava channels, or vents) in association
with the occurrences of the plains. In contrast, the impact-related hypotheses
do not have this problem and are strongly supported by the observations made
at the Apollo 16 landing site [22] and by the samples delivered to the Earth
[23]. Three types of models for the impact related origin of light plains were
proposed: (1) emplacement of ejecta of the Imbrium and Orientale basins [11],
(2) emplacement of ejecta of large craters in the vicinity of the light plains
occurrences [13], and (3) formation of light plains due to the emplacement of
impact melt [14].

Neither landing ellipse 1 nor ellipse 4 show any evidence for the presence of
volcanic activity in their surroundings. The topographic analysis of the light plains
occurrences around crater Manzinus suggests that these plains likely have a
non-volcanic nature [24]. Thus, we favor an impact-related origin of light plains
in the Luna-Glob landing sites. In [20] and [21] it was shown that light plains
have a rather broad range of absolute model ages ranging from ~4.1 to ~3.7
Ga [21]. Such a wide variation of the model ages disfavors the hypothesis of
the preferential relation of light plains to either Imbrium or Orientale events [21],
although a large number of light plains patches are associated with Orientale
and occur as far as about 2000 km from the basin rim or ~4 basin radii [16]. The
photogeologic analysis of the light plains occurrences shows that they typically
lack characteristic features of impact melt pools such as cooling cracks, flow-like
features, and lower albedo of the pools [21]. These observations disfavor the
impact melt hypothesis for the light plains formation. Thus, the emplacement of
the finer-grained facies of ejecta from a variety of sources appears as the most
plausible explanation of the nature of light plains 13].

SOURCES OF MATERIALS AT THE LUNA-GLOB SITES:

Ellipse 1. What is the possible source of light plains in landing ellipse 17?
CSFD measurements for these plains suggest their age of emplacement to
be ~3.82+0.02/-0.02 Ga (Fig. 1). Some of the chains of secondary craters on
the surface of the flat plains point toward Schomberger crater and the CSFD
measurements on the floor of this crater indicate its age to be ~3.82+0.03/-0.03
Ga (Fig. 2).The identical absolute model ages of the flat plains in the ellipse 1
and the Schomberger floor suggest that the plains represent a distal portion of
ejecta of this crater. The excavation depth of the Schomberger event exceeds
the total thickness of the basin ejecta in the Luna-Glob landing zone. In this
case, the flat plains within ellipse 1 would represent materials that underlie the
SPA ejecta blanket and represent the oldest periods of the geologic history of
the Moon.

The hilly unit within the landing ellipse 1 corresponds to the contiguous ejecta
of pre-Nectarian crater Manzinus. The size of this crater (~100 km in diameter)
suggests that its impact was also able to penetrate through the SPA ejecta
blanket and excavate material from beneath of it. The continuous ejecta of an
impact crater represent the lowermost portions of the target stratigraphy [25]
and, thus, hilly unit in ellipse 1 likely consists of materials pre-dating the SPA
event.

Ellipse 4. At the landing ellipse 4, two units make up the surface in about equal
proportions. The hilly unit obviously represents rough ejecta of Moretus crater.
The chains of secondary craters and the floor of Moretus have identical abso-
lute model ages of ~3.81+0.02/-0.03 Ga (Moretus, Fig. 2) and ~3.82+0.06/-
0.09 Ga (hilly unit, Fig. 1). Because of its diameter, it is very likely that the
Moretus impact has penetrated through the entire layer of basin ejecta in the
Luna-Glob landing zone. This means that the Moretus ejecta (unit 1) in landing
ellipse 4 may consist of materials predating the SPA event.

The absolute model age for the flat plains in the ellipse 4 is ~3.69+0.03/-0.03
Ga (Fig. 1), which corresponds to the Upper Imbrian period [26]. Large craters
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of this age are absent in the broad surroundings of landing ellipse 4

[1]. Thus, the Schrddinger basin is the best candidate for the source of the flat
plains material in the ellipse. If this is the case, the flat plains also represent
materials that predated the SPA event, have been excavated from a depth of

256-abstact
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tens of kilometers [27], and characterize the lower crustal (or upper mantle)
material of the early Moon.

Ellipse 6. Landing ellipse 6 appears to have the simplest geology among the top
three landing sites. The bulk of materials in ellipse 6 (unit 1) consists of super-
posed and mixed contiguous ejecta of the craters Boguslawsky, Boussingault,
and an unnamed crater at 66.90S, 46.70E. All these craters are large (100-120
km in diameter) and potentially could excavate materials from beneath the
entire layer of basin ejecta. Because the contiguous ejecta are samples of the
lowermost layers of the target, unit 1 would largely consist of materials predat-
ing the SPA basin with a minor fraction of ejecta of this basin. Unit 2 in ellipse
6 likely represents mass-wasted materials derived from the surrounding hills
of unit 1. Thus, the composition of both units in the ellipse 6 is expected to be
identical to each other.
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INTRODUCTION:

The landing site selection method developed by our team allowed us to identify
eleven candidates, from which the main landing site and preliminary reserved
landing site for Luna-25 mission were selected. Detailed analysis of these two
candidates based on data of a large scale (such as LRO/LOLA measurements
and LRO/LROC images) is presented in this work.
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INTRODUCTION:

The Luna-Glob landing zone is in the southern sub-polar region within the
heavily cratered highlands. The main feature of this area is the southern
portion of the rim of the South Pole-Aitken (SPA) basin [1, 2]. The major
impact structures, basins, are the main sources of materials that form the
megaregolith of the Moon [3], [4] and in the landing zone as well. In this
region, numerous large craters (up to 100-120 km in diameter and a few
kilometers deep) and high-standing massifs (several tens of kilometers
across, 3-6 km high) form a very rough surface at tens of kilometers scale.
The ancient terrains of pre-Nectarian and Nectarian ages prevail in the
landing zone [1]. The units that compose the pre-Nectarian terrains are
mostly related to the emplacement of ejecta of impact basins, especially
SPA. However, during formation of the post-SPA basins, their ejecta that
also were transported to large distances [5], [6], [7], [8] could be deposited
within the Luna-Glob landing zone. In order to facilitate interpretation of
the results of the Luna-Glob in-situ analyses, it is important to assess the
potential contribution of ejecta of the lunar impact basins to the materials
that may be encountered in the landing zone.

MODELS OF THE EJECTA THICKNESS RADIAL
VARIATIONS:

A range of models of the material transport and ejecta emplacement have
been developed [9], [10], [11], [12], [13], [14], [15], [16] (Fig. 1). Among these,
only the model by [15] is supported by the observations of topography asso-
ciated with the best preserved lunar basin, Orientale. The application of this
model, however, is limited by the estimated ejecta thickness at the Cordillera
rim. For the other basins, this thickness can be different and, thus, the esti-
mates of the ejecta radial thickness can be biased. Because of this limitation,
in our study we used the theoretical model by [13], which relates the ejecta
thickness, T, and the distance from the impact point, r, by the following formula:
T=0.0078*R*(r/R)-2.61, where R is the radius of the crater transient cavity. It
must be emphasized that all models of the ejecta emplacement do not account
for the separation of the ejecta curtain into individual rays and consider the
emplaced ejecta as a contiguous blanket. This obviously erroneous assump-
tion shifts the model thickness values up and tends to overestimate the thick-
ness of the ejecta.

MODEL THICKNESS OF LUNAR BASIN EJECTAIN THE LU-
NA-GLOB LANDING ZONE:

In order to assess the possible amount of materials from different major remote
sources within the landing zone, we used the approach developed in [17]. Spe-
cifically, we constructed a 1x10 grid for the southern sub-polar region (south-
ward of 600S) and in each point of the grid we calculated the thickness of
materials ejected by each lunar basin [18]. In order to estimate the basin ejecta
thickness, we implemented the model developed in [13].
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Fig. 1. Comparison of the radial ejecta thickness of the Orientale basin estimated with
the help of different models.

An important part of the investigations of the variation of the basin ejecta thick-
ness [17], [19], [20] was an assessment of the mixing ratio [12] of local and
remote materials brought by large impacts. This parameter helps to estimate
the depth to which the ejecta affect the original material upon their emplace-
ment. Unfortunately, the mixing ratio is poorly constrained and its usage some-
times gives unrealistic results. For example, attempts to estimate the depth of
mixing in the case of the SPA basin yield values of the mixing depth as large
as ~50 km. Such a depth is about six times larger than the estimated thickness
of the basin ejecta. Thus, in our work, we did not employ the mixing ratio to
determine the depth of mixing and simply calculate the fraction of the brought
materials based on their model thicknesses. We also grouped the basins by
their stratigraphic position [4] and estimate fractions of materials delivered to
the Luna-Glob landing zone by the SPA basin and by the pre-Nectarian, Nec-
tarian, and Imbrian basins separately.

RESULTS AND DISCUSSION:

The results of our model show the following. As expected, the major contributor
of materials to the Luna-Glob landing zone is the SPA basin (Fig. 2). Near the
rim of the basin transient cavity, the thickness of the ejecta is estimated to be
~8.1 km.

However, because the model thickness follows a power law, it rapidly decreases
away from the basin rim. For example, the model thickness of the SPA ejecta
at the southeast corner of the Luna-Glob landing zone (the closest to the SPA)
is ~5.5 km. For the most distant, northwest, corner of the Luna-Glob landing
zone the model thickness is ~1.8 km. The mean model thickness of the SPA
ejecta within the Luna-Glob area is ~3.2 km, which is ~96% of the total thick-
ness of ejecta of all lunar basins in this region. We assume that the SPA basin
is the oldest lunar basin and, thus, its ejecta form the base of the stratigraphy
of the basin ejecta in the study area.

All the pre-Nectarian basins have added a small fraction, ~3.6%, to the total
thickness of the basin ejecta within the Luna-Glob landing zone. Among these
basins, Australe (Fig. 2) appears as the most important source of materials.
The model ejecta blanket of Australe overlays the eastern side of the landing
zone where its thickness can be ~130-150 m. Within the landing zone, the
mean model thickness of the Australe ejecta is ~70 m. The mean model thick-
ness of the ejecta of the other pre-Nectarian basins in the landing zone is a
few meters or less.

Both the Nectarian and Imbrian basins (Fig. 2) have delivered a negligible
amount (a few tens of meters) of materials to the Luna-Glob landing region
compared with the thickness of the SPA ejecta (several kilometers). Among
the Nectarian basins, the most important sources of the remote materials in the
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Fig. 2. The model estimates of the thickness of lunar basin ejecta in the Luna-Glob
landing zone (white outline).

Luna-Glob zone are Serenitatis and Nectaris. Despite the fact that the Imbrian
Schrodinger basin is the closest to the landing zone, the mean model thick-
ness of its ejecta is estimated to be less than one meter and the main Imbrian
source of foreign material in the landing zone is the Imbrium basin itself.

In the framework of the no-mixing model, ejecta of the post-SPA basins form
the upper portion of the composite layer of ejecta of the basins in the landing
zone. The crater gardening, however, locally would tend to change the regional
stratigraphy of the basin ejecta and an analysis of local geology is needed in
order to estimate the most probable sources of material at each specific land-
ing site [21].
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INTRODUCTION:

Chang’E-5, China’sfirstsamplereturn mission,is targeted toland within the North-
ern Oceanus Procellarumregion (41-45°N, 49-69°W; an area of ~55 000 km?),
named as theRimker region (Fig. 1, 2).Early geologic mapping [1]showed
that the region was characterized by a volcanic complex (RimkerHills), large
expanses of volcanic plains, and a few kipukas of highland materials.Subse-
quently, more detailed analysis using multispectral data and crater counts [2]
subdivided the mare plains into two major unitswith significantly different model
ages; P10 (western; ~3.44Ga) and P58 (eastern; ~1.33Ga). More recently,
multiple data sets were used to assess the geology, mineralogy and age of the
Rumker Hills [3], the northern part of which extends into the target area. The
purpose of the current study is 1) to describe the characteristics of the main
geologic units in the area, 2) to assess their importance in the context of major
outstanding scientific problems in lunar science,3) to suggest broad geologic
units that most directly address these outstanding problems, and 4) to provide
broad guidelines for optimizing landing and surface operations success.

KEY QUESTIONS IN LUNAR AND PLANETARY SCIENCE:

Among the key questions in lunar science related to the target region[4] are:
1) What is the absolute age of the youngest phase of lunar volcanism?
2) What does its mineralogy and petrology tell us about conditions in the lunar
mantle at that time?, and 3) What is the flux of impactors at this time and how
can we use the absolute age of these youngest units to improve calibration of
the impact flux and lunar and planetary chronology?

GEOLOGY:

Detailed study of theRimker Hills [3] showedthat it was a center of volcanism
during the Imbrian Period, when three main low-Ti basalt units were emplaced
(~3.71, 3.58, and 3.51 Ga); the broad rise contains small shield volcanoes
and local evidence of emplacement of Fra Mauro Formation, interpreted as
Imbrium basin ejecta. Local domes may be as young as Eratosthenian [3].

Important in distinguishing and characterizing mare basalt units are their FeO
and TiO, abundances; we derived these for the study region from KaguyaMulti-
band data using the method described by Lucey [5] and further developedby
Otake [6]. Weused the FeO and TiO,abundances together with OMATvalues
[7, 8] andcrater densityto analyze the’ geology of the candidate landing region
to address our four broad goals and address the three fundamental scientific
questions. According to the TiO, and FeO abundances (Fig. 1), the candidate
landing region can be divided into at least fourmare geologic units. Region1
(northwest) has relatively low TiO, (1-2.5%) and FeO (14-17%) abundanc-
esand contains many more cratefs than Region3. Region3 (east) hashigh
TiO, (3.5-7%) and FeO (16-17.5%) abundances.Region2 represents a tran-
sition zone between 1 and 3. Region4,on the western edge of the Rimker
Hills, is low TiO, but high FeO, with a smaller number ofimpact craters. A few
klpukas of posszble highlands occur in the mare units (Fig. 2) and the Rimker
Region and Dome Region can also be mapped.We used CFSD methods [9]
in four mare regions to acquire their model ages,(Table 1).On the basis
of our analysis, supplemented by the detailed RimkerHills analysis [3], we
have reconstructed the geologic history of the Chang’E-5 candidate landing
site region: Volcanic activity in the Rimker Hills was active between ~3.71-
3.51Ga [3]. Subsequently, the late-ImbrianlowTi and Fe magmas erupted
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at ~3.46Ga and formed the Region 1 ILm unit. At a much later time, ~1.48-
1.59 Ga, the Region2, late-Eratosthenian high Ti and Felavas erupted, spread
across the surface, and buried the |, munit. In Region3,E_m covered the high-
land material directly and perhaps the I,m also covered fhe highland material
in Region3 beneath E,m.This initial geologic map is the basis for the 1: 250 000
geologic map already in progress.

DISCUSSION:
LUNAR REGOLITH.

The properties of lunar regolith are closely related to the bedrock and impact-
gardening history. Crater morphology methods were used to assess the depth
of regolith [10, 11] (Table 1). Compared with Apollo landing site regolith depths,
the relationship between model ages and mare basalt regolith depths (Table 1)
are consistent with the regolith growth history.

LANDING SITE SUGGESTION.

On the basis of the importance of analysis of samples of very young mare
basalts for the understanding of lunar thermal and petrogeneticevolution and
impact flux [4], we propose Region3 as the most interesting region for sample
drilling and return. Additional analyses are underway to assess more specific
optimal sites for landing and drilling, guided in part by previous successful
Luna sample return missions [12].

Table 1. Model ages andregolith thicknesses of mare basalt regions in thecandidate
landing region. Model age are acquired from CFSD methods [9] and regolith thickness
are acquired from crater morphology methods [10-11].

Unit Model Age Era Regolith Depth(m)
(Ga) Median Mean
Region1 3.46 l, 2.9 4.0
Region2 1.48 E, 2.6 3.1
Region3 1.59 E, 24 2.9
Region4 1.78 E, 1.9 2.3
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Fig. 1. TiO, Abundances Map of the Chang’E-5 Candidate Landing Region.

291° 293¢
45° a2= 203° 204° ageo
295° 296° 207° 398° 199° 300° 301° 302° 303° 304° 3

Maone Riimker .
297° 298° 299° 300° 301° 302° 303° J04° 305° 306" -
Late Eratosthenian mare Late Eratosthenian mare Imbriam- Erasosthenian nure Late Imbrian mare maerial:
material; medium to low material: ultra-bow Ti, maierial: ubtra-low to bow Ti, uhtra-low o bew Ti, low to
Ti, high Fe basalts high Fe basalts medinm Fe basalts mecdium Fe basalts

B [ s [BR] oo

Fig. 2.Regional Geologic Map of the Chang’E-5 Candidate Landing Site Region.
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INTRODUCTION:

Chang’E-4 will be the first soft landing mission on the lunar far-side in 2018 year.
Chang’E-4 landing area isinitially selected as the Von Karman crater inside the
South Pole-Aitken basin on the lunar far-side. A relay satellite is used to real-
izethe lander and rover to the ground communication, and a Halo orbit around
the L2 point is chosen as itsmission orbit. The lander, rover and relay satellite
containing six domestic scientific payloads and three international scientific
payloads, havecarried out scientific exploration focusing on VLF radio astro-
nomical observation, roving area topography survey, mineralcomposition and
shallow structure investigation. As we know,that area Von Karman(~3.97 Ga)
is more like thelmbrian aged smooth mare. It include volcanic and impact categories.
Volcanic products are primarily discrete, noncontiguous mare deposits occurring exclu-
sively within,or breaching the rims of, craters or basins.
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INTRODUCTION:

The problem of rotation, physical librations and inner structure of the multi-lay-
er Moon remain a central problem for selenodesy, selenodynamics and sele-
nophysics [1]. Its actuality increases with an increase of accuracy of different
kind observations of the Moon. Now the laser ranging measurements of dis-
tances to the lunar reflectors achieves a few centimeters level of accuracy.
The LRO, GRAIL, ChangE-3/4, ILOM [2] projects are focused on even more
precision description of a topography, gravitational field, physical librations,
spin-orbital evolution and interior structure of the Moon.

Depth, km

Density,
10°kgm®

Pressure,
GPa
Temperature,
x100°C
Geochemical
composition
Viscosity.
poise
Quality factor ~ Specific resistance
&
Om-m, x10
Fig.1. Interior structure of the Moon.
MODERN METHODS:

We will show how the milliarcsecond precision observations of lunar physical
librations and lunar tides in the project ChangE-3/4;5/6, Luna-25/26/27: the
radio beacons on the Moon [3], or the long-term observations of the lunar sat-
ellite with high-precision camera and laser altimetry by Differential, Inverse and
Same Beam Interference (SBI) of VLBI/VGOS /GNSS astrometry may be used
for determining the parameters of liquid and rigid cores of the Moon.
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RESULTS:

It will be shown also, that the analytical and numerical theories of physical
librations of the Moon can be used as the convenient tool for carrying out of
modeling of the future observation from a lunar surface, for understanding of
distinctions in lunar coordinate systems and carrying out of the approached
estimations of changes in Lunar dynamic characteristics and Lunar Navigation
Almanac (LNA).

Free librations of the multi-layer Moon

(Rambaux etal, 2011; Wiliams et al., 2014; Gusev etal, 2014)
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The LNA, which is based on the high-precision theory of the orbital-rotational
motion of the Moon, is intended for the accurate navigation of space vehicles
in the vicinity of the Moon, for coordinate - time and navigation support for the
precise landing of space vehicles on the Moon, for remote comparison of time

269-abstract



ELUSKES AN THE EIGHTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2017

scales and frequencies for lunar scientific equipment. A new stage of explo-
ration and development of the Moon requires detailed measurements of the
position and speed of instruments on the lunar surface, selenographic coordi-
nate systems, lunar mapping, navigation on the lunar surface and near-moon
space, time-temporal correlation and the transfer of a huge amount of data
from scientific experiments such as a stable long-lived beacons, an effective
laser angular reflectors of big dimensions (bCCR), lunar seismological instru-
ments.

DISCUSSIONS:

The new prospects for establishment of a liquid/rigid core existence and for
studying its contribution in physical librations and spin-orbital evolution of the
Moon, and also for direct studies of tidal and non-tidal “breath” of the Moon:
variations of its shape, gravitational field and selenopotential coefficients will
be opened.

FUTURE PLANS:

Radio Ranging and VLBI/VLBI 2010/VLBI Global Observing System (VGOS,
formerly VLBI2010) techniques are considered now as important part of the
programs using for both space probes navigation and the study of orbital and
rotational motion of the Moon. China and Russia have the potential to support
Lunar and Martian explorations by means of existing and planned VLBI/VLBI
2010/VGOS networks, by rapidly developing technology of phase radio rang-
ing and using advanced methods of analysis of VLBI and ranging observations.
Adding here their good geographical locations and distribution, the joint solve
and develop the key techniques which are limiting the Chinese and Russian
Lunar exploration and navigations in deep space could be very productive.

L-R-1,
- 749/880,
T 74913334

3

VLBI receiver 1

VLBI receiver 2

Fig.4. China-Russia Lunar Radio Science Experiment [4]

Differential radio and optical technologies have been proposed for measure-
ments of Lunar physical librations and lunar tides. A new big size corner cubes
reflectors (CCR) and a stable long-lived radio beacons would be desirable
experiments on future lunar landers. Sensitivities to physical libration and
tidal displacements would be enhanced by a broad geographical spread of
the CCR, radio beacons, seismometers at ChangE - 4/5/6, Luna - 25, 26, 27
projects.

REFERENCES:

[1] Gusev A., Hanada H., Petrova N., Kosov A., Kuskov O., Kronrod V., Kronrod E.,
Rotation, physical librations and interior structure of the active and multi-layer Moon,
Monograph, Kazan University Publishing Co., 2015, Kazan. 328pp. (Russian+English)
[2] Hanada H., Gusev A. et al., Development of Small Telescope like PZT and Results
of Experiments on the Ground. // Gyroscopy and Navigation, v.8, 27p. (2017, in press)
[3] Gromov V., Kosov A., Abstract of 7M-S3 Int. symposium, Oct. 10-14, 2016, IKI RAS,
Moscow, p. 278 (7TMS3PS65).

[4] Kosov A., Report on Russia-China workshop, Jan. 26, 2017, IKI RAS, Moscow.

270-abstact



8MS3-PS-30

LUNAR INTERNAL STRUCTURE MODELS
CONSISTENT WITH SEISMIC

AND SELENODETIC (GRAIL AND LLR) DATA
AND THERMODYNAMIC CONSTRAINTS

E. Kronrod', K. Matsumoto?, R. Yamada?, O. Kuskov', V. Kronrod'’
"Vernadsky Institute of Geochemistry and Analytical Chemistry (GEOKHI
RAS), e.kronrod@gmail.com

2RISE Project, National Astronomical Observatory of Japan,

3The University of Aizu, Research Center for Advanced Information

KEYWORDS:

Moon, internal structure, thermodynamics, numerical modeling

INTRODUCTION:

In the recent paper [1] lunar interior models by complementing Apollo seis-
mic travel time data with selenodetic data which have recently been improved
by Gravity Recovery and Interior Laboratory (GRAIL) and Lunar Laser Rang-
ing (LLR) were explored. Important information on the thickness of the crust,
Low-velocity/viscosity zone (LVZ), core structure and seismic velocities was
obtained. But this problem statement retains lunar mantle composition to be
uncertain. In [2, 3] mantle composition can be simulated based on thermo-
dynamic approach and petrological evidence from seismic data, moment of
inertia (MOI) and mass.

The goal of our investigation is to obtain geochemically and geophysically con-
sistent information on the internal structure of the Moon. The first step was
to use thermodynamic approach to calculate elastic properties in the Moon’s
layers (shear modulus p, bulk modulus k) and density p. But it lead to increasing
number of model parameters, and it was impossible to obtain reasonable result.
Here we modified problem statement and included geochemical data (bulk Al
and Fe composition) as observed data and used more constraints on the model
(such as magma ocean condition and fixed some model parameters).

We apply spherically symmetric viscoelastic hydrostatic model of the Moon [1].
The Moon consists of nine layers: megaregolith, crust, four-layers mantle, low
viscosity zone (LVZ), liquid outer core and fluid inner core. In each zone phys-
ical properties are assumed to be constant. We employed same data as [1]:
four selenodetically observed data of mean radius, mass, MOI, and tidal Love
number k2. Seismic travel time data was selected by [4].

GEOCHEMICAL MODELS OF BULK AL
AND FE COMPOSITION:

Currently there are two main groups of geochemical models of the Moon
[5]: 1. Moon’s composition with Al content similar to models with Earth’s
ALO, content; 2. The Moon is enriched in Al against Earth. The analysis
of majority of current Moon’s composition models [5] revealed that AL,O, =
4,05 + 0,36 wt.% for group 1 and Al,O, = 5,91 + 0,39 wt.% for group 2, FeO
=12,25 + 1,33 wt.% for both groups. If)ivision mantle into 4 layers was per-
formed according to [6] model. Concentrations of main oxides were equal
in first 3 upper mantle layers and we applied the model of magma ocean to
calculate oxide concentrations in fourth lower mantle layer (which implies
that concentrations of main oxides in the lower mantle is equal to average
concentrations in the upper mantle and in the crust and equal to bulk con-
centrations). The models of the magma ocean in such a formulation were
considered in our previous study [3]. Temperature in the lunar mantle is
defined by equation from [7].

THERMODYNAMIC APPROACH:

Our general methodology is to combine geophysical and geochemical con-
straints and thermodynamic approach, and to develop, on this joint basis,
the self-consistent models of the Moon. The crustal composition of Taylor [8]
was taken as representative of the crust material. Thermodynamic modeling
of phase relations and physical properties in the multicomponent mineral
system CFMAS was used to develop a method for solving the inverse prob-
lem [3].
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INVERSION:

A Bayesian inversion approach is an effective method to solve for a nonlinear
problem such as planetary internal structure modeling. The solutions of the
parameters and their uncertainties are obtained from the posterior distribution
which is sampled by the MCMC algorithm. This method is described in detail in
[1]. In the present model bulk Al content and bulk Fe content are included into
likelihood function (LHF).

RESULTS:

ThemainresultsareshowninFig.1.ProbableconcentrationofAl,O,is2,7-2,9wt.%
in the upper mantle and 4,1-4,3 wt.% in the lower mantle. Bzulﬁ FeO is within
11,5-12,5 wt.%. Seismic P-wave velocity (~7,92 km/s) in the lower mantle is
close to lower bound of velocity range from [6]. From these results it can be
concluded that the models of the Moon with Earth’s bulk Al content is in a good
agreement with geophysical data.
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Fig. 1. Posterior probability density functions in layers 1-4 of the lunar mantle for (a)
AL O, concentration, (b) FeO concentration, (c) P-wave seismic velocity distribution, (c)
S-wave seismic velocity distribution.

CONCLUSIONS:

We investigated lunar internal structure models which are consistent with the
seismic data, the selenodetic (GRAIL and LLR) data, and thermodynamic con-
straints. This study revealed that additional constraints on model parameters
(constraints on bulk composition, magma ocean condition, fixed crustal param-
eters, etc.) are necessary to obtain reasonable results, otherwise the solution
appears to be out of feasible range of oxide concentrations and temperatures.
Probably this result substantially stems from paucity of observation data used
or the problem is overspecified (too much model parameters). In our future
study, we will include more geophysical observation such as electromagnetic
data into our inversion process, and will investigate the optimal resolution of
the model (number of model parameters).
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INTRODUCTION:

Mascons are large concentrations of rocks of increased density in the lunar
crust, causing specific positive Bouguer gravitational anomalies in the grav-
itational field of the Moon. For the first time such anomalies were noticed in
1966 by the Soviet automatic station “Luna-10” [1], and in 1968 the mascons
were discovered by the automatic stations “Lunar Orbiter” [2]. In recent years,
important new information about the mascons has been obtained [3] in the
study of the Moon by the mission of GRAIL and on according data of laser
altimetry LOLA. At present time, mascons are also found on the Mars and the
Mercury.

The origin of the mascons is associated with the falls of massive space bodies,
which create a giant craters flooded with basalts — the lunar sea basins, under
which the lenses of substance of high density are located.A model is proposed
[4], according to which the mascons are formed by cosmic bodies falling on the
Moon from 4.1 to 3.8 billion years ago during the “late heavy meteorite bom-
bardment” [5], which caused melting and rising to the surface of large masses
of heavy matter lunar mantle. However, the formation of mascons cannot be
explained [3] by the falls of bodies with the same diameter distribution as for
the bodies of modern asteroids belt. The same conclusion was made earlier
for craters of the Moon [6].

AN ALTERNATIVE APPROACH TO THE PROBLEM:

We discuss the problem of mascons origin on the base of the representations
of the Galactocentric paradigm [7], according to which the main factor in the
formation of the surface relief of the Moon, the Earth, and the other terrestrial
planets are the falls of galactic comets during periods when the Solar system
moves through jet streams and spiral arms of the Galaxy [8].

The falls of galactic comets have character of “comet showers” lasting ~1-5
million years, which are repeated in 20-37 million years. During one shower,
~104-10" galactic comets can fall to the surface of the Earth. At the same time,
every~150 million years the comets alternately bombard mainly or the south-
ern or northern hemisphere of the Earth, the Moon and other planets.

The last cometary bombardment, which in many respects determined the
modern appearance of the planets of the solar system, took place from 5t0 0.7
million years ago. The comets moved relative to the Sun at a speed of ~450
km/s, consisted mainly of water ice with a density of ~1 g/cm?, had a diameter
of ~0.1 +3.5 km, a mass of ~10"2 +10'” g and energy of ~102° +10%° J. Their size
distribution was exponential character, the density of falls was 3 — 5 comets of
all sizes on the area of 100x100 km?, and the comets themselves bombarded
mainly the southern hemisphere of the planets. The last circumstance lets
explain the asymmetry of the relief of the southern and northern hemispheres
which is similar for different planets [9, 10, 11]

TWO PHYSICAL MECHANISMS INTERACTION
OF GALACTIC COMETS WITH PLANETS:

At a speed of 450 km/s, galactic comets interact with planets in another way
[12,13] than interplanetary bodies [14], dropping out onto planets with veloci-
ties on order of magnitude smaller. The main factors of interaction with planets
are: 1) the density of the planet’s gas shell, 2) the thickness of the lithosphere,
3) the composition and degree of heating rocks of lithospheric, 4) the frequency
of falls of galactic comets, and 5) the situation at the fall region.

Depending on the combination of these factors, the impact process can occur
by the mechanisms of “elastic” and “inelastic” impact [13]. On planets without
an atmosphere (the Moon, Mercury, and also Mars), the first mechanism is
realized, when the cometary energy is mainly used for making mechanical



work and is spent on crater formation. Planets with an atmosphere (Earth and
Venus) interact with galactic comets according the second mechanism. In this
case, most of the comet’s energy and momentum are transmitted to a narrow-
ly-directed supersonic shock wave of stresses, which penetrates deeply into
the lithosphere of the planet, causing heating and melting of rocks down to
depths of ~300 km.

At the same time, a large lenses (a magmatic chambers) of heated and partially
melted rocks of the asthenosphere appear in the base of the lithosphere [15],
which play the role of “geodynamic foci” [16], whose energy is later released
in different tectonic and magmatic processes. The formation of asthenospheric
lenses on the Earth in conditions of the “thick” lithosphere (a continents) causes
a significant rising in the surface of the continents, and in the conditions of the
“thin” lithosphere (an oceans), large quantities of basaltic magmas are poured
out onto the ocean bottom.In the intervals between cometary bombardments,
the rocks of asthenosphere are cool down and the relaxation processes in
lithosphere flatten out the resulting irregularities of surface.

MAIN RESULTS:

The processes caused by the fall of galactic comets occur on the Moon today
[8, 13]. In this paper, we reinforce this conclusion with the results of studies of
the mascons [3, 17]. The main conclusions of this work are as follows:

1. The mascons, as well as large craters and basalt sea basins on the Moon,
arose not as a result of meteoric bombardment 4.1+ 3.8 billion years ago, as
now believe [4], but formed by galactic comets during the last (5 + 1 million
years ago) and two — three previous (~22 + 2, ~43 + 2 and ~65 + 2 million
years ago) cometary bombardments.

2. Unlike continental craters with diameters from 10 to 160 km, caused by the
fall of single comets, magmatic chambers are involved in the creation of
seas and mascons, which are formed in “complex” craters of a larger size.
Such craters are formed under conditions of high density of cometary falls,
when the crater funnel is created by the falls of several comets, and the
summation of thermal effects produces magmatic chambers. With increas-
ing number of overlaps, the diameter of “complex” craters, as well as the
volume of chambers and the depth of their formation, are increasing.

3. The amount of magma necessary for the formation of the sea basin is
formed in complex craters with a diameter of more than 160 km, while mas-
cons form in pools whose diameter exceeds 218 + 17 km [17]. In the latter
case, the area of heating and melting extends to the denser rocks of the
lunar mantle under the crust of the Moon, which raise to the surface in form
a diapir. Such diapirs create Bouguer positive gravitational anomalies of
over large craters and lunar seas, whereby detect themselves at measuring
the gravitational field of the Moon from board of artificial satellites.

4. Sea basins with mascons evolve quite quickly. In Fig. 1 shows the lati-
tude distributions of marine basins on Moon of the two main morphologi-
cal types: 29 mascons with one topographic ring without internal structure
that are “young”, and 71 mascons of unclassified structure, which we con-
sider “old”.We constructed these graphs on the basis of the data of [3].We
see that the youngest basins dominate in the southern hemisphere of the
Moon, whereas in the northern hemisphere there are more old structures.
Continental craters behave similarly.
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Fig. 1. Distribution of the mascons of the Moon along latitude belts,
constructed by us according to [3]. Legend: red line — “young” basins,

blue line — “old” basins.
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INTRODUCTION:

The magnetic field [1] and the gravity field of the Moon [2] at different altitudes from
the data of satellites Apollo-15 and Apollo-16 are analysed. The spectral method
and autocorrelation method [2] was applied for the analysis of these fields. The out-
comes of the analysis have allowed to determine optimum altitude integrated gravity
— magnetic surveys of the Moon, as well as to state some suppositions about the
history of the system the Moon — Earth [3] on early period of it development.

EXPERIMENTAL DATA AND MATHEMATICAL METHODS:

Experimental studies of the magnetic and gravity field of the Moon over its equa-
torial region [1] provide the opportunity to draw a number of conclusions about
the nature of this field. The radial component of the Moon’s magnetic field and
gravity field are presented. The results of a lunar magnetic field survey at a height
of 100 km according to the data of the Apollo-15 sub-satellite [1] are presented.
As is well known, the most convenient way to explain the general properties of
the magnetic field of the Moon are statistical estimates of the field characteristics.
The autocorrelation function and the power spectrum were calculated for the lunar
magnetic and gravity field data. A step of the reading of the initial data was taken
as 28 km. Since anomaly in the region of the crater Van de Graaff significantly
disturbs the steadiness of the field under investigation, that part of the curve on
which this anomaly is apparent was not included in the statistical analysis. From
statistical analysis it therefore follows that harmonic with a period length of around
720 km determines the basic energy of the lunar magnetic field in the considered
range of wavelengths. A statistical estimate of the autocorrelation function of the
Moon’s magnetic field appeared quite reliable since the length of the magnetic pro-
file exceeded, by a factor of 10, the length of the fundamental period of the field,
while the mean square error in the determination of the normalized autocorrelation
function was about 0.22 [3]. The frequency properties of the fundamental mag-
netic field harmonic with long wave (T) is characterized by a correlation radius (r),
which if we estimate it as (T/5) turns out to be 144 km. The spatial spectrum lunar
magnetic anomalies is presented. Here the 100 km altitude data of the Apollo-15
and Apollo-16 magnetic surveys were used. In order to estimate the intensity of
the magnetic field at the lunar surface we have used the usual method of transfer-
ring the field from one level to another.

CONCLUSIONS:

If the lower intensity of the lunar magnetic field is apparently connected with a
lower concentration of ferromagnetic material, then the greater rate of damp-
ing of lunar magnetic anomalies with altitude is connected with the absence in
lunar rocks of an inductive magnetization. The same horizontal dimensions of
long period magnetic anomalies on the Moon an increasing intensity of magnetic
anomalies in both spectra with decreasing linear size, the essentially identical
law of summation of separate magnetic sources in a large effective magnetic
active bodies indicate a similarity in magnetic field formation on the Moon.
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To study the global structure of the deep interior of the Moon based on the
developed by us method of solving the inverse problem of gravimetry [1,2],
it is necessary to remove from the gravity field influence of surface layers.
The initial data for this task was the array of the relief height [3], averaged on
5x5° grid. The averaging was made on the basis of hypsometric map of the
Moon, compiled by Sternberg astronomical Institute and Geographical faculty
of Moscow State University in 2014.

The topography of the lunar surface in details is displayed on the Hypsometric
map [3] using contour lines, color layers, elevation and a hillshade. We used
digital elevation model based on the data of laser altimeter (LOLA) spacecraft
Lunar Reconnaissance Orbiter (LRO) with an accuracy of 64 pixels per degree
(0.5 km per pixel) [4]. Cartographer - Grishakina E. A., editors, Lazarev E. N.
and RodionovaZzh. F., scientific supervisor - Shevchenko V. V.

Names of major formations of the Moon are given on the map in addition
to the relief. The centers of craters with names are marked by points. The
names on the map are given in Latin language, adopted by IAU. Conven-
tional signs marked the places of the landings of spacecrafts and manned
space vehicle exploring the surface. The main map is compiled in equal-
area azimuthal projection for the visible and the opposite hemispheres of
the Moon. The meridians and parallels are drawn through 30°. Longitude
is measured East and West from the Central Meridian 0° to +180°. In addi-
tion, it shows the polar region to +60° of latitude built in polar stereographic
projection.

Height is measured from the sphere the average radius of which is 1737,4 km.
This level is taken as zero. Altitude scale comprises 17 stages: seven stages
of elevation are located above the zero mark 0, 1, 2, 3, 4, 6, 8 and more than
8 km, and for portions of the surfacearelocated below zero level were used for
more detailed scale 0, -1; -1,5; -2; -2,5; -3; -4, -5; -6, -7 and below -7 km away.
Thus, on the seas, occupying a large area, the relief surface is transferred
in more details. Contours on the map are given in accordance with the scale
heights.Fig. 1 shows the profiles of lunar surface along equator, meridians 0°
and 180° based on [3].

The average of relief heights on 5x5° grid allows to receive the expansion
of the heights h, in terms of a spherical function system up to the degree
N, =180°/5°=36. We developed a methodology and created a theory [5], that
allows to receive for each degree N=1+N, the most well-conditioned solu-
tion, which does not give, with a large degree of N, accumulation of com-
putational errors. Since the system of spherical functions is orthogonal on
the sphere, the coefficients of each successive degree of N is determined
independently by successively solving N, systems of conditional equations
of the form

N-1 n

\Jcos o, i §! =.Jcos, (h — z Z Sy,

m=0 n=0 m=0
where cos@— weights of 5° cells,
S = (Auwn cOSMA, + Bun SinmL,)- Pun (sing,) ,

nm

P.n — normalized adjoined Legendre polynomials.
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Fig. 1. Profiles of the Maon based [3] along equator, meridians 0° and 180°

The coefficients of the expansion allowed to determine the average radius of
the relief surface, the displacement of the center of the figure relative to the
center of mass, the equatorial and polar compression, some statistical fea-
tures (power dispersion and autocorrelation function), and correlation between
topography and gravitational field.
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Fig.2. shows a plot of the correlation between the coefficients of topography and gravity
field for different degrees of expansion. The negative correlation of harmonics of degree
n=9-11, which corresponds to the horizontal size of mascons A=20° +16°, a maximum at
A=18¢is visible in the plot. Comparative analysis of the heights of selenoid and the relief
allows to allocate space for negative correlation, i.e., a possible distribution of mascon.
Our subsequent analysis of the internal structure will allow to find connection of mascons
with anomalies of the internal structure of the Moon.
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INTRODUCTION:

Observing physical libration of celestial bodies and the Moon represents one
of astronomical methods of remote assessing the internal structure of a celes-
tial body without conducting expensive space experiments. The work contains
a review of recent advances in studying the Moon’s structure using various
methods of obtaining and applying the lunar physical libration (LPhL) data.

In this studying, LPhL simulation methods of assessing viscoelastic and dis-
sipative properties of the lunar body, lunar core parameters, whose existence
has been recently confirmed during the seismic data reprocessing of “Apollo”
space mission, are described. Much attention is paid to physical interpretation
of the free libration phenomenon and the methods for its determination.

In the work, the practical application of the most accurate analytical LPhL
tables Rambaux N. and Williams J. G [1] is discussed. The tables were built on
the basis of complex analytical processing of the residual differences obtained
when comparing long-term series of laser observations with the numerical
ephemeris DE421.

In the work, an efficiency analysis of two approaches to LPhL theory is con-
ducted: the numerical and the analytical ones. It has been shown that in lunar
investigation both approaches complement each other in various aspects: the
numerical approach provides high accuracy of the theory, which is required for
the proper processing of modern observations, the analytical approach allows
to comprehend the essence of the phenomena in the lunar rotation, predict
and interpret new effects in the observations of planets’ physical libration.

ANALYTICAL AND NUMERICAL APPROACHES
IN THE LIBRATION THEORY

In selenology the theory of the lunar rotation remains one of the key fronts
of studying the Moon. On the one hand, closeness of the Moon to the Earth pro-
vides a wide range of various experimental data. The new geophysical data, the
modern high-precision models of the lunar gravitational field provide opportuni-
ties to improve both numerical and analytical LPhL theories in terms of including
parameters characterizing the complex structure of the lunar body. On the other
hand, the more precise a theory of physical libration is, the more subtle effects
may be obtained from the analysis of residual differences, when compared with
high-precision observations. The modern mathematical methods and com-
puter technologies expand opportunities of large amount of new observations
processing, allow effectively interpreting new types of phenomena, simulating
processes, and pre-calculating the effects of the lunar internal structure on the
behavior of measured values. The work is focusing on the review of new data,
new capabilities, and new results in theory and observation of physical libration.

Today, one has to admit, although there are significant improvements in lunar
laser ranging and high-precision satellite studies of the Moon’s gravitational field,
it has not been managed to reveal the free core nutations (FCN) with sufficient
certainty, which means the question of the lunar core size remains open. One
also lacks of the gravimetric data precision in order to unambiguously estimate
characteristics of the inner core. These are the tasks of future researches.

Nevertheless, one can safely say the modern lunar rotation theory considers
forced librations of not only the solid Moon, but a number of effects of its com-
plex internal structure as well: tidal viscoelastic deformations, the presence
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of the liquid core, dissipative processes of various origins. Thus, the reliable
discovery of the free librations gave rise to new investigations of a source for
their excitation and maintenance, which led to the necessity to consider effects
of the viscoelastic mantle and liquid core interaction.

Developed in the presented study, the numerical approach in the theory
of LPhL allowed constructing the parameters of physical libration - the angles
of libration and the impulses conjugated to them - over an interval of the one
year. These results showed that on the backdrop of limited periodic changes
in all parameters, the impulse of one of the variables demonstrates an appar-
ent secular trend: it increases from 27 arc seconds per day in the beginning
of the simulating, reaching 47 arc seconds per day for the year. It was impos-
sible to find any physical justification for this phenomenon [2].

Analyzing the analytical solution on the basis of Petrov’s theory [3], we have
found out that in the analytical description of this impulse there is a term with
a period of 6 years and an amplitude of 13.8 seconds. Recalculating the numer-
ical results for a period of 10 years, we saw that the “mysterious” impulse
also has a periodic behavior, but this requires a longer observation period.
In the work we give a physical interpretation of such a long-period change.

At the moment, our numerical theory gives results on the interval of 800 years.

CONCLUSIONS

Currently, the theory of libration by Rambaux, Williams represents the most
accurate semi-analytical theory of libration, whose parameters are reconciled
with the laser ranging observations in the period of 38 years using the most
powerful tools of computer mathematics.

The results achieved by the libration theories and their practical application
have been obtained by the efficient use of the numerical as well as the analyti-
cal theory. This means the both approaches should be developed for the lunar
rotational motion theory.

This work was funded by the subsidy allocated to Kazan Federal University
for the state assignment in the sphere of scientific activities and it was sup-
ported by grants RFBR 16-02-00496-a and15-02-01638-a.
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INTRODUCTION:

The new programs used for space investigations apply techniques of multi-pa-
rameter analysis of internal structure of celestial bodies showing features and
benefits of multidisciplinary approach: astronomical observations and com-
puter simulationarecombined with geophysical methods. The firstobjective of
these studies is to determine the position of a planet’s core and its basic char-
acteristics including the position of center of mass relative to symmetry center.
Considering the Earth, we may solve this task using large amount of cosmic
and land-based observations but for other celestial objects this is rather com-
plicated. In this study, the method of obtaining lunar center of mass position
relative to its symmetry center is considered, for there is much observational
data on the Moon.

At the present time, one of the promising directions of heterogeneous nat-
ural objects’ structure, materials and their properties investigation is fractal
geometry [1]. For instance, the fractal analysis of the Solar system bodies’
parameters has been carried out in the work [2]. The fundamental property of
fractal objects is similarity or scaling when zooming. The quantitative meas-
ure characterizing distribution of structure in space is the fractal dimension D.
Investigation of fractal dimensionenables us to study not only the structure but
the connection between the structure and its formation processes as well. The
fractal structures have been found in the dynamical systems, too. The methods
for the fractal structure recognition are used for heterogeneous surfaces’ prop-
erties investigations to find the similarity in certain parameters. In particular,
the methods of fractal analysis allow to describe quantitatively the models of
celestial bodies’ surfaces.

THE DETERMINING THE POSITION OF THE LUNAR CENTER
OF MASS ON THE BASIS OF HARMONIC ANALYSIS

In this study, when estimating the selenocentric models the method of regres-
sion simulation as an alternative to the traditional approach involving in the
tasks of estimation the regression analysis, checking the conditions, adapta-
tion in case of their violation, and providing the presence of a special software
to automatize processes of computation and analysis are used. Regression
simulation is a systematic approach at which correctness of the system’s
any element application (sampling, model, method of parameters estimation,
method of structures estimation, quality measure, a set of conditions) may be
questioned and checked with a corresponding adaptation application in case
of the given conditions violation. The digital models of relief for the full lunar
sphere are obtained from «Clementine» and «KAGUYA» space missions,
«ULCN 2005» and KSC (Kazan selenocentric catalogue) data systems.The
model describing the Moon'’s surface relief the expansion of altitude function in
a series of spherical function in the form of regression is used:
N n
h(@,\) =Y > (C,, cosmh+S,, sinmh)-P, (cos@)+& , )

nm
n=0 m=0
where:
isaltitude function;
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@, A are latitude, longitude — known parameters of the lunar objects;
Cun,Sm: are normalized harmonic amplitudes;

P.. are normalized associated Legendre functions;

€ is random regression error.

First order coefficients determine the displacement of lunar symmetry center
relative to center of mass Chuikova, N., et al. 13:

A& =3C,,An=4/35,,,AC =3C,, 2)

Table 1 contains values Ag, An, AC; these are differences in position of the
lunar center of mass relative to its center of figure in orthogonal selenographic
reference system.

Table 1. Coordinates of the lunar center of mars relative to its center of figure from four
sources of hypsometrical information

Clementine (km) ULCN 2005 KAGUYA (km) KSC (km)
(km)
AE -1,80 -1,71 -1,77 -1,75
An -0,74 -0,73 -0,78 -0,75
AL -0,64 0,26 0,24 0,11

Analysis of this data allows concluding that selenocentric dynamical model
KSC with its system reduced to the lunar center of mass and main axes of iner-
tia is in conformity with the results of modern studies. Within this project, the
new method of direct use of harmonic analysis of the selenocentric catalogue
of lunar objects is used for the purpose of determining the position of the lunar
center of mass relative to its figure. Thus, this method could be applied in order
to analyze other celestial bodies.

THE FRACTAL ANALYSIS THE GRAVIMETRIC AND TOPO-
GRAPHIC PLANETARY MODELS

For the analysis of gravimetric and topographic parameters of planetary bodies,
the following observational data were used: for the Earth the most accurate
measurements taken via Japanese ASTER (Advanced Spaceborne Thermal
Emission and Reflection Radiometer) [3] set on the board of Terra (NASA) [4]
spacecraft are used; in order to analyze Martian structures the data received
from the boards of the spaceships, particularly «Mars Global Surveyor» [5],
has been used; for the Moon the model built on the basis of harmonic analysis
by the catalogue [6] were taken.

The fractal dimension was defined which is sufficient to conduct a comparative
analysis:

In N()
% In(1/8)"
. .~ where
D — fractal dimension;

0 — small segments dimension;
N — number of small segments.

Asresultswereobtained:

D =lim

3)

Table 2. Averagefractaldimensions

N | An object g)gaever-
1 Mars in latitudes (gravity) 1.02

2 Mars by longitude (gravity) 1.92

3 Mars in latitudes (topography) 0,865
4 Mars by longitude (topography) 0,878
5 Earth by geographical latitude 1,178
6 Moon 1,36




CONCLUSIONS

Conducting the present study, the data on mutual positions of the Moon’s
center of mass and its geometrical center has been obtained. Besides, the new
method of direct harmonic analysis of the studied systems based on the anal-
ysis of the known reference points’ radius vectors has been developed. It has
also been found that use of fractal method for planetary structures variations
allows assessing them by topological inhomogeneity and drawing conclusion
on their structural similarity. Thus, investigation of planetary fractal structures
is a very important and interesting direction in the studies of these objects as
well as natural systems. The qualitative feature of planetary fractal objects is
their inherent invariance when rescaling. Fractal geometry allows to estimate
inhomogeneity of complex physical systems quantitatively.
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INTRODUCTION:

Galimov and Krivtsov [1] presented arguments that the giant impact concept
[2] of the formation of the Moon has several weaknesses. They suggested
that embryos of the Earth and the Moon have been formed from the same
rarefied dust condensation. Below we discuss this model of formation of the
Moon. Formation of massive (up to 0.1M_-0.6M_, where M_ is the mass of the
Earth) condensations was considered by several scientists (e.g. [3]). Ipatov
[4-7] and Nesvorny et al. [8] studied formation of trans-Neptunian satellite sys-
tems formed by contraction of rarefied condensations. In my opinion, models
of formation of trans-Neptunian satellite systems and the Earth-Moon system
can be similar.

FORMATION OF SOLID EMBRYOS OF THE EARTH
AND THE MOON AT THE STAGE OF RAREFIED
CONDENSATIONS:

My studies showed [9] that the angular momentum K used by Galimov and
Krivtsov [1] in their computer simulations of the formation of the embryos
of the Earth and the Moon as a result of contraction of a rarefied condensation
could not be acquired during formation of the condensation from a protoplan-
etary disk. | obtained that the angular momentum K, of the present Earth-
Moon system could be acquired at a collision of two rarefied condensations
with a total mass not smaller than 0.1M_. In principle, the angular momentum
of the condensation needed for formation of the Earth-Moon system could be
acquired by accumulation only of small objects. In this case, there could be
K=K, for a parental condensation with mass m>0.2M_. However, for such
aécufllation other terrestrial planets would have large satellites. Probably, the
condensations that contracted and formed the embryos of the terrestrial plan-
ets other than the Earth did not collide with massive condensations, and there-
fore they did not get a large enough angular momentum needed for formation
of massive satellites. The mass of the rarefied condensation that was a parent
for the embryos of the Earth and the Moon could be relatively small (0.02M
or even less), if we take into account the growth of the angular momentum of
the embryos at the time when they accumulated planetesimals.

In our estimates of K_ discussed above, the radius of the parental condensa-
tion with the angular momentum needed for the formation of the embryos of
the Earth-Moon system was comparable with the Hill radius r,of the system
and was greater than the radius of the parental gas-dust condensation equal
to 0.023r, considered in [1]. At such small radius of the condensation, Galimov
and Krivtsov [1] obtained evaporation of FeO from dust particles and the for-
mation of embryos of the Earth and the Moon depleted in iron. In order to get
the angular momentum needed for formation of a satellite system, the conden-
sation considered by Galimov and Krivtsov had to be a result of a compression
of the condensation with a larger size than that considered in [1]. After the
compression of the condensation to radius of 0.023r,,, it could contain objects
greater than dust. Some scientists (e.g., [10]) consider that condensations in
the feeding zone of the terrestrial planets could consist of objects of decimeter
size, which were greater than dust. Could the above evaporation of FeO take
place for such objects, e.g. if they had fractal structure?

There could be also the second main collision of the parental condensation
with another condensation, at which the radius of the Earth embryo conden-
sation was smaller than the semi-major axis of the orbit of the Moon embryo.
The second main collision (or a series of similar collisions) of condensations
or solid bodies could change the tilt of the Earth.



8MS3-PS-36

GROWTH OF SOLID EMBRYOS OF THE EARTH
AND THE MOON:

The solid embryos formed from the parental condensation grew by accumula-
tion of smaller objects, e.g., planetesimals.For the case of small relative veloc-
ities of planetesimals, effective radii r.. of the embryos are proportional to r2
where ris the radius of a considered embryo. In this case, my,.P=m, R +k,m
-k, m_"?, where k,=k **, k, is the ratio of the density of the growmg Earth of
massm, to that of the ¢ growmg Moon of massm, (k ~1.65 for the present Earth
and Moon) m,, and m_are initial valuesofm and m.. For m,=0.0123m,
mg =0.1m., m, =M., the above equation is true at k=1 and m,,,.=0. 00605ME
and also at k,= £1.65 and m,, =0.0035M... For such daQta the mas$ of the Moon
embryo grew by a factor of 2 — 3.5 while the Earth embryo grew by a factor of
10. At r_, proportional to r2, the embryo of the Earth grew faster than that of the
Moon. For large enough eccentricities of planetesimals, the effective radii of
proto-Earth and proto-Moon were proportional to . In this case m,, "*=m, "*+k-
m Y-k m_'? (where k,=k ?°) and the increase of m /m,, is greaN{er than that
of m /m

Accordlng to Galimov and Krivtsov [1], initial embryos of the Earth and the
Moon were depleted in iron, and the Earth got a larger fraction of iron than
the Moon because it grew faster by accumulation of dust. To estimate the
maximum growth of m,,, let us consider the following simple model: The initial
embryos didn’t contain' |ron and the incoming material contained 33% of iron.
For a considerable growth of the mass of the Earth embryo, the final fraction
of iron in the embryo can be close to the present 32%. The fraction of iron
in the Moon would be 0.33(1-m,, ), where m_, is the ratio of the initial mass
of the Moon embryo to the presenf mass of thé Moon. Taking the present frac-
tion of iron in the Moon to be equal to 8% and solving 0.33(1-m,, )=0.08, we
getm, =0.76 and the growth of the Moon embryo mass by a factor of 1.3. This
estimate is in accordance with the estimates by Galimov and Krivtsov [1] of the
growth of the Moon embryo mass by a factor of 1.31 at the growth of the mass
of the Earth embryo by a factor of 26.2. For the above formula, the fraction of
iron in the Earth is 0.33(1-1/26.2)=0.317. In [1] the increment dm of the embryo
mass m was proportional to m?, i.e. to r°. At r_, proportional to r* or to r (i.e.,

at dm proportional to r* orr?), the growth of the” Moon embryo mass is greater
than it is needed to obtain the present fraction of iron in the Moon for growth
of the Earth embryo mass m_by a factor of 26. May be at the gas/dust stage
the relative growth of m_was faster than at r . proportional to r*? For growth of
the embryos only by direct accretion of solid’} planetesimals, the initial mass of
the Earth embryo could not differ by an order of magnitude or more from the
present mass of the Earth if we try to explain the differences in the fractions of
iron in the Earth and the Moon.

Besides direct collisions with planetesimals, the Moon embryo could also grow
by accumulation of almost iron-free material ejected from the Earth embryo
at impacts of planetesimals with the Earth embryo. It allows one to consider
smaller (than in the above estimates) initial masses of the embryos. In the case
of such accumulation, the fraction of iron in the initial embryos could be close
to that in the present Earth. This model differs from the known multiple impact
models (e.g., [11]) by that the embryo of the Moon in mymodel was formed
from the same rarefied condensation, as the Earth embryo, but not from
a disk of material ejected from the Earth embryo. The model of the formation
of a solid planet with a large satellite can also work for some exoplanet.

CONCLUSIONS:

The embryos of the Earth and the Moon could form as a result of contraction of
the same parental rarefied condensation. A considerable fraction of the angu-
lar momentum of such condensation could be acquired at a collision of two
rarefied condensations. The present angular momentum of the Earth-Moon
system could be acquired at the collision of two identical rarefied condensa-
tions with sizes of their Hill spheres, which total mass was about 0.1 of the
mass M. of the Earth and which heliocentric orbits were circular. The initial
mass of the rarefied condensation that was a parent for the embryos of the
Earth and the Moon could be relatively small (0.02M_ or even less) if we take
into account the growth of the angular momentum of the embryos at the time
when they accumulated planetesimals. The angular momenta of the conden-
sations that were parents for the embryos of the terrestrial planets other than
the Earth were not large enough for formation of large satellites as the Moon,
because these condensations did not collide with such large condensations as
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the parental condensation for the Earth-Moon system did.The Moon embryo
could get more material ejected from the Earth embryo than that fell directly on
the Moon embryo.

The work was supported by the grant of Russian Science Foundation N 17-17-
01279.
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INTRODUCTION

The influence of rocks on nighttime surface temperatures is a well known phe-
nomenon used to characterize rock abundance (RA) of planetary surface. LRO
Diviner Radiometer measurements of surface temperatures, sensitive to the
thermal conductivity of the surface layer to the depth from several cm up to
meter, were used to construct rock abundance maps of Moon available now
through PDS [1]. Taking in to account importance of such data for models of
surface evolution and especially for developing engineering models for safe
spacecrafts landing we conducted comparison of this data with direct rock
count on LRO LROC images.

DATA

RA Diviner map with resolution 128 pixels per degree and latitude cover +80°
was taken from PDS (http://pds-geosciences.wustl.edu/Iro/Iro-I-dIre-4-rdr-v1/
IrodIr_1001/data/gdr_I3/cylindrical/jp2/). This map was derived from Diviner
data collected from July 5, 2009 through September 2, 2012. Pixels values
corresponds to the areal fraction of the surface covered by rock fragments as
estimated using the technique described in [1].

We performed visual rock counting using LROC NAC images with spatial res-
olution ~0.5 mpp for several areas in Boguslavsky and Oppenheimer crater.
Because of the resolution limits, in our study we considered only those rock
fragments that are larger than 1 m. The total number of boulders in the 1-13
m range counted at the Boguslawsky site is 21815; for the Oppenheimer area
boulders were measured in the 1-14 m range, their total number is 19051.The
LROC NAC rocks count were converted to RA map with the same resolution
as Diviner RA map.

METHOD

Correlation between Diviner RA map and LROC RA map was performed using
several methods: visual comparison of maps and profiles, calculation of corre-
lation coefficients and plotting histograms.Visualization of maps, rock counting
on LROC images and statistical analysis of data were performed with the use
of ArcGis software.

RESULTS

Qualitative agreement between data are seen on the Diviner RA maps of
Boguslavsky and Oppenheimer craters with overlaid points of rock location
according to LROC images. This conclusion is supported by corresponding
profiles through this maps. At the same time Diviner RA maps show higher
concentrations of rocks than seen on LROC images. Correlation coefficients
between Diviner RA and LROC RA is near to 0.7 for massif of data from
Oppenheimer and Boguslavsky craters taken together or independently. Level
of correlation significantly decrease in case of correlation on local region rep-
resented by n10 pixels with low variance of RA.

DISCUSSION

On a qualitative level Diviner and LROC RA data are in good agreement. RA
are correlated with factor near to 0.7, but absolute values of LROC RA are
n10% smaller because they are significantly underestimated due to resolution
limit of LROC images. This may be also due to Diviner instrument sensitivity
to partially buried rocks and near surface buried rocks which could not be
analyzed via LROC data. This statement must be taken in to account while
constructing rock abundance models of landing sites on the basis of Diviner
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data. Decreasing of correlation level at local scale may be interpreted as 128
pixels per degree resolution of Diviner RA map to be overestimated. To fully
validate Diviner RA data it is necessary to input in to analyses additional data
which may be represented by MiniRF radar data and MOLA roughness data at
the scale of laser footprint.
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Roughness is one of important surface characteristics, which shows relative
height variation. It can be defined differently depending on which calculation
method is used. In previous studies [1] we calculated global Mercury topo-
graphic roughness as interquartile range of the Laplacian second derivative
by means of specially developed GIS toolkit [2]. This method was developed
and tested earlier on the example of the Moon [3] and Mars [4].

In this study we have used another technique — relative topographic position
[5]. By this method topographic position of each pixel is identified with respect
to its local neighbourhood. Moreover, we have carried out comparative anal-
ysis of these two methods. The results are used to develop a morphological
classification for a new global Mercury cartography, including interactive web-
maps of topographic roughness.
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INTRODUCTION:

It is assumed in a number of papers studying Saturn’s icy satellite Titan inter-
nal structure, that the satellite contains a significant amount of hydrated sili-
cates, since hydration of silicate minerals is a common process in icy space
objects, the formation of which is associated with the melting of ice. In aca-
demic literature the models are discussed that allow the long-term stability
of hydrous silicates in Titan’s core [1], as well as the models that take into
account the possible dehydration of a portion of the hydrated substance,
leading to the formation of a large silicate core in the center of the satellite
[2]. In such models, Titan is assumed to consist of an external water-ice
shell (H,O-ice + internal water ocean) and a lower-lying layer represented by
hydrated minerals of the serpentine group (antigorite, chrysotile, lizardite) +
innermost iron-silicate core.

Alternative models represent Titan as a partially differentiated body in which
the separation of ice and rock components was not complete. In this case,
the internal structure of the satellite includes an outer water-ice shell below
which there is an extended layer (mantle) consisting of a homogeneous mix-
ture of rock and water ice in the form of corresponding H,O polymorphs stable
at the satellite’s pressures. In the center of Titan, undef the rock-ice mantle,
an iron-silicate core of uniform density is assumed to be [3, 4].

Both groups of models are in a good agreement with the measured physical
characteristics of Titan (mass, density, moment of inertia). However, pre-
liminary calculations [5] showed that the estimates of the total H,O content
in Titan obtained for each group of models differ S|gn|f|cantly However,
the total H,O content, as well as the water/rock ratio, could be important
criteria whén choosmg a certain model for studying the internal structure
of the satellite.

METHODS:

In the present paper we continue our earlier studies of this issue [5]. The inter-
nal structure of Titan in terms of partially differentiated model was calculated
in more detail. In setting the task, the composition of Titan’s rock-iron mate-
rial was estimated by analogy with the ordinary L/LL chondrites. An additional
requirement was to determine the possible extent of silicates hydration in
the satellite. Since the degree of Titan’s chondrites hydration (the amount of
hydrous silicates) is not reliably known, in the performed calculations this value
was used as a varying parameter with respect to which the whole density pro-
file in the satellite was built. Thus, the task was to calculate the range of pos-
sible models of Titan’s internal structure, characterized by varying degrees of
silicates hydration and satisfying the data on the satellite’s mass and moment
of inertia.

To solve this problem, a number of procedures have been added to existing
software algorithms [4], which allow us to calculate the density of the rock com-
ponent in the satellite’s mantle and inner core more accurately using the equa-
tions of state for silicates and hydrous silicates. When calculating the density
of the inner core, the processes of hydration/dehydration of silicates which take
place at 900 K under the satellite’s pressures were also taken into account.

The total water content in Titan was determined as the bulk concentration
of H,O in the outer water-ice shell (liquid water + H O-ice) and in the rock-ice
mantle (H,O-ice + bound water in hydrous silicates). The proportion of bound
water in tﬁe hydrated minerals was assumed equal to 13 wt%, which corre-
sponds to the average content of H O in the minerals of the serpentine group.
The calculations were carried out af various moments of inertia of Titan in the
interval of 0.32<I/MR?<0.36.



8MS3-PS-39

RESULTS:

Research findings show that in chosen interval of moments of inertia
the amount of H O in partially differentiated Titan is 38-55% (Fig. 1).
For the moment of inertia I/MR2 = 0.342 [6], the water content in the sat-
ellite does not exceed 53.5% (the ratio of H,O (liquid, ice)/rock is equal
to 1.15). The figure also shows that the minimum values of the water content
in Titan correspond to the complete hydration of the satellite’s substance.
The maximum content of H O is achieved in the complete absence of
hydrated phases in Titan. Thus, increase in the substance hydration in
Titan leads to decrease in the total water content in it. In this case, there
is no essential linkage between the moment of inertia of the satellite and
the amount of hydrous silicates in it.

56 T T T T T T T T T

H20, wt. %

0.32
0342
0.36

38 —r T T T T T T 1
0 20 40 60 a0 100
Degree of chondrites hydration, %

Fig. 1. Total H,0 content in partially differentiated Titan at different degree of chondrites
hydration in the moments of inertia interval of 0.32-0.36.

Theline indicates the solar ratio of H,O/rock [7]. The black rectangle corresponds
to the H,O content in Titan calculated for models of the fully differentiated sat-
ellite with a hydrous silicate mantle.

According to the data on solar water abundance in the Solar system [7],
the solar abundance of H,O is generally higher than the abundance
of the metallosilicate substance: the solar H O-ice/rock ratio is 1.17. The
results obtained in the present study show thaf partially differentiated Titan is
slightly depleted of H, O ice compared to the ice/rock ratio in the solar composi-
tion. Deviations from the solar proportion may indicate ice loss during accretion
processes (for example, as a result of the collision and ablation of planetes-
imals in the gaseous medium of the accretion disk). Another explanation
for the low content of H,O component in Titan may probably be the initial dif-
ference from the solar proportions of the amount of H, O-ice in the ice plane-
tesimals accreted by the satellite. Water loss could also be associated with
the mechanical removal of surface ice after intensive meteorite bombardment
of Titan about 4 billion years ago.

Fig. 1 also shows the water content in Titan, typical for the satellite models
with a purely mineral hydrous silicate mantle, implying a complete differentiation
of the satellite matter into an ice and rock component [1, 2]. The expected
water content in such models does not exceed 38-40%, the water/rock ratio is
about 0.6, which is almost two times lower than the solar one [5].

Against the background of the general decrease in the water content in Titan
compared with solar abundance, it is nevertheless possible to build the satellite’s
models that are close to the solar ratio (in Fig. 1 this models are represented
by an area of points corresponding to the water content of more than 50%, the
ratio of H,O-ice/rock is = 1). As can be seen from the figure, the total degree
of silicates hydration obtained in these models does not exceed 30%. Moreover,
the calculations show that all the hydrated material is located in the rocky component
of the satellite’s mantle. The inner iron-silicate core of the satellite contains only a few
percents of hydrated silicates and has an average density of 3.4-4.0 g/cmd.

In Fig.2 the structural diagram of Titan as a function of total H,O content is shown.
It follows from the figure that when the H,O content in the satellite exceeds 50%,
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Fig. 2. Titan internal structure with internal ocean (the satellite’s heat flux value is 5 mW/m?)
as a function of total H,O content in the satellite.

Titan contains an anhydrous inner core with a radius ~1000 km, rock-ice mantle
with ~30% of hydrated silicates and outer water-ice shell ~440 km. This model
well aligned with the H,O content in Galilean satellites of Jupiter - Callisto and
Ganymede, which makes it more reliable than other discussed models.

ACKNOWLEDGEMENTS:
This research was supported by the RFBR grant Ne 15-05-02572.

REFERENCES:

[1] Sohl F., et al. Structural and tidal models of Titan and inferences on cryovolcanism //
J Geophys. Res. Planets. 2014. V. 119(5). P. 1013-1036.

[2] Castillo-Rogez J.C., Lunine J.I. Evolution of Titan’s rocky core constrained by Cassini
observations // Geophys. Res. Lett. 2010. V. 37. P. L20205.

[3] Tobie G., Gautier D., Hersant F. Titan’s Bulk Composition Constrained by Cassini-
Huygens: Implication for Internal Outgassing // Astrophys. J. 2012. V. 752(2). P. 125.

[4] Dunaeva A.N., Kronrod V.A., Kuskov O.L. Physico-chemical models of the internal
structure of partially differentiated Titan // Geochemistry International. 2016. V. 54(1).
P. 27-47.

[5] Dunaeva A., Kronrod V., Kuskov O. Models of Titan with rock-ice or hydrous sili-
cate mantle. 2014. Proceedings of the European Planetary Science Congress. Cascais.
Portugal. 2014. V. 9. P. 663.

[6] less L., et al. Gravity field, shape, and moment of inertia of Titan // Science. 2010.
V. 327(5971). P. 1367-1369.

[7] Lodders K. Solar system abundances and condensation temperatures of the ele-
ments // Astrophys. J. 2003. V. 591(2). P. 1220.



8MS3-PS-40

MAGNETIC FIELD MEASUREMENTS
AROUND GANYMEDE AND AT ITS SURFACE

S.V. Kulikov', A. A. Skalsky '
'Space Research Institute of the Russian Academy of Sciences Profsoyuznaya
Str 84/32, Moscow, Russia, 117997, kulikov@rx24.ru

KEYWORDS:

Ganymede; Jupiter; Magnetic fields; Solar system bodies; Electromagnetic
induction; Magnetospheric physics; Plasma waves; lonosphere.

INTRODUCTION:

The Ganymede-moon is a very interesting object to investigate. It is known
to possess intrinsic magnetic field and, as a consequence, its own magneto-
sphere embedded into the Jupiter’s large magnetosphere. The Jupiter magne-
tospheric plasma flows around the Ganymede with the subsonic velocity with
no bow shock formed around it [1]. Data gathered closely to Ganymede show
signatures of induced magnetic field which allows the hypothesized existence
of the subsurface ocean in the interior of Ganymede|[2,3,4].

The present paper is aimed to overview known and tentatively assumed wave
phenomena around the Ganymede and approaches to probe the interior
of Ganymede with simultaneous magnetic field observation at its surface and
at orbits around it.
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INTRODUCTION:

In 2004 on Jupiter we first detected a strange depression in absorption
in the 787 nm NH, absorption band, that was observed in the Northern
hemisphere at low fatitudes [1, 2]. The similar feature was noted with radio
observations at the millimeter wave range [3, 4] at enhanced brightness tem-
perature in the NEB. That may be considered as an evidence of decreased
ammonia abundance at the lower northern latitudes on Jupiter. Based on our
spectral observations of Jupiter in 2005-2015, we carried out a preliminary
analysis of the data about the spatial-temporal variations in the 645 and 787
nm NH, absorption bands over this period. These data were derived from
the measurements in five main belts of Jupiter: the Southern and Northern
Tropical Zones (STZ and NTZ), the Southern and Northern Equatorial Belts
(SEB and NEB) and the Equatorial Zone (EZ).

THE SPECTRAL OBSERVATIONS AND THEIR PROCESSING:

The CCD-spectrograms of the central meridian of Jupiter were selected for
processing the spectra of the five measured zones. In general, 600 zonal spec-
tra with a width of 15 pixels or about 3.7 arc sec on the disk of Jupiter were
measured. The measurements of the ammonia absorption bands are certainly
rather difficult, since they are overlapped with more extended methane bands.
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Fig. 1. The examples of the NH, absorption bands profiles

The 787 nm NH, absorption band was extracted with using of ratios
of the Jovian spectra to the Saturn’s disk spectrum that was taken as
a reference. “Clear” profiles of the NH, bands are shown in Figure 1. The result
of the measurements consisted in oétaining the estimates of the absorption
bands’ equivalent widths and variations in their values over zones and years.
The average values of the equivalent widths for all measurements are:
W =6.24 + 0.59 A for the 645 nm NH3 band; W = 17.98 + 1.37A for the 787 nm
NH3 band. But over different years and zones the observed variations behave
differently.

MAIN RESULTS AND DISCUSSION:

Figure 2 shows histograms of temporal (annual) changes in ammonia absorp-
tion separately in each of the five investigated belts of Jupiter. To compare the
zonal behavior of absorption over the years, the data are plotted in Figure 3.
One can see that the absorption variations are not the same for these two bands
of ammonia. As in our other studies, the latitudinal variations for the two bands
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are obviously different. A lowered absorption of ammonia in the 787 nm band
in the NEB remains a peculiar feature, repeated every year. Unlike the thermal
radio emission, when a cloud layer does not affect its passage, the formation
of the NH, bands in the visible spectral range depends noticeably not only on
the local content of gaseous ammonia, but also on the properties of the scat-
tering cloud bulk. Perhaps the differences in the behavior of these bands are
related to this, although it is strange that a more intense 787 nm band shows a
better agreement with the data of radio observations.

Exquivabent with (A}
@ e w o oaow

sz =B -] NEB NTZ sz sEB EZ WEB Wz

Fig.2. The annual variations of the 645 and 787 nm NH, bands equivalent widths.
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Fig. 3. A comparison of temporal variations in the NH, absorption in the five Jovian
latitudinal belts.

Figure 4 shows the relative values for both NH, absorption bands averaged over
all years and normalized to EZ. The depressnon of absorption in the 787 nm
band in the NEB manifests itself quite clearly, and on the average it reaches
about 20 percent.

This difference may be also seen if one compares the averaged values
of equivalent widths of both absorption bands with each other, as shown
on the right part of this figure.

CONCLUSION:

We measured the intensity of the 645 and 787 nm NH, absorption bands
in five latitudinal belts of Jupiter (STZ, SEB, EZ, NEB and NTZ) during almost
full period of its revolution around the Sun: from 2005 to 2015. The variations
in the equivalent widths of the bands were investigated. The permanently low-
ered intensity of the 787 nm NH, band in NEB is confirmed. There are also some
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Fig. 4. The ammonia absorption bands’ intensities averaged over time and normalized
to EZ, and a comparison of the averaged equivalent widths of the two ammonia bands
with each other.
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systematic differences in latitudinal and temporal variations between the 645
and 787 nm ammonia bands. From the measurements of these bands and from
the data on the brightness temperatures in the radio [4] and infrared [5] ranges
of thermal radiation, one can see the longitudinal variations are existing. Their
study, especially from the standpoint of significant changing From the measure-
ments of these bands and from the data on the brightness temperatures in the
infrared [4] and radio [5] ranges of thermal radiation, one can see the longitudinal
variations are existing. the content of gaseous ammonia at different latitudes and
longitudes, is very important and interesting. So, all the results obtained, stimu-
late the continuation of further, more detailed, studies.
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Magnetic reconnection is a physical process in which magnetic field changes
its topology, converting magnetic energy to the thermal energy and bulk flow
energy of the accelerated charged particle flows. This process has a signifi-
cant impact on the interaction between magnetized planets and the solar wind.
It depends on the efficiency of reconnection, whether the interplanetary mag-
netic field (IMF) can penetrate the magnetosphere. In the present work we con-
sider the case of Saturn. We test two models of the Saturn’s magnetosphere.
The first one is “open”, in which the IMF penetrates the magnetosphere and
reconnection is relatively efficient. The second one is the “partially closed”
model, in which the IMF does not cross the magnetopause. It is important, that
the second model only is partially closed, because magnetospheric magnetic
field lines connect with the IMF lines in the distant tail. We use magnetometer
data from the Cassini spacecraft, ultraviolet images of Saturn’s aurora from the
Hubble Space Telescope and the paraboloid model of Saturn’s magnetospheric
magnetic field to examine which of these cases has been realized in nature.
We show, that the efficiency of reconnection at Saturn depends on the orienta-
tion of the IMF, with reconnection at the two neutral points in the cusp regions
for the case of the strong southward IMF is probably being the mostly efficient.
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The main purpose of this study is to experimentally detect, record, and identify
any nucleotides and their oligomers that may be synthesized in impact-pro-
duced plasma simulating high-velocity meteorite impact processes with high
fidelity under laboratory conditions using both a pulsed laser and a light-gas
gun [1].

This empirical study seeks fundamental results that may confirm the feasi-
bility and validity of impact-produced nucleotides under natural conditions.
Specifically, Q-switched laser illumination of a solid target produced plasmas
that simulated meteorite post-impact plume processes. In addition, in select
cases a light gas gun was utilized to conduct more direct impact studies
of high-velocity meteoroid impacts on mineral targets.

Results confirmed that, irrespective of the origin of the plasma torch, during
adiabatic plume dispersion and cooling, organic compounds crucial for the
emergence of life are synthesized with remarkable effectiveness. Furthermore
there is evidence of plasma-generated amplification of enantiomeric excesses
in chiral compounds, and further complexification, self-assembly, and ordering
in these transient, dispersive processes.

To fully investigate this tantalizing process, we developed a technique that
makes it possible to study, stepwise, the properties of the impact torch plasma
that may contribute to synthesis of amino acids and nucleotides in separate
impact experiments. The corresponding target media differed only by the ele-
mental composition of the targets in that the sample used to study amino acids
contained no phosphorus.

1. The study of amino acids [2] in impact simulations showed that the follow-
ing processes occur systematically with targets containing carbon, nitrogen,
oxygen, and hydrogen:

- the synthesis of protein amino acids — glycine, alanine, and serine;

- the de novo elevation of enantiomeric excess in alanine at the ratio 1.68 in
L-alanine over D-alanine (the sign of which conincides with terrestrial biol-
ogy, despite the lack of any measurable biocontaminating background.) It is
proposed that chiral physical fields generated in the plasma torch produce
a polarization force yielding enhanced molecular stability consistent with the
observed sign (L-excess).

- self-assembly of organic polymers and some peptides with atomic masses
reaching 1300 and 300 AMU, respectively.

2. When studying the possibility of the synthesis of nucleotides in impact-pro-
duced plasma we added phosphorus to the sample (in addition to carbon,
nitrogen, oxygen, and hydrogen in varying proportions). Impact pressures
of 425 GPa generated by 12 high-velocity tungsten impactors ensured com-
plete atomization and ionization in the plasma plume generated from the
bulk target.

Initial runs with targets depleted of N and C produced no amino acids or nucle-
otides. It was shown that the structural unit synthesized in the impact plasma
was orthophosphoric acid which was observed as oligomers of degree n = 2 to
n = 25 with empirical formula (H,O,P),.

The possibility of stochastic synthesis of such a compound is of great interest
because it can serve as the skeleton of the reactive center for the synthesis of
nucleotide chains (potentially leading to RNA and DNA) with the right confor-
mation to covalently bond with purine or pyridine bases.

Primary nucleic acids could also be represented by poly-orthophospate chains
with sterically axial arrangement of nitrogenous bases.
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Following on these studies, new targets additionally containing C and N have
been prepared to encourage potential synthesis of nucleotides. These results
are pending confirmation.

The results of the studies showed that the plasma torch may create conditions
necessary for the formation of the crucial organic compounds for the emer-
gence of life, such as protein amino acids and their derivatives, potentially
nucleotides themselves, and important synthetic processes and structures that
may enable their polymerization.
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INTRODUCTION:

We propose a new technique for the detection of microorganisms by elemental
composition analyses of a sample extracted from regolith, permafrost, and ice
of extraterrestrial bodies. We also describe the design of the ABIMAS instru-
ment, which consists of the on-board time-of-flight laser mass-spectrometer
(TOF LMS) and the sample preparation unit (SPU) for biomass extraction.
This instrument was initially approved to fly on-board the ExoMars lander 2020
mission. The instrument can be used to analyze the elemental composition of
possible extraterrestrial microbial communities and compare it to that of terres-
trial microorganisms.

TECHNIQUE AND INSTRUMENT:

Laser ablation mass-spectrometer.

Laser ablation time-of-flight mass spectrometer LASMA was developed for
Phobos-Grunt mission. It is based on the heritage of LIMA-D for PHOBOS mis-
sion. LASMA able to solve multiple tasks in the study of regolith composition
and structure. [1, 2] A next-generation device ABIMAS based on LASMA has
been developed last years. The instrument allows for study of the elemental
and isotopic composition of samples in laser ablation mode and molecular ions
desorbed from the samples in soft ionization mode.

The spectrometer has an axial symmetry relative to both laser emission and
the motion of the plasma ions of the plume. This configuration ensures high
reproducibility of the mass spectra and the capability to analyze the sample
layers down to a depth of 1-2 mm.

The laser pulse causes ablation, complete dissociation, and ionization of
sample material within the focal spot. Its intense heating ensures the emis-
sion of the target material in the form of plasma ions. lons emitted from the
target are confined by the ion optics and guided into the drift tube, where they
are separated by time of flight proportional to their mass. After reflection in a
retarding electrostatic field of the ion reflector, the ions are detected by the
secondary electron multiplier — a microchannel plate assembly. The output
signal from the electron multiplier is fed through the amplifier to the high-speed
analog-to-digital converter and stored in memory as a single spectrum. From
the time of flight of the ions and the intensity of their mass peaks, elemental
and isotopic composition of the substance under investigation can be accu-
rately determined.

To ensure functioning in the dense atmosphere the instrument must be
equipped with a vacuum chamber and appropriate pumping system.

SAMPLE PREPARATION UNIT

The laboratory prototype of SPU was developed, manufactured, and success-
fully tested in the Laboratory of Active Diagnostics and Mass Spectrometry,
Space Research Institute, Russian Academy of Sciences. This unit serves for
partial separation of microorganisms and mineral particles and enrichment of
the processed sample in microorganisms along with its desalting using car-
tridges that contain a mixed layer of ion-exchange anion resin and cation resin.
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Their total action achieves a purification factor of 102-103, given the initial 1500
ppm of dissolved salts. After purification, the suspension, rich in microorgan-
isms, is supplied to the target’s substrate. The water evaporation from the
surface of the metal substrate ensures the formation of the layer of microor-
ganisms and mineral particles. Subsequently, the target is put for the analysis
into the mass spectrometer on the focal plane of the laser beam.

ANALYSIS TECHNIQUE

A laboratory prototype of the instrument based on LASMA TOF MS after sig-
nificant improvements was used to detect the microbial biomass in soil and
ice/permafrost samples via analysis of the elemental composition. For this
analysis, we chose as biomarkers P/S and Ca/K ratios, and abundances of
N and C. Our approach is based on the selectivity of nutrient absorption by
microbial cells from the environment. Previously, it was found that the ratios
P/S and Ca/K inside microorganisms change over the life cycle and depend
on the physiological state of the cells. Also, fossilized microorganisms can be
distinguished from microorganisms present in the active state. The elemental
microanalysis makes the detection of cells in a native mineral environment
possible due to the selective accumulation of these elements by cells. [3]

RESULTS AND CONCLUSION:

We have conducted numerous laboratory studies to confirm the possibility of
biomass identification via the following biomarkers: P/S and Ca/K ratios, and
C and N abundances. We underline that only the combination of these factors
will allow one to discriminate microbial samples from geological ones.

Our technique has been tested experimentally in numerous laboratory trials on
cultures of microorganisms and polar permafrost samples as terrestrial ana-
logs for martian polar soils. [4, 5]

The developed technique can be used to search for and identify microorgan-
isms in different martian samples, and in the subsurface of other planets, sat-
ellites, comets, and asteroids, in particular, Europa, Ganymede, Enceladus,
comets, and asteroids. This approach can also be used to analyze the chemi-
cal composition of martian aerosols.
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INTRODUCTION:

Investigation of organic carbon from the Tissint Martian meteorite provided evi-
dence on the past existence of subsurface organic-bearing fluids on Mars [1].
Meteorites containing abundant carbon and carbon-enriched dust particles
have reached the Earth daily [2]. During inhalation, nano-/microsized particles
are efficiently deposited in nasal, tracheobronchial, and alveolar regions and
can be transported to the central nervous system [3].

Recently, we have shown that enrichment of inorganic Martian dust simulant
with carbon component, i.e. nanodiamonds, can cause neurotoxicity.

METHODS:

preparative biochemistry, radiolabeled technique, spectrofluorimetry

RESULTS:

The aims of this study were to upgrade inorganic Martian dust stimulant
derived from volcanic ash (JSC-1a/JSC, ORBITEC Orbital Technologies Cor-
poration, Madison, Wisconsin) by new carbon component — carbon dots and to
assess acute effects of upgraded stimulant on the main characteristic of syn-
aptic neurotransmission and to compare its effects with those of inorganic dust
and carbon dots per se. Acute administration of carbon dot-containing Mar-
tian dust analogue resulted in a significant decrease in Na*-dependent uptake
of L-["*C]glutamate (the major excitatory neurotransmitter in the central nerv-
ous system) and [*H]-y-aminobutyric acid (GABA) (the major inhibitory neu-
rotransmitter). The ambient level of L-["*C]glutamate and [*H]JGABA in the
preparation of isolated rat brain nerve terminals (synaptosomes) increased in
the presence of carbon dot-contained Martian dust analogue.

CONCLUSION:

Our results indicate that carbon dots as a component of native Martian dust
can have deleterious effects on glutamate and GABA homeostasis in the cen-
tral nervous system that can disbalance processes of excitation and inhibition.
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INTRODUCTION:

In this paper, first, the conditions for the growth of a plant in space are exam-
ined and then the variety of plants that are more compatible with these condi-
tions are studied and examined too.

Due to the vacuum situation and lack of oxygen gas, a suitable solution should
be presented in this regard. Accordingly, over the examinations and studies
carried out, it seems highly significant that at first find plants, which are capa-
ble of germination under conditions of lack of oxygen. Therefore, the shock
caused by the effect of changing the amount of oxygen can ultimately lead to
mRNA density. It is worth noting that skin thickness is one of the factors that
affect this process.

In addition, considering the location constraints in space, it should be possible
to reduce the size of the plant to the extent possible in order to preserve plant
characteristics. In this case, methods such as root stimulation and reduction of
hypocotyl length, which are also effective factors that caused increasing VUE
(Volume Utilization Efficiently) should be taken into consideration.

The growing chambers ofc plants in the space station have environmental con-
ditions such as temperature, humidity, irrigation, etc. and the nutrition system
should be designed in order to save energy and ease of use in order to use
inactive systems for feeding.

In addition to the factors mentioned regarding the conditions necessary for
the growth of plants in space, in order to increase the absorption of nutrients,
increase drought resistance and root pathogenic factors and increase plant
resistance to water deficit stresses, there is a great deal of evidence that coex-
istence fungi can cause changes in plant arable relationships and improve
drought resistance in the host plant. In this study, the aforementioned points
will be discussed and it will be explained why mycorrhiza can have good water
absorption efficiency. Generally, mycorrhiza coexistence can provide a clear
vision as a suitable strategy for critical situations.
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INTRODUCTION:

Astrophysicists accept that there being life in the universe, elsewhere, on other
planets or even on moons and there are many researches that indicate, we are
not alone but in in a moment, life on Earth is the only known life in the universe.

The life on other planets depends on many parameters. More relevant param-
eters consist of discovery of water, organic matter, appropriate temperature,
pressure and PH. There are some environments in the earth that don’t have all
conditions, and call extreme environments. But some organisms as extremo-
philes can live there. The so-called extremophiles belong to a group of micro-
organisms is said that desire to live in extreme environments[1].

Many moons have acceptable parameters for life. One of the best candidates
for possibility of life among the object of the solar system is Jupiter's moons
like as Europa. Because of this special properties we can also study the spe-
cial life on it; microbial life.

Fig. 2. Europa’s surface & subsurface

1. EUROPA

Europa, is one of the Galilean satellites of Jupiter. This moon is very important
for search about of life in extraterrestrial objects. We need to know about com-
position of surface, subsurface and temperature of that for create conditionals
like Europa.

1.1 WATERICE

Telescopic observation of Galilean satellites by Kuiper suggested the presence
of water band confirmed by near-IR obtained [2,3].Europa’s trailing side con-
tains hydrate and H20O ice in variable proportion, whereas the leasing hemi-
sphere’s surface is dominated by water ice. The spacecraft measure magnetic
variations across Europa shows that the outer shell is shifting. The surface dis-
placement is anticipated that a subsurface flow like a liquid ocean beneath, on
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a planetary scale, is under the icy surface. The structure of Europa is unclear,
but most models, show a Silicate mantle and rocky core rich in iron and the
outer ice shell, that is thick with liquid water which in total is approximately
170-80 km. Water may be mixed with lime, that results to a chemical trans-
formation, transport of silicate mantle into the ocean as well as transfer them
ocean to icy shell.

1.2. HYDRATES

Hydrate compounds are any compounds that have chemically attached water
molecules or hydrogen and oxygen atoms. Have seen many absorption bands
in Europa’s surface. Two emplanations are given for these bands:

A.Hydrated salts
B.Hydrated sulfuric acid.

Material was taken from the ocean was considered primary salt source of
hydrated salts [4].Primary sulfur source of hydrated sulfuric acid is sulfur ion,
sulfide and sulfoxide. At the moment, no definitive evidence for acid and salt
with current data.Spectroscopic data show magnesium [5]. Magnesium sulfate
accepts easily the water molecule.The ratio of some compounds:

H2S04= 25- 35 %

Na2S04= 25- 40 %

MgSO4= 24- 50 % [6]

The main source of these salts is series of hydrogen sulfate, metal oxide and
hydroids[7]. Sulfate and other hydrates is turned to SO2 with removed of metal

atoms.The result of this reaction can be MgO, Mg(OH)2, Na20, Na202 and
NaOH, that Mg(OH)2 is stable[8].

1.3.S02

Absorption spectrum in 0.28 um was observed in leading and trailing side of
Europa.Which attributed it to SO2[9], this molecule is very reactively and there
is gas fase in low temperature (<31 K) [10].Sulfur trioxide (SO3), reacts with
water, rapidly and producing H2SO4.The existence of SO2 was checked out in
the laboratory and it coincided with the trailing side features but, SO2 features
not seen in leading side of Europa.

1.4. EUROPA TEMPERATURE

Europa surface temperature is between 86 to 130° Kelvin and the temperature
is not suitable for life. But beneath the icy surface of Europa Hydrothermal
vents have been proposed that could provide the required temperature for life.
Temperature hydrothermal vents on the earth between 350 and 400 ° C, which
by nearing to the Europa icy surface, temperature is gradually reduced and
appropriate growth of thermophilic bacteria. In addition, the tidal created as the
temperature more than freezing point.

2. BACTERIAL SPECIES

After studying environments similar to Europa and extracting bacteria that lives
to this environments, Desulfotomaculum is selected.This bacteria is Extremo-
phile and it can survive at high temperatures and containing spores that can
tolerate freezing conditions.Also this bacteria can using sulfur compounds and
producing hydrogen sulfide.

3.FUTURE AND FEATURE

As | mentioned, study Europa’s life needs some simulation to simulate param-
eters and situation of this moon in laboratory. In this study, | try to make this
condition in labratory to study Europa’s life. By my preliminary study, | under-
stand that Europa has the most likeness with Sari- Soo hot spring in iran.
The survey on the structure of Iran’s extreme environment inhabitant extremo-
philes bacteria are reasons for expecting thermophilic microrganisms[1].
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Currently, astrobiology is focused on Mars as one of the most perspective
objects in the Solar System to search for microbial life. It is supposed that early
Mars was the planet with the fairly mild climate. At this time the biosphere could
be formed and preserved to the present day in anabiotic state. The duration of
its preservation is limited by the effect of ionizing radiation.

We studied the survivability of the permafrost and desert soil microbial com-
munities (as terrestrial analogs of putative Martian ecosystems) at irradiation
by gamma radiation (1 MGy) under simulated conditions (low temperature
and pressure) of the surface layer of the Martian regolith. Exposure has not
resulted in the death of microbial complexes: they retained a high number of
living cells, potential metabolic activity and biodiversity.

Among the cultured bacteria, representatives of the genera Arthrobacter,
Microbacterium, Bacillus, Pseudomonas, Sphingomonas, Cryobacterium and
Pseudoxanthomonas were found. The most resistant species of fungi which
dominated after impact of extreme conditions were Aspergillus fumigatus and
A. niger. Moreover, Emericella nidulans, Geomyces pannorum, Phialophora
fastigiata, Rhodotorula mucilaginosa, and some species of genera Acremo-
nium, Aspergillus, Cladosporium, Fusarium and Penicillium were observed.

Resistance to 1 MGy dose irradiation in simulated conditions proves that if
there was an Earth-like biosphere on the early Mars it could survived in the
surface or subsurface layers of the Martian regolith for more than tens of mil-
lions years after climate change. The study gives also some new grounds for
the approval of transfer of viable microorganisms in space.
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Photometric technologies have a potential for fast, simple and reliable iden-
tification and characterization of chemical compounds and microorganisms
in natural environments via a set of characteristic optical features (signa-
tures). Our study pursued three main goals and primarily focused on fluo-
rescence spectroscopy measurements of selected species of ubiquitous
terrestrial bio-compounds as a model for future terrestrial and extraterres-
trial applications.

The first aim was to specify the coordinates of maximal fluorescence signal
(s Ag,) and to verify that autofluorescence can be successfully used to
differentiate between various biogenic compounds through identification of
spectroscopic fingerprints. All measurements were done by using FP 8500
Spectrofluormeter (Jasco Co.). In total, 13 different compounds were tested:
FAD, ATP, tryptophan, alanine, arginine, phenylalanine, NADH, riboflavin, chlo-
rophyll, histidine, RNA, pyridoxine, bacteriorhodopsin.

The second aim was to determine the minimal concentrations of the compounds
that could be still detectable by the conventional fluorescence spectroscopy.
For all 13 substances, 20 mL aliquots of six dilutions (10'-10¢) were prepared
from 10-100 mM stock. The signals from the prepared dilutions were meas-
ured at fluorescence maxima at room temperature and plotted as a function of
the concentration.The lowest still detectable concentrations (0.1-1 uM) were
found for FAD, NADH, pyridoxine hydrochloride, tryptophan and riboflavin.
L-histidine, L-arginine and L-alanine were only detectable starting from 1 mM.
L-phenylalanine and ATP could be detected down to 10 uM-concentrations.
The third goal was to investigate the temperature dependency of intensity.
For this, the fluorescence signal of all compounds was measured at peak
intensity wavelength at 5°C, 25°C and 45°C (Table 1.).

For tryptophan, L-phenylalanine, L-histidine, L-alanine, NADH, bacterior-
hodopsin and pyridoxine hydrochloride, the highest measured sensitivity
of the detection was at 5°C, and exceeded the 25°C-sensitifity approximately
by factor 2. Interestingly, L-arginine, FAD and ATP demonstrated better detect-
ability at 25°C (labeled yellow).

Table 1:
Substance 5°C 25°C 45°C IEx/IEm
[nm]
L-Tryptophan (1mM) 4820 | 3370 | 1661 | 295/354
L-Phenylalanine (10mM) 1618 | 1091 | 522 265/281
L-Histidine (100mM) 102 83 66 275/305
L-Arginine (100mM) 16 29 10 290/410
L-Alanine (1M) 51 39 30 275/304
FAD (100mM) 244 348 261 370/528
ATP (10mM) 436 504 446 295/392
NADH (1 mM) 518 308 234 380/460
Pyridoxine (1mM) 3071 | 1635 | 1006 | 330/395
Bacteriorhodopsin 170 149 135 280/317
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INTRODUCTION:

In spite of large amount of research till now the bounds of life and cell resis-
tance are not elucidated. However, this question is one of the basic in astro-
biological investigations and plays the main role in choosing criteria for the
search of extraterrestrial life. Special attention to such kind of investigations is
drawn to bacteria, which inhabit extreme biotopes and adapted to effect of one
or several stress factors [1,2,3].

OBJECTS:

More than 450 strains of aerobic heterotrophic bacteria which belong
to a-Proteobacteria, Firmicutes, Actinobacteria, y-Proteobacteria and
B-Proteobacteria were isolated from different extreme biotopes:. soils, mineral
and ice samples taken in Eastern Siberia (Russia), the Sarpinian Basin (Russia),
the Gibson desert (Australia), Antarctic, the Sahara desert (Africa), Baskunchak
saltlake (Russia),theNegevdesert(Israel),NovayaZemlyaarchipelago(Russia),
the Namib desert (Africa), the Mojave desert (USA) and the Atlas mountains’
soil (Morocco). Resistance to wide spectrum of abiotic factors (temperature,
pH, presence of salts) and impact of antibiotics (Ampicillin, Kanamycin, Cepha-
lexin, Chloramphenicol, Doxycycline, Rifampicin, Tetracycline) were analyzed.
In this research the resistance to the same factors of bacteria, which were iso-
lated from soils and permafrost samples irradiated by ionizing radiation [4,5,6],

was also estimated. Strains iso-
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phenicol, Doxycycline and Tetracycline.

CONCLUSIONS:
All the above allow us to make the following conclusions:

1. Bacteria isolated from extreme habitats actively metabolize and multiply in
wide ranges of temperatures and pH.

2. Resistance to high concentrations of salts indicates active powerful mecha-
nisms of cells’ stabilization and adaptation.

3. Bacteria isolated using pretreatment by high doses of ionizing radiation
show high resistance to physicochemical and biological stress agents. This
attests that radiation leads to activate stress tolerance mechanisms [8].

4. These results extend our knowledge about life bounds and inspire us hope
in success in further astrobiological research.
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The purpose of this research was to study the functional activity of microbial
communities inhabiting living and working areas of the Russian Segment of
the International Space Station (ISS RS). The work is carried out in accord-
ance with the “Long-term program of scientific and applied research and
experiments planned on the Russian Segment of the ISS”, and is designed
for the entire period of operation of the station.

The probes were collected in the areas of possible multiplication and accu-
mulation of microorganisms [1-3]. Additionally, microorganisms and biological
activity in dust collected by a vacuum cleaner and on air filters have been
investigated, since these sites of spore and microbial cell concentration are
optimally suited to assess the entire diversity of species. The quantification of
bacteria was performed by epifluorescence microscopy. Potential functional
activity of bacterial communities was investigated by differential multisubstrate
testing (MST “Ecolog”, “Taxon”). In the basic version of MCT “ECOLOG” 47
substrates representing different classes of organic substances were tested.
The data obtained represent a 47-dimensional array, the processing of which
is carried out using multidimensional statistics (component analysis, cluster
analysis, etc.) [4]. Statistical software STATISTICA, SPSS, as well as the orig-
inal software ECOLOG were used for data processing. In the experiment the
amount of substrates utilized from the proposed substrate set and the intensity
of their consumption was estimated.

Composition of bacterial complexes found on the ISS RS suggests that these
organisms were absorbed from air and dust, since many of them, and primarily
the dominant species, are known as typical air and pedobionts.

In our research growth of physiological activity of microbial communities occu-

pying the dust in inhabited bays of space station was shown during three years
of follow-up. The biodiversity of dust communities has increased, and forma-
tion of steady and potentially active geterotrophic ecosystem was established.
The data allow to assume increasing concentration of organic substances in
the air aerosol of inhabited bays of spacecraft. The amount of substrates (N)
to be disposed of increased in the following series of samples: dust filter frag-
ment (sample A) <dust collector (fragment) (B) <dust from the dust collector
(C) <mucus from the pipeline (D) (Figure 1).

Bacterial complex in the specimen of the mucus strand (sample D) had
a comparatively low total bacterial count (8.0 x 107 cells/ cm2) (Table 1),
and the poor biodiversity of the cultivated forms. It showed low intensity but
rather wide range of metabolic activity. Similar signs can manifest a persistent
community, formed in flow systems and maintaining a low, but constant level
of metabolism. Such systems may have a hidden diversity of oligotrophic
forms, which are not detected by cultivation on relatively rich universal nutri-
ent media. Bacterial complex isolated from the dust filter fragment (sample A)
had high cell number and the greatest diversity. It actively utilized a narrow
spectrum of substrates. These facts indicate the development on the filter
potentially very active community with simplified structure. Two other samples
(B, C), the dust bag fragment and the dust, have similar characteristics and
occupied an intermediate position.

The method of rank distributions provides an opportunity to assess the degree
of stability and complexity of the studied living systems. This approach reveals
a weak stability and imbalance of the microbial systems under analysis.
Apparently, the interaction of microorganisms on the surface of the materials
investigated is difficult (there is no common physiological environment), and
microbial consortia have not formed stable interpopulation interactions, but
maintain the metabolic potential.

The results indicate a difference in the communities formed in different zones



of the ISS, their metabolic potential. The bacterial consortia studied are unbal-
anced, which implies their development under favorable conditions. A prom-
ising task is to identify the parametric limits of environmental factors that keep
microbial systems from progressing development.

This work was supported by RSF grant Ne 14-50-00029
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Fig.1. Distribution of samples in the space of functional diversity and biochemical activity
(M - the average color intensity in the reaction cell, N - the number of utilized substrates).

Table 1. The total count of bacteria and the number of culturable bacteria (CFU) in the
samples: A- dust filter (fragment), B - dust collector (fragment); C - mucus from the pipe-
line; C - dust from the dust collector

Ob6pasey N/cm2 KOE/cm2
A 7,0x108+1,2x108 5,5%x106+0,5%10°
B 1,6x108+0,3x108 1,2x105+0,6% 108
C 4,1x10'°+£0,9x10"° 1,9x107+0,7%107
D 8,0x107+1,0x107 6,5%x105+1,3%10°
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INTRODUCTION:

Modeling the behavior of biological objects in conditions of high radiation and
attenuated geomagnetic field is important scientific problem, because modern
space missions aim to reach different planets of solar system. The flux of
cosmic rays outside the magnetic field of the Earth could be dangerous for
space pioneers. It is a well-known fact that exposure to ionizing radiation leads
to a decrease of vital activity of biological objects.

In this work, we present a comparative study of the influence of space flight
conditions and model experiments on the photosynthetic apparatus of cyano-
bacterium Synechocystis sp. PCC 6803 (Synechocystis). The culture of wild
type Synechocystis was launched into space on the satellite “Foton M4” and it
orbited the Earth for 45 days. For modeling conditions of the space flight, we
used a cyclotron U-120 SINP MSU, which yields accelerated helium nuclei
with energy about 30.3 MeV. Changes in the structural and functional state of
the photosynthetic membranes of cyanobacteria was evaluated by variety of
optical methods, including fluorescence spectroscopy with picosecond time
resolution (Simple-Tau 130, Becker & Hickl).

It was found that the antenna complexes of Synechocystis - phycobilisomes
are the most sensitive to ionizing radiation and the conditions of space flight,
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Fig. 1. (A) - absorption spectra of the sample afterirradiation with alpha particles (116 kGy).
(B) - the ratio of optical density at wavelengths of 620 nm and 680 nm for samples after
exposure to 116 kGy, long-term storage and cosmic flight (Foton M4).
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Figure 1. shows that the presence of cells under these conditions causes
a significant decrease of the optical density in the region of phycobilisomes
absorption. Simultaneously, we observed an increase in the intensity and flu-
orescence lifetime in the region of 660 nm (Figure 2), which is probably due
to a violation of the integrity of phycobilisomes and decrease in the efficiency
of excitation energy transfer within phycobilisomes and from phycobilisomes
to the photosynthetic reaction center. The phycobilisomes of the cells exposed
to radiation are functionally different due to almost complete absence of non-
photochemical quenching (NPQ) [1]. Space flight and high doses of ionizing
radiation lead to inactivation of photosystem 2 (PS2). However, even after that
some part of the culture remains viable and placing it into normal cultivation
conditions leads to full restoration of all monitored parameters. Clarification
of the mechanisms of such sustainability of cyanobacterial cells require addi-
tional research.
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Fig. 2. (A) - Fluorescence decay kinetics of phycobilisomes in the control sample and a
sample exposed to 116 kGy. The average fluorescence lifetimes of the samples at 660
nm (B).
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In numerical simulations of Glise 436 b, two regimes of interaction of expand-
ing planetary wind (PW) and stellar wind (SW) were obtained using multi-fluid
model [1]. GJ 436 b is a Neptune-sized exoplanet rotating around parent star at
the distance of 0.028 au. For GJ 436 b, high value of in-transit absorption ~ 50 %
in Lya line was observed [2]. We obtained density distributions of planetary
protons, atoms and ENAs generated in interaction with SW at different XUV
stellar fluxes and in two different regimes: 1- compressed envelope around the
planet (Fig.1.); 2- extended day side stream in the direction of the host star.

Z  0<log(ng) <6 Z 2<log (ng) <8

10

r

Fig.1.' From left to right. Density distributions of planetary protons (n,,), atoms (n,)
and ENAs (n_,,). Plotted values are in log scale. White circle indicates the planet. The
streamlines of the corresponding components are shown in black.

The maximum temperature in the stream is about 3000-5000 K. To calculate
the transit depth absorption we used the interval of [-120; -40] km/s in Lya
line profile [3]. Absorption is caused mostly by ENAs, and reaches ~ 30 %
at intense stellar wind (V,,=181 km/s; n., =10%cm?® T  =1.5MK). At less
intense stellar wind (VSW=’7§6km/s; nSW=5-%3cm'3; TSW=\af.5MK) absorption
drops to 15 %.
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INTRODUCTION:

One of the complicating factors of the future robotic and human lunar landing
missions is the influence of the dust. Meteorites bombardment has accompa-
nied by shock-explosive phenomena, disintegration and mix of the lunar soil
in depth and on area simultaneously. As a consequence, the lunar soil has
undergone melting, physical and chemical transformations.

Recently we have the some reemergence for interest of Moon investigation.
The prospects in current century declare USA, China, India, and European
Union. In Russia also prepare two missions: Luna-Glob and Luna-Resource.
Not last part of investigation of Moon surface is reviewing the dust condition
near the ground of landers. Studying the properties of lunar dust is important
both for scientific purposes to investigation the lunar exosphere component
and for the technical safety of lunar robotic and manned missions.

The absence of an atmosphere on the Moon’s surface is leading to greater
compaction and sintering. Proper-ties of regolith and dust particles (density,
temperature, composition, etc.) as well as near-surface lunar exo-sphere
depend on solar activity, lunar local time and position of the Moon relative
to the Earth’s magneto tail. Upper layers of regolith are an insulator, which
is charging as a result of solar UV radiation and the constant bombardment
of charged particles, creates a charge distribution on the surface of the moon:
positive on the illuminated side and negative on the night side. Charge distri-
bution depends on the local lunar time, latitude and the electrical properties
of the regolith (the presence of water in the regolith can influence the local
distribution of charge).

On the day side of Moon near surface layer there exists possibility formation
dusty plasma system. Altitude of levitation is depending from size of dust particle
and Moon latitude. The distribution dust particle by size and altitude has esti-
mated with taking into account photoelectrons, electrons and ions of solar wind,
solar emission. Dust analyzer instrument PmL for future Russian lender mis-
sions intends for investigation the dynamics of dusty plasma near lunar surface.
PmL consists of three parts: Impact Sensor and two Electric Field Sensors.

One of the tools, which allows to simulate the dust emission from the Moon
and asteroids, its transport, deposition and its interaction with a lander, is
the SPIS-DUST (Spacecraft Plasma Interaction Software) code which based
on Particle-in-Cell (PiC) method.

This paper presents first results of SPIS-DUST modelling of the interaction
between the lunar plasma envi-ronment, regolith and a lander. The model
takes into account the geometry of the Luna-Glob lander, the electric properties
of materials used on the lander surface, as well as Luna-Glob landing place.
Initial conditions were chosen based on the current theoretical models of for-
mation of dusty plasma exosphere and levitating charged dust particles.
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INTRODUCTION:

Data of changes of amplitude Bx, By, Bz components of the interplanetary
magnetic field (IMF) during the January, 1%-11", 2007 measured from “ACE”
spacecraft, with 16 second time interval of digitization has been analyzed [10].
“ACE” spacecraft is located in one (L) from five points of the libration between
the Earth and the Sun, on distance about 1.5 million km from the Earth. “ACE”
spacecraft allows to give, at least, one hour for possibility of the preliminary
prevention about approaching from the Sun to the Earth of streams of the high
energy particles resulting at their collision with the magnetosphere of the Earth
to raised geomagnetic activity [6]. During the analyzed time period of work
of “ACE” spacecraft (January, 111", 2007) the independent ground and sat-
ellite data («WIND», « GOES» spacecrafts) about parameters of cosmic rays
(CR), the data about change of some generalized parameters of plasma of
the solar wind (Sw temp — temperatures, Nw - density the solar wind plasma),
and also its speed and the sign in Bx, By, Bz vector and scalar| B | com-
ponents of the interplanetary magnetic field, accessible through the Internet
within the limits of the International Program on the solar-terrestrial Physics
(ISTP) also has been analyzed [1, 3, 5-10]. The analysis of the decision of the
inverse problem of the electromagnetic potential [4] from continuous record
in length of 45000 seconds of the part of the data of Bz — component of the
vector of the interplanetary magnetic field measured on January, 8t-9t, 2007
on “ACE” spacecraft has shown that during the considered temporal period
(January, 8"-9™") | in the development phase of heliosphere sub storm in the
electromagnetic cross-sections of parameters of the measured interplanetary
magnetic field constructed by author, are observed. 2D — temporal and two
2D - the spatial fragment of the electromagnetic structure of IMF depending
on the longitude and on latitude GSE-coordinates of the direction of vector
of IMF measured in “ACE” spacecraft. 2D-spatial electromagnetic cross-sec-
tions are constructed in relative units (rel. un.). Distances (r ) from “ACE”
spacecraft to border of photosphere of the Sun (drawing top - r = 140 rel. un. —
values Bz - component of vector of IMF are closer to border of photosphere
of the Sun, the bottom part of drawing — r = 1 rel. un. — values Bz — com-
ponent of the vector of the interplanetary magnetic field near to the orbit of
“ACE” spacecraft round the libration point (L,), that is are closer to the Earth).
In the 2D - temporal electromagnetic cross-section depending on number of the
point of visualization (N = 900 points, At = 50 seconds) are well looked through
change of sign Bz — component of IMF vector, also as well as on usual linear
record measurements of IMF. It proves the spent calculations at the decision
of the inverse problem of electromagnetic potential [4]. Coordinates
of the direction of IMF vector measured in “ACE” spacecraft are resulted in
solar-ecliptic system of coordinates (GSE). Besides, on these 2D-spatial
electromagnetic cross-sections it is visible that between the orbit of “ACE”
spacecraft and border of photosphere of the Sun two absolutely different
areas in the sign and structure of isolines of the interplanetary magnetic field
are observed. From border of photosphere of the Sun to the middle of dis-
tance to “ACE” spacecraft (r = 140 - 80 rel. un.) in 2D-spatial electromagnetic
cross-sections the quiet laminar picture of IMF isolines of the negative sign
is observed. In the bottom part of 2D-spatial electromagnetic cross-sections
(r=1-80rel. un.) From the libration point (L,) to the middle of distance to
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boundary of photosphere of the Sun, that is closer to the orbit of the Earth
another is visible absolutely abnormal under the configuration of the elec-
tromagnetic heterogeneity and the turbulent structure [6, 7] and the positive
sign of the interplanetary magnetic field. In particular, in the bottom part of the
2D-spatial longitudinal electromagnetic cross-section where abnormal struc-
ture of IMF is observed, it is possible to see the large-scale heterogeneity of
IMF spirally-twirled round the basic core of electromagnetic heterogeneity Bz -
component of vector IMF of the positive sign (A=200"-340°, r=5-75rel. un.,
Bz = 0.3 nT) (A = 280°-320°, r = 10-30 rel. un., Bz = 0.2 nT), apparently,
connected with so-called heliospheric electro jet — electromagnetic-plasma
heterogeneity of the solar wind. Thus, it is possible to tell that the spatial sizes
considered spirally-twirled electromagnetic-plasma IMF-structure observed on
January, 8™ -9t 2007 made in the ecliptic plane: dA = 140" in the GSE-longi-
tude and dr = 70 rel. un. from the distance to the Sun. It is necessary to notice
that average electromagnetic field Bz - components in “core” of this IMF-struc-
ture, almost twice is less, than in its twirled “tail” part [2]. It can be connected
with more high temperature in rather small “core” on the sizes of this IMF-struc-
ture in comparison with its huge “tail” which reduces the electromagnetic field
in “core” of this IMF- heterogeneity. As it will be possible to track further from
article text, our assumption of lower temperature in the huge “tail”’, occupy-
ing the most part of volume of this electromagnetic-plasma heterogeneity
of IMF, coincides with independent measurements of temperature of plasma
according to others spacecrafts. The spent comparison of the data about
change of some parameters (intensity) cosmic rays for the period investigated
in “ACE” spacecraft has shown that from January, 1" to January, 7" there was
the weak growth of this value, and on January, 8" this value has reached some
maximum and further to the January, 11" changed slightly. At the same time,
the generalized parameters of the solar wind (SW temp — temperature and Nw
- density of the solar wind from «WIND» spacecraft, etc.) from January, 81" to
January, 9", in day on which are constructed temporal and spatial electromag-
netic cross-sections of IMF is observed sharp fall of temperature on the order
(with 400 to 40 thousand degrees) and sharp increase of density (Nw) the
solar wind almost on the order (with 2 to 12-20 sm) that under our assump-
tion is connected with influence on measuring devices of “ACE”, «WIND»
spacecraft of the allocated electromagnetic structure of the raised density of
plasma and the lowered temperature, different also in the sign (+) B,, B, B
- the vector component and module —| B | of the vector of the inductidh of
the electromagnetic field , and in particular, on falling of speed of the solar
wind - Sw (and even its change on return, in connection with the turbulence,
the caused magnetic hydro dynamic processes in “core” of the allocated solar
electromagnetic-plasma structures) from other plasma of IMF.

CONCLUSIONS:

The spatial twirled electromagnetic plasma heterogeneity sharply different in
the sign and the spatial helicoid configuration from surrounded interplanetary
magnetic field is allocated by results of the decision of the inverse problem of
electromagnetic potential, in the measurements executed in the “ACE” space-
craft, on the development phase of the heliospheric substorm in January, 2007.

1. The spatial sizes of observed large-scale heterogeneity of IMF in the libration
point (L,) of the Sun-Earth system from “ACE” spacecraft data for January,
8t -9t 2007 is more than 80° along GSE-latitude (from -80° to -10°), and
140° along the GSE-longitude at measurement in solar-ecliptic coordinates.

2. In the 2D-electromagnetic longitudinal cross-section of the IMF rather small
“core” (1) and big helicoid “tail” (2) - characterizing of the twirled electromag-
netic-plasma heterogeneity is observed.

3. The spatial configuration of the electromagnetic plasma heterogeneity fixed
in January, 8" -9%, 2007 from “ACE” spacecraft data more corresponds to
the cylinder or to the torus, than to a spheroid in the perpendicular to the
ecliptic plane that can be important for the modeling of the MGD-disturbance
[1] extending in the stream of the solar wind.
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INTRODUCTION:

About one-fourth of the Moons orbit lies within the magnetotail. Relative move-
ment of the Moon with the near-Moon plasma and the magnetotail plasma
leads to the possibility of the development of plasma instabilities in the regions
where the lunar surface interacts with the magnetotail plasma, which under-
scores the importance of investigation of the wave processes in these regions.
Development of plasma instabilities can lead to magnetic reconnection in the

regions where magnetic field has oppositely directed components.

LUNAR DUSTY PLASMA INSTABILITIES:

Let us consider the excitation of ion-acoustic waves due to the dusty plasma
motion near the Moon’ surface relative to the magnetotail and the develop-
ment of ion-acoustic turbulence in the corresponding regions. We assume

that kvry << (kvrim, kVnis ) << @ << (KVre(on), KVres, Kvrem ) . Here, k is the wave

vector, k = k|, o is the wave frequency, V14 is the thermal velocity of charged
dust grains, Vre(;) is the thermal velocity of electrons (ions), indices S, M, and
(ph) characterize the quantities related to the solar wind, magnetosphere, and
photoelectrons, respectively.

The development of hydrodynamic instability is caused by the relative motion
of magnetospheric ions and charged dust grains. Thus, the following scheme
of the development of plasma turbulence is suggested. The magnetospheric
plasma ions excite oscillations (or waves) due to hydrodynamic instability.
As a result, similar to the problem on the anomalous plasma resistance [1]),
an anomalous loss of the ion momentum takes place (it is transferred to oscil-
lations, i.e., to the collective motion of dust grains). In the saturated state
achieved when the growth of the instability becomes limited by nonlinear pro-
cesses, plasma experiences turbulent heating the nature of which is deter-
mined by the turbulence caused by the instability. Turbulent heating is different
for the ion and dust components.

The time, during which the dusty plasma interacts with the regions
of the magnetic transition and/or boundary layers of the magnetosphere, is
sufficient for the generation of waves due to hydrodynamic instability and also
efficient nonlinear processes can be expected. The case when ion-acoustic
waves are excited due to hydrodynamic instability should be analyzed in terms
of strong turbulence.

Under the conditions corresponding to the near-Moon plasma cross-
ing magnetic transition and/or boundary layers of the magnetosphere [2]
(the characteristic dust particle size a ~ 100 nm, the relative velocity of the Moon
to the magnetotail plasma u~ 1 km/s, the charge number of a dust grain
\Zd\ ~ 10, the characteristic number density of charged dust grains in the
near-surface layer of the illuminated part of the Moon n, ~10 cm-3, the
number density of magnetospheric ions n,, ~ 10 cm®, the dust grain mass,
m, ~ 10" g, magnetospheric ion temperature Ty ~ 100 eV, the photoelec-
tron temperature Tepn ~1 €V, neen ~ 102 cm®) ion-acoustic turbulence can
develop due to hydrodynamic instability. For this case the effects caused
by plasma heating prevail over those caused by the interaction of plasma ions
with dust grains, and the dissipative properties of the system in the equation
for the ion momentum transfer are determined mainly by the effective collision
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frequency characterizing the anomalous loss of the ion momentum

16

- ﬂ'DI'M VTI'M » niM md

T u PM\nz, zZm |’
D d=d d' i

where 1, is the Debye radius, w,, is the dust plasma frequency, and
1 1 1 1

— =t .
j’g lgw j’ées j’[%e( ph)

Another kind of turbulence which can be developed in the system lunar dusty
plasmas — Earth’s magnetosphere is dust-acoustic turbulence. Dust-acoustic
waves are excited due to the development of kinetic dust-acoustic instability
and can develop when kvry << @ << (va,-M, kvris ) . The development of kinetic
instability is caused by the relative motion of magnetospheric ions and charged
dust grains. For typical plasma parameters corresponding to the development
of kinetic dust-acoustic instability in the region of interaction of Earth’s magne-
totail with the Moon we have
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where Tp is the temperature of dust particles.

TURBULENT MAGNETIC RECONNECTION:

Reconnection in Earth’s magnetosphere extends from regions situated at most
a few Earth radii ( R; ) to many tens or hundreds of R, . Thus the Moon crosses
the region where magnetic reconnection can occur, and plasma turbulence
existing in the region of interaction of Earth’s magnetotail with the Moon can
influence the character of magnetic reconnection. When two magnetic field lines
which have opposite directions come close together in a dissipative medium
reconnection is possible [3]. The rate of magnetic reconnection depends
strongly on the presence of anamalous dissipative processes related to v, ,
in particular, to the anomalous resistivity. If the resistivity is anomalous then
the rate of magnetic reconnection increases by several orders of magnitude in
comparison with the classical collision-dominated electrical conductivity.

The typical model for the description of the reconnection is Parker-Sweet
diffusion model [4], [5] modified to allow for the anomalous dissipation.
In this model, the reconnection is considered as a result of mutual diffusion
of magnetic fields in Earth’s magnetosphere which are assumed to be opposite
directed. The width of the transient layer of the reconnection zone is deter-
mined by the following expression
12

d~ S [Lvar

wpe VA ,
where L is the characteristic inhomogeneity scale along the direction
of the transient layer and v, is the Alfven velocity. The magnitude of L is typ-
ically from 5 R, to 10R;.

Thus, determination of the effective collision frequency v, is fundamental
for the diffusion model and it is natural to associate the dissipative processes
in the region of interaction of Earth’s magnetotail and the Moon with ion-acous-
tic and dust-acoustic turbulences. Significant results are obtained when we
consider ion-acoustic turbulence. In this case (assuming that L =5R_,

the electron number density Ny ~ Nepn ~ 100 cm?, |B| ~ (4-5)-10*G ) we find
d ~ 100km. This value is far less than the diameter of the Moon.

We have shown that plasma turbulence existing in the region of interaction
of Earth’s magnetotail with the Moon can influence the character of magnetic
reconnection. The acceleration of plasma away from the reconnection site
on recently merged field lines can result in lightning phenomena which occur
at the Moon due to the reconnection processes. The wave motions (or any
their manifestations) in the region of interaction of the Earth’s magneto-
tail with the dusty plasma near the lunar surface can be detected by means
of apparatus that are planned to be installed on the Luna-25 (Luna-Glob) and
Luna-27 (Luna-Resurs) lunar modules.
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INTRODUCTION:

In previous papers the authors suggest a clarification of the phenomenon
of appearance-disappearance of Kordylewski clouds - accumulation of cosmic
dust mass in the vicinity of the triangle libration points of the Earth-Moon
system[1-3]. Under gravitational and light perturbation of the Sun the trian-
gle libration points aren’t the points of relative equilibrium. However, there
exist the stable periodic motions of the particles, surrounding every of the tri-
angle libration points.Due to this fact we can consider a probabilistic model
of the dust clouds formation[4]. These clouds move along periodical orbit in the
surrounding of the points shifting on this orbit periodically.

PROBLEM SETTING:

To continue this research, in this paper we suggest to investigate also
the electromagnetic influences, arising under consideration of the charged
dust particles in the vicinity of the periodical orbits.

REFERENCES:

[1] Salnikova T.V., Stepanov S.Ya. On theLagrange libration points of the perturbed
Earth-Moon system. // Proceeding of the International Astronomical Union, 2014. V. 9.
No. 310. P. 192-193.

[2] Salnikova T.V., Stepanov S.Ya.Mathematical Model of Formation of Kordylewski
Cosmic Dust Clouds. // Doklady Physics. Maik Nauka/Interperiodica Publishing, 2015.
V.60, No 7, P. 323-326.

[3] Salnikova T., Stepanov S., Shuvalova A. Periodic trajectories of the particles in the
Earth vicinity. /Proceedings of 2016 International Conference «Stability and Oscillations
of Nonlinear Control Systems» IEEE Catalog Number CFP16E79-ART RUSSIA, P.1-4.
[4] Salnikova T.V., Stepanov S.Ya., Shuvalova A.l. Probabilistic Model of Kordylewski
Clouds. // Doklady Physics. Maik Nauka/Interperiodica Publishing, 2016. V.61, No 5, P.
243-246.


mailto:tatiana.salnikova@gmail.com
mailto:tatiana.salnikova@gmail.com

8MS3-PS-58

GAS OF DUST PARTICLES:
A POSSIBLE MECHANISM OF AEOLIAN
PROCESSES ON SMALL BODIES

M.A. Kreslavsky '
'Earth and Planetary Sciences, University of California — Santa Cruz, Santa
Cruz, CA, 95064, USA, mkreslav@ucsc.edu.

KEYWORDS:

Small bodies, Microgravity, Aeolian transport, Dune, Brownian motion, Comet
67P/Churyumov-Gerasimenko, Rosetta mission.

INTRODUCTION:

Images of comet 67P/Churyumov-Gerasimenko nucleus obtained by Rosetta
mission show a number of morphological features strongly resembling aeolian
features on the Earth and Mars [1,2]. They include wind tails of boulders, longi-
tudinal striations in smooth apparently loose material, and, most conspicuous,
a patch of ripples in Hapi region. The major ripples have spacing of ~12 m and
height of a few decimeters [1]; smaller ripples have ~5 m spacing; they disap-
peared and reappeared at a time scale of months [2].

The presence of such features is puzzling, because the comet obviously lacks
any “normal” atmosphere and winds. However, the comet nucleus does pro-
duce gas due to sublimation of volatile ices: CO,, CO, N,, etc., and a number
of authors attributed aeolian-like features to this gas. Before the ripples
on 67P were discovered, A. Cheng et al. [3] had analyzed morphology of three
other comets (103P/Hartley 2, 81P/Wild 2, 9P/Tempel 1) and suggested a role
of particles lifted by gas flow in formation of morphological features.
They had estimated that the outgassing is sufficient for lifting sand-size and
larger particles. They had noted that, because of the divergent gas flow
geometry, “classic” saltation and, therefore, formation of the “classic” aeo-
lian bedforms is unlikely. Later works [e.g., 4] have argued for saltation or
reptation in the comet environment, however, those treatments have cave-
ats. The molecule free path in cometary gas jets is much longer than sand
particle size (the Knudsen number Kn>>1), therefore aerodynamic treat-
ment of gas flow interaction with particles is not applicable; corrections for
non-zero Kn considered in [4] are only valid for weakly rarefied gases
(Kn~1); the treatment in [4] also ignores the essentially divergent nature
of the gas flow on comets.

In [1] it was suggested that the “aeolian” features are produced by fall of rela-
tively large particles lifted with low velocities by gas. | was able to reproduce
the observed boulder-related ventifacts with a simple cellular-automata-type
model of erosion by falling particles [5], but fail to produce anything resembling
ripples with such kind of modeling.

Here | propose a principally different mechanism potentially capable of forma-
tion of aeolian features on low-gravity bodies.

GAS OF DUST PARTICLES IN MICROGRAVITY
CONDITIONS:

Free dust particles on a low-gravity body would fly and form a specific dust
atmosphere due to their thermal motion also known as Brownian motion.
Below | present order of magnitude estimates for such an atmosphere assum-
ing conditions for Hapi region of 67P: gravity g = 10* m s2, and temperature
T = 200 K. Dust particles are assumed to have diameter d = 0.5 um (typical
dust in cometary coma) and material density of p =1 g cm?®.

In the thermal equilibrium, dust particle has a thermal energy of “2kT per
degree of freedom, where k is the Boltzmann constant. The “atmosphere”
of such particles has a scale height H = kT / mg ~ 4 m, where m is particle
mass defined by d and p. In the terrestrial conditions, such an atmosphere
is not forming, because under terrestrial gravity H << d for any d. The dust
atmosphere is forming only when H > d, that is particles are sufficiently small:
d < (kT/pg)"™ ~ 10 um. The typical particle velocity is ¢ = (kT / m)"2 ~ 6 mm/s,
and the thermal spin rate is ~0.5 ¢ / d ~ 6000 rotations per second.

If the gas of dust particles is rarefied, its density p, << p, many properties
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of such gas are the same as of an ideal gas. The speed of sound is equal
to ¢ ~ 6 mm/s. The adiabatic lapse rate is zero. Specific heat is defined
by heat capacity of dust particles (kinetic energy of thermal motion and spin
is negligible in comparison to the internal energy of the particles). Diffusivities
(kinematic viscosity, thermal diffusivity, self-diffusion coefficient) are extremely
low, however, their correct calculation should take the restitution coefficient
(non-elastic particle collisions) into account.

If the dust particles at the surface are abundant, the gas density next
to the surface is [ 0.5p exp(E/kT), where E is the characteristic bound
energy of a dust particle, which is very poorly defined. Even if the particles are
“loose” and “free”, they are bound to each other with van der Waals forces.
Energy of van der Waals interaction of two spheres of diameter d is usu-
ally parameterized following Hamaker’s theory as E ~ (1/24)A d/l, where A
is the Hamaker constant on the order of ~10%' — 10"® J, which depends on
particle material, and / is on the order of a few atomic distances (>0.1 nm) and
depends on “clearness” of the particle surface: the presence of adsorbed vol-
atiles, nanoscale surface irregularities, etc. Typical values for freshly grounded
rocks, lunar regolith, etc. (A ~ 10%° J, | ~ 0.4 nm, [6]) give E/KT ~ 70, and no
dust atmosphere would exist. Organic material of cometary dust may have
alower A, and due to adsorbed volatiles / might be greater; diversity of individ-
ual particle properties may lead to a gentler dependence than exp(-E/kT). These
factors together may give a way for some dust atmosphere, at least for smaller,
submicron particles. On the other hand, particle deformation at the contact is
ignored by Hamaker’s theory, but might be significant for soft organic particles,
which would make them much more cohesive (increase E) and thus preclude
formation of the dust atmosphere. | assume for a while that Py is not negligible.

Pressure at the surface is P = gH The maximum p033|ble pressure
(if E << kT) is 0.5pgH ~ 0.02 Pa. Geometnc optical depth of the atmosphere
© = 1.5(p /p)(H/d). Optlcal depth is ~2t for short wavelength i, and ~61(d/1)*
for long Wavelength. Radiative time scale of a thin dust atmosphere is~1s
and does not depend on d for micron-scale and smaller particles. Real dust
atmosphere would consist of a range of particle sizes, each with its own H,
which would produce strong stratification in the atmosphere. Winds in the dust
atmosphere can be generated by thermal tides. Formation of dust atmosphere
on tilted surfaces would lead to supersonic downhill flow.

The mean free path in a thin (p Jp << 1) atmosphere is ~0. 1(p/p ) d. For sand-size
particles Kn>>1, and the classic theory of saltation initiation is fot applicable. It is

obvious, however that particles slightly larger than the typical atmosphere-forming
dust may be mobilized and transported by reptation. The mean free path is always
much shorter than the incipient bedform spacing, which is also proportional to (p/p )
according to Claudin & Andreotti [7]. This means that the fluid dynamlc-based
theory of the incipient bedform spacing is applicable to the dust atmosphere.
In a sense, transport by the dust atmosphere is more resembling sub-aqueous
rather than sub-aerial transport: the range of saltation particle size between sus-
pension and reptation is narrow, the upper boundary of the atmosphere is close
to the surface and may affect bedform formation, similarly to shallow water.

APPLICATION TO 67P:

Hapi region with the ripple patch coincides with the area of the lowest grav-
itational potential (corrected for the centrifugal potential) [8] on the nucleus.
Its “watershed” comprises over a half of the nucleus area. The region has
the highest albedo and the lowest red spectral slope on the nucleus, which
is consistent with higher concentration of fine dust in comparison to the other
regions. This suggests global transport of fine dust downslope, which would
be a straightforward consequence of formation of dust atmosphere. Striations
on loose material on slopes and boulder-associated ventifact-looking features
might result from (supersonic) flow of dust gas downslope.

The ripple patch is not located at the lowest portion of the Hapi basin: a slope
of ~10° is reported in [1], however, the gravity model based on assumption
of homogeneous nucleus material might be inaccurate.

If the smallest observed ripples are incipient bedforms following Claudin
& Andreotti [7] scaling, and they are formed by 10 p (1 mm) particles,
the required atmosphere density is Py ~ 10%p (10®p), and corresponding
t ~ 150 (1.5). This means that such a dust atmosphere, if existed, would be
opaque and readily seen in the available images, but it actually is not observed.
This might mean that the dust atmosphere has never formed (because
of cohesion), and the ripple formation mechanism is different. It is also possible
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that the dust atmosphere is optically thin, it forms ripples, but they do not follow
the scaling law due to some peculiarities of the diluted gas of dust particles.

APPLICATION TO OTHER BODIES:

Formation of dust atmosphere and related geomorphic features is possible
for bodies in some size range. For bodies smaller than ~100 m, the scale height
exceeds the body radius, and the extended dust atmosphere would escape.
For bodies larger than ~100 km, H is too short, and no real atmosphere is form-
ing, while thermal-induced dust mobility might play some role up to ~1000 km
bodies. Comets are probably better for dust gas than asteroids because
of presumably lower cohesion. Higher surface temperatures favor dust atmos-
pheres.
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INTRODUCTION:

We have discovered spectral signs of simultaneous sublimation and dust activ-
ity on four main-belt primitive asteroids (145 Adeona, 704 Interamnia, 779 Nina,
and 1474 Beira) connected likely with shortening their heliocentric distances
and elevation of the subsolar and average subsurface temperatures [1, 2].
Then, we have undertaken control spectrophotometric observations two of
them, namely 779 Nina and 704 Interamnia, at the time of their next pas-
sage perihelion, to confirm action of the processes. Here we show that
the recent results turned out to be in agreement with our prior conclusions
and suggestions.

OBSERVATIONS AND DATA REDUCTON:

The first and last spectral observations of 779 Nina (in September 2012 and
2016, respectively) and 704 Interamnia (in September 2012 and June 2017,
respectively) were performed at Terskol Observatory (Mt. Terskol, 3150 m
above sea level, Russia) with 2-m telescope and a low resolution spectrograph
of (R=100) in the range of 0.38-0.85 uym. A conventional method of asteroid
spectral observations (along with solar analog standard stars) and a standard
processing procedures (flat-field correction, bias and dark subtraction, etc.)
were used to reduce the CCD-data, to extract asteroid spectra and to cal-
culate asteroid reflectance spectra [1]. Altogether 12 reflectance spectra (on
13 September 2012), 2 and 2 ones (on 26 and 28 September 2016, respec-
tively) of Nina and 5 reflectance spectra (on 13 September 2012) and 21 ones
on 24-29 June 2017 of Interamnia were obtained. The spectra were averaged
at close relative rotational phases (RRP) on corresponding nights and pre-
sented in Figs 1-8. Averaged in ranges of 0.40-0.65 ym and 0.66-0.85 um
relative standard deviations (RSD) in the reflectance spectra are also shown
in the insets of figures.

DISCUSSION OF THE RESULTS:

779 Nina.

Average diameter of Nina (X-type) is estimated between 76.62 km [3] and
80.57 km [4]. It rotates with a period of 11.186 h [5] and orbits the Sun
for 4.35 yr (http://ssd.jpl.nasa.gov/sbdb.cgi#top). As mentioned in our previ-
ous publications, despite of detected irregularity of Nina’s spectral reflectance
with rotation [1, 2], it was classified according to radar data as a primitive
asteroid [6]. Nina was observed by us after perihelion passage in Septem-
ber 2012 (Fig. 1, the lower spectrum). The average reflectance spectrum of
Nina (of 12 ones) having a strong maximum at ~0. 52 ym was explained as
an indication of sublimation of subsurface ices (predominately H,O ice) on
the asteroid [1, 2]. Taking into account results of numeric modeling of light
scattering according to Mie theory [7] by spherical H,O ice particles, it was
interpreted as a sign of coma of ice particles with predominant radius of ~0.52
um in the vicinity of the body [1, 2]. Detected change of Nina’s reflectance
spectrum shape with approaching perihelion in September 2016 (Fig. 1,
two top spectra with different slops) agrees likely with a suggestion of grad-
uate growth of density of the coma due to rise of the average temperature
[2]. Nina’s matter degassing could be accompanied with removal from the
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surface fine-dispersed silicate dust and its levitation. It is likely confirmed
by a considerable slope change of the spectra in the visible range and a strong
growth of short-wavelength reflectance near 0.4 ym by ab. 25% (Fig. 1) at rel-
atively small difference in RRP ~ 0.28 between two consecutive dates.

704 Interamnia.

Average diameter of Interamnia (F-type) is estimated between 307.31 km
asteroid [4] and 316.62 km [3]; its rotational and orbiting periods are 8.727 h [5]
and 5.35 yr (http://ssd.jpl.nasa.gov/sbdb.cgi#top), respectively.

Similarly to Nina, Interamnia was observed by us after perihelion passage
in September 2012. Reflectance spectrum of the asteroid had a pronounced
maximum at ~0.52 ym as a manifestation of a developed coma H,O micron-
sized particles (Fig. 3(a) in [1]). We have observed the asteroid again, quite
ahead perihelion passage in June 2017. For a more primitive nature of Interam-
nia (and, hence, elevated content of hydrated silicates and/or free water ice into
the surface matter) as compared with Nina, more diversity of reflectance spectra
at very close RRPs before perihelion passage has been observed (Figs. 2-8).
It is important to note that spectral reflectance of other asteroids observed by
us closely in time did not show similar changes. Some of Interamnia’s reflec-
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tance spectra point undoubtedly to the presence in the coma very small particles
(of water ice?) in the range of sizes ~0.44-0.55 pm (e. g., Figs. 2, 5, and 8).
The rest of them could be conglomerates of ice and silicate ones involved
to the coma from the asteroid surface by water vapor streams. It seems ice
sublimation process on Interamnia is very irregular in time and space before
perihelion passage then after that. On the other hand, it is possible existence
on the asteroid of several jets of water vapor connected with near-surface buried
ice blocks. Those may be fragments of smaller ice bodies fallen on Interamnia
at the period of its formation or over all time of its existence.

CONCLUSIONS:

Recent discoveries of cometary-like bodies among main-belt asteroids were
interpreted in most cases as random events connected with “dynamical”
contamination of the asteroid family with atypical icy objects (for instance,
extinct comet nucleus) which become active only after sporadic collisions
(e. g., [8, 9]). Another point of view based on modeling and observational
data is that free water ice is widespread originally in the subsurface interi-
ors of primitive main-belt asteroids themselves (e. g., [10, 11]). Our detection
of simultaneous sublimation activity on several main-belt primitive asteroids
at shortest heliocentric distances supports the last notions and points likely
to similar physical and chemical conditions of the bodies’ origin corresponding
to the outer edge of the main asteroid belt and beyond.

Monitoring of sublimation and dust activity of 704 Interamnia during 2017 year
(it is passing perihelion at the beginning of October 2017) would allow us to study
nature of the asteroid and to specify some questions connected with its formation.
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INTRODUCTION:

As is known, asteroids are small solid celestial bodies of predominantly sil-
icate composition. At the same time, they are the oldest planetary bodies
in the Solar system, the least altered since formation. Despite their vast
amount (only in the Main belt are already more than 500 thousand), a relatively
small number (less ~1%) of them are classified taxonomically (spectrally).
For the reason, heliocentric distributions of different-type asteroids with their
specific mineralogy are studied very approximately.

A standard processing of spectrophotometric data on several tens of Main belt
and near-Earth (NEA) asteroids obtained at Crimean Observatory of SAl MSU
(1.25-m telescope with a low resolution spectrograph of in the range of 0.40-
0.95 ym, R=300 in 2003-2010) and at Terskol Observatory (2-m telescope
with a low resolution spectrograph in the range of 0.38-0.85 ym, R=100 in
2015-2017) was carried out [1, 2]. The aim of the work is modeling reflectance
spectra of the observed asteroids with measured reflectance spectra of pow-
dered terrestrial mineral samples and proper meteorite analogs from the most
complete spectral databases.

DISCUSSION OF THE MODELING METHOD AND USING DA-
TABASES:

The ultimate purpose of this simulation is to estimate quantitatively
the mineralogical composition of asteroids in the first approximation with a
rigid selection of factors influencing the shape of their reflectance spectra.
The main of these factors are two strongest absorption bands: “ligand-metal”
charge transfer one with a center at 0.2 ym [3] and another common one of
electronic transitions in Fe?* being in the crystal field of the main rock-forming
minerals (predominately pyroxenes and olivine) centered at ~0.9 — 1.0 ym
[4]. However, it is not yet possible to solve this problem with a high accu-
racy, since a general obstacle is incompleteness of our knowledge of the
variety of solid matter and the conditions of its origin in space. According to
some estimates based on a study of primitive interplanetary dust (e. g., [5])
matter in the meteorite collections is represented only by ~ 30%. Neverthe-
less, our approach could be productive to work out the problem with a certain
accuracy using available analogue samples. To implement this, some obtained
asteroid reflectance spectra were initially processed, smoothed (or averaged)
and normalized with spectral package DECH and ORIGIN program. Addition-
ally, we developed a special code in MATLAB environment allowing selection
and adjusting parameters of laboratory reflectance spectra of asteroid ana-
logue samples (powdered terrestrial minerals and meteorites) from accessible
international spectral databases. We used reflectance spectra of minerals from
the RELAB (KECK / NASA Reflectance Experiment Laboratory) database of
Brown University (USA) (http:www.planetary.brown.edu/relab/). The reliability
of the obtained results is checked by similar modeling of the asteroid reflec-
tance spectra by the meteorite reflectance spectra from the database of the
University of Winnipeg (Canada) (http://psf.uwinnipeg.ca/index.html). Fitting
reflectance spectra of analog samples with some weighting coefficients, it is
achieved a combination (or “model reflectance spectrum”) which corresponds
to the analyzed asteroid reflectance spectrum (in a number of control points
distributed in the used spectral range) with the best accuracy. Actually,
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the found weighting coefficients are the proportions characterizing shares of
separate minerals on the surface of an asteroid according to a model of “their
geographic distribution” corresponding to the asteroid reflectance spectrum
and to observed hemisphere of the body.

e Coment

Magnetsa 024298
Srow 0207
M ypdronde oz
Arorran 10700
Serpentingn 000722
Chiorse 0020278

| e maimal dovation s 15%

Change spectrum
06- :—lnﬂlﬂ ] 4 Work with spectrum
------ Polynomial approximation |
| — Mineral agproximation i Save picture
8L " | @ Control points b
~04 045 05 055 06 065 07 075 08 085 09 S bie
Wavelength (microns)
Fig. 1.
== o
Murchson CM2 1

The masimal deviaben is 10%

Change specirum
Mnerals
0.5 = |nitial spectrum
==== Frolynomial approximation Save picture
= Metecrite approximabion
05 ©_Control points ) . . Save table
04 045 05 055 06 065 0. 0.75 08 0.85 09
ravelength (microns|
Fig.2.
M Lwmterd
Custz 05438
Liagnetta 040743
Sereninie 49T

The maomal devision 5 25%

06p [— Initial spactrum Work with spectrum
====Polynomial approximation
—— Mineral approximation Save picture
R : @_Conirolpoits .
04 045 05 055 06 065 07 075 08 08 09 Save table
Wavelength (microns)

Fig. 3.
334-abstact



SOME RESULTS:

Some our modeling examples are shown below. This is comparison of
observed asteroid reflectance spectra of 1 Ceres and 4 Vesta [1] with their
model reflectance spectra. Figs. 1 and 2: Reflectance spectrum of Ceres [1]
(2009 04 02, 22h27m46s and its mineral and meteorite modeling, respec-
tively). Figs. 3 and 4: Reflectance spectrum of Vesta [1] (2008 10 29,
UT 00h06m36s) and its mineral and meteorite modeling, respectively. Sug-
gestions about the surface matter mineral content of the asteroids and their
meteorite analogs are made.

CONCLUSIONS:

Reflectance spectra of 1 Ceres and 4 Vesta and their modeling and inter-
pretation are given in our report. The “maximal deviation” (Figs.1-4) is a total
accuracy of the asteroid reflectance spectrum modeling. It includes spectral
features of unknown mineral species, influence of physical-chemical charac-
teristics of surface particles (including space weathering), heterogeneity of
asteroid surface, etc. If the value is large it means our inability to find a good
spectral match of mineral or meteoritic analog(s) for observed asteroids.
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INTRODUCTION:

The population of near-Earth objects (NEOs, both asteroids and comets) con-
tains a wide variety of bodies with diverse physical and dynamical properties,
and presents a permanent threat to our civilization [1]. The number of undis-
covered potentially hazardous asteroids with sizes from 140 meters to 1km is
estimated as about 20 000 objects, the number of potentially dangerous bodies
with sizes from 50 m to 140 m is estimated to exceed 200 000 objects [2].
The recent Chelyabinsk event demonstrated that even a small object, only 20 m
in diameter, has enough energy to cause considerable destruction of property.
If the Tunguska-like event occurred not in Siberia but above Moscow or any
other megalopolis, the city and its population would be totally demolished.

Detection of new objects proceeds continuously. For any discovered object it is
necessary to assess the potential risk and damage resulting from the possible
collision of such body with the Earth. Physical processes, which occur during the
impact, are complex and their simulations are time consuming. An instrument for
quick estimation of the consequences of a comet or asteroid impact on the Earth
is needed. Such Web-based calculator was created by Collins et al [3]. We are
going to elaborate the next generation version of an impact calculator. Extensive
numerical simulations of impacts are carried out using a hydrodynamic model,
equations, and a numerical technique described, e.g., in [4].

The radiation produced by the flight and destruction of cosmic bodies, which
are decelerated in the Earth’s atmosphere, is considered. The scaling relations
for the radiation fluxes obtained based on the results of physico-mathematical
modeling of the interaction of cosmic bodies different sizes and composition
with the Earth’s atmosphere and used in the on-line calculator are presented.
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INTRODUCTION:

Occultations are just one of the tools used to better understand asteroid phys-
iology. They provide timings that equate to an instantaneous measurement
of parts of an asteroid between the occulted star and the observer making the
observation. If enough observations are compiled a two dimensional silhouette
can be constructed at a specific location in the asteroid’s rotational light curve.

By investigating the dynamical and physical properties of asteroids, a more
accurate picture of the early evolution of our solar system can be envisioned.
The rotational states of individual minor planets, along with their shapes and
orbits, are indicative of the collisional history of those bodies. The physical
properties of minor planets, such as rotational states and shapes, represent
a portrait of both history and evolution of these small solar-system objects. Build-
ing a three dimensional shape model is possible theoretically from two dimen-
sion models; yet this has not been performed effectively with just occultation
data. But many such models have been constructed from light curve inversion.

The intensity of the reflected radiation from an asteroid depends on the phase
angle, i.e., the angle between the Earth and the Sun, as seen from the asteroid.
Because of scattering properties of the surface material and shadowing effects
on those same surfaces, more light is reflected at small phase angles than
at larger ones. Watching the Moon in its monthly appearance change as it moves
about the Earth demonstrates this effect. Especially near opposition (phase
angle=0 degrees, equivalent to Full Moon), the intensity increases rapidly.

This is known as the opposition effect. The rotational phase of the asteroid
impacts the amount of observed radiation at a certain point in time; since minor
planets have irregular shapes, the portion of their surface area which is both
visible and illuminated will change as it rotates.

Therefore, the total amount of reflected sunlight seen by a sensor on Earth
varies unless we have a pole-on view to the asteroid. A sequence of brightness
measurements.

Physical models of minor planets depend on their pole of rotation and spin
rate. Observations of occultations provide useful information that can, with
additional types of information, assist in determination of physical characteris-
tics of asteroids.
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INTRODUCTION:

It has been more than 20 years since the discovery of the first Trans-Neptunian
Object (TNO). In the intervening years, too many of TNOs and Centaurs have been
discovered, and this is still only a small fraction of the estimated total population.

The study of this population, has provided significant knowledge of the outer
solar system. Nevertheless, we are not yet able to translate the conditions
in the outer nebula during its various stages (planet formation, subsequent
growth and orbital evolution, and physical and chemical changes to surfaces)
into a clear picture of the chemical, dynamical, and thermal history of the outer
solar system. A crucial missing piece to this puzzle is the size and albedo dis-
tribution of small bodies in the outer solar system.

Only a few of TNOs and Centaurs have diameter and albedo determinations,
based in most cases on the radiometric technique applied to Spitzer and
Herschel observations. These values are typically accurate at best to 10% in
diameter and 20% in albedo. The occultation technique is far more powerful
because under optimal circumstances it can provide sizes and shapes to an
accuracy of about 0.1%.

Historically, occultation observations have also resulted in significant serendip-
itous discoveries, such as the presence of rings around small bodies, or even
the presence of an atmosphere.

For example, occultation observations by Pluto illustrate the power of this
observing technique to detect tenuous atmospheres and to monitor seasonal
variations in atmospheric structure and surface pressure. The record of the
light curve during an occultation enables us to study the vertical profile of the
atmosphere, which is key to understanding the equilibrium of the different spe-
cies of ices on the surface of the body.
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Fig. 1. Saturn’s and Titan’s atmospheric absorption spectra, from Cassini VIMS. Note
the strong CH4 absorption band above 3.2 pm, which lies just above the NIRCAM
F300M filter bandpass.

Stellar occultations are also a powerful tool to explore the outer solar system,
where faintness and small angular diameters prevent us from building a com-
plete census of the objects.

The accurate and correct timing is very important in the astronomical
researches. Because, it is applied as data for future studies and any minor
error lead to incorrect results, and attempts of observerare not effective.
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So according to the importance of occultation observations and timing, in this
paper tried to study the different methods of timing and its disadvantages
and then in order to reduce the problems and increase the accuracy, | going
to creating a software “SKYTIMING” for android smart phone ( in next update
| develop it for iOS).

“SKYTIMING” is an accurate timing application (at least desired accuracy
is 0.01 seconds). It's always available and standalone. So the observer just
needs a smart phone and a telescope to have an accurate timing and send
a global standard report by it.

Also it Eliminate the problems of other methods, including easy accessing,
it's performance will not be affected in Temperature changes, good accuracy
because of using GPS for timing and ability to perform all the steps by it “timing
in an observation, calculating the exact time by GPS, recording a coded beep
sound and the observer sound to determine the start and end of the event,
analyzing the recorded sound, reporting and send report for check and using”.
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The wave warping of celestial bodies due to their movement in non-circular
keplerian orbits with periodically changing accelerations is especially notable
in shapes of small bodies (asteroids, comet cores, satellites). They are often
bent by the fundamental wave 1 and acquire shapes of “dumb-bells’, “bean”,
“peanut” and often are disintegrated into two or several peaces moving in an
original or slightly different orbits. The disintegration is provoked by nearing
deep fissures of the convex hemisphere with diminishing distance of the con-
cave one to the fissures. Thus, a “neck” develops (fig. 1- 9).

The classical planetology considers impacts as a main source of energy
reworking celestial bodies. However, a region or regions of impacting objects
affecting all planetary bodies everywhere in the solar system is poorly under-
stood. However, now planetologists have several tens of images of full discs
of these bodies. Distribution patterns of “impact traces” — craters in many of
them are surprisingly regular. They show alignments, regular grids not related
to random hits expected from impacts but rather require more regular and
ubiquitous structuring force.

It was shown earlier [1-5] that such regular patterns appear due to warping
action of inertia-gravity waves affecting all bodies moving in keplerian elliptical
orbits. Periodically changing accelerations of celestial bodies cause their wave
warping having in rotating bodies (but all bodies rotate!) Four ortho- and diag-
onal directions. An interference of the four directions of standing waves brings
about a regular net of uprising, subsiding and neutral tectonic blocks. Naturally
polygonal in details they appear as rings in cosmic images. This is one of rea-
sons why they are often confused with round impact craters and essentially
disfigure their statistics.

A fundamental nature of the wave woven nets of evenly sized round “craters”
(granules) is dependence of their sizes on orbital frequencies of bodies. The
lower frequency the larger sizes, the higher frequency the smaller granule sizes.

The correspondence between orbital frequencies and tectonic granulations
proving the structuring role of orbital energy was earlier noted in comparative
planetology of the terrestrial planets. The row of Mercury, Venus, Earth, Mars,
asteroids with decreasing orbital frequencies is remarkable by increasing rel-
ative sizes of tectonic granules, relief ranges, iron content in lowland basalts
and decreasing atmospheric masses from Venus to Mars.

In this spectacular row the position of asteroids is especially remarkable.
The strongest amplitude fundamental wave1 embraces an asteroid body
making it strongly bent. Its extended convex hemisphere is deeply cracked and
the concave one from the opposite site approaches the deepest fissures (fig. 4).
As a result the body tends to disintegrates and two or several pieces move
as binaries, polycomponent asteroids, and asteroids with satellites. Two-lobed
dumb-bells shapes often are observed also among comet cores and small
satellites (fig. 5, 6, 9). Examples of various stages of this destruction are aster-
oids Eros, Toutatis, Braille, Castalia, Hector, and recently observed P/2013r3
that shows enormous volumes of gas-dust clouds accompanying the process.
The orbiting clouds in the past may have been a media for gravity separation
of M-,Ss-, and C-asteroids. The denser M-asteroids enrich the inner main aster-
oid belt and the less dense S & C asteroids the outer part of the belt fragments.

Several images of small cosmic bodies presented here (fig. 1 to 9) show
characteristic bends producing thin parts — “necks” in the middle parts of the
bodies and thickenings in their ends (two-lobe forms). Thus, necks are a result
of breaking of a whole body [3, 5]. In some rare cases an assemblage of
alien fragments also is possible [6]. In future, cosmic robots placed at “neck”
regions of various small bodies should resolve this question by measuring
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composition and structure of small pieces around. If they are uniform, they
are fragments of one body, if not, two different bodies possibly are assembled.
Asteroid 2014j025 shows typical forms of a small body deformed (warped,
bent and deeply cut) by the inertia-gravity waves (wave1 and shorter ones)
due to moving in an elliptical orbit. External orbital energy is a main energetic
source structuring cosmic bodies [1-5]. Fig.1 Fig.2

Fig.1
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1, 2-Asteroid 2014j025, dimension ~870 m, Arecibo observatory planetary radar
system, 17-20 april 2017; 3- Asteroid 1999jd6, 700_400985f8789ec19308d1b-
83b5a840ca9, pia19647; 4- Asteroid (433)Eros. 33 km long. Near image & a
model of body bending, destruction and two-lobed shape formation; 5-Comet
1p/Hailey, 16 x 8 x 8 km, Vega 2, 1986; 6- Nix-satellites of Pluto; 7- Aster-
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oid {25143}Itokawa. 0.5 km long; 8-Asteroid 4179Toutatis. Spectral type S.
Chang’e 2 image. 4.75 x 2.4 x 1.95 km. Diameter 5.4 km, two halves 4.6 and
2.4 km; 9- 67p/ Churyumov-Gerasimenko comet core , 4 x 3 km,Rosetta, 2014.
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Currently, two ways of determining albedo of asteroids are widely used. One
of them is the polarimetric technique that employs empiric correlations
between albedo and the characteristics of the negative polarization branch
of asteroids. The radiometric method is based on the complementary observa-
tions of asteroids in the visible spectral range and in the thermal infrared where
the absorbed and reradiated component of the insolation is measured
(e.g. [1] and references therein). Though L. Bell was the first who has sug-
gested to use an indirect technique to determine the albedo of asteroids in the
early last century [2].

His idea was to apply the phase coefficient, b, derived from asteroid’s pho-
tometric functions to evaluate the albedo of asteroids. Recall, b is the slope
of the almost linear portion of photometric function expressed in magnitudes
in the range of phase angles of ~ 10 — 25°. He reasoned that an airless smooth
body, which approximately obeys Lambert law, would reveal the phase coeffi-
cient independent of its surface reflectivity. In turn, a great surface roughness
that provides strong shadowing is likely to produce a large phase coeffi-
cient. Therefore, other things being equal, the geometric albedo of an airless
body should vary with the phase coefficient, which is an characteristic of the
amount of shadowing. The less shadowing, the higher the albedo and the less
the phase coefficient.

In those days, however, Bell's method was not widespread because of the
low accuracy of photographic measurements. Sixty-five years later, the plot
of the geometric albedo—phase coefficient constructed in [3] also revealed
a strong data scattering owing to nonuniform and low-precision photometric
observations. Only in 1996, V. Shevchenko by specifying the phase coefficient
from the precise photometric observations of asteroids established the reason-
ably accurate correlation between these variables [4].

Subsequently, we confirmed the correlation between b and the maximum
degree of negative polarization |P_, | that was previously found for asteroids
in [3] as well as established new refationships between b and other parameters
of the negative polarization branch: a_., a, and h [5]. These symbolic names
designate the phase angle corresponding to P ., the inversion angle or the
phase angle where polarization degree changes sign from negative to positive,
and the slope of polarimetric curve at the inversion angle, respectively.

In 1985, IAU adopted so-called H, G magnitude system developed by K.
Lumme, E. Bowell and colleagues [6] to define the apparent magnitudes of
asteroids when calculating their ephemerides. This photometric function has
two free parameters: H corresponds to the mean absolute magnitude of asteroid
in Johnson V bandpass, and G parameter describes the shape of the magni-
tude photometric function. The latter has no physical meaning but correlates
with b and the phase integral q. So we can estimate Bond albedo A, = p g
as the geometric albedo p,, is also known at the given b.

Figure 1 illustrates the above interrelations between the phase coefficient and
the brightness-polarization values of asteroids. The proper correlation equa-
tions between each pair of variables can be found in the references. Seem-
ingly, the surface roughness and shadowing play important role in the scale
of order of particle size to form the optical properties of asteroid surfaces. We
argue by analogy with the negative polarization branch, which is observed in
cometary envelopes due to cometary dust particles. This effect is believed to
arise on the scale compared with the particle size despite the fact if they seat in
space or on planetary surfaces [7]. It is noteworthy that the surface roughness
is different for asteroids of different optical types [8].

So, the phase coefficient returned from photometric observations can be con-
sidered as the key factor in preliminary estimating the albedos and polarimetric
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Fig. 1. The photometric and polarimetric system of asteroids.
characteristics of asteroids. This property is especially useful for faint main
belt asteroids and for a great body of NEAs, the vast majority of which does
not pass through optical classification and a cross-section of which remains
unknown.

Tens of thousands of asteroids have geometric albedo estimations due to radi-
ometric surveys from WISE and AKARI but have no the optical type. In this
situation, it is easy to benefit from the photometric/polarimetric system of aster-
oids. For these asteroids, we can estimate the phase coefficient from a known
albedo and after that the above mention polarimetric characteristics. It is quite
enough to exploit the finding for optical classification of such bodies.
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INTRODUCTION:

An application of tunable diode laser absorption spectroscopy (TDLAS)
in combination with integrated cavity output spectroscopy (ICOS) has been
suggested for Martian atmosphere study as an experiment, named Martian
multichannel diode laser spectrometer (M-DLS), by a team of researchers from
IKI RAS, MIPT, GPI RAS. M-DLS has been proposed for scientific payload
of the ExoMars-2020 mission Landing Platform [1, 2], and further modified
into a very compact and lightweight instrument for continuous in situ study
of chemical and isotopic composition variations of atmosphere near the Mar-

tian surface at short-term and seasonal time scales.

MEASUREMENT METHOD:

In the M-DLS experiment, Martian atmosphere study will be based on regular
measurements of molecular absorption spectrum in an optical cell, filled with
ambient gas sample, taken at the stationery Landing Platform location. TDLAS
flexibility and radical optical path enhancement of ICOS will be combined
in the M-DLS instrument for fine measurement of weak absorption values
at low pressure of the Martian atmosphere. H,O and CO, molecular content
and isotopic ratio variations will be retrieved from absorption data continuously
during one Martian year.

The optical cell with the gas sample will be sounded by highly monochromatic
radiation of two tunable distributed feedback diode lasers, emitting at IR range
near 2.7 microns. Measurements will be carried out sequentially in series of

Fig. 1. Absorption spectra for CO, and H,0O mixture, modelling atmosphere near the
Martian surface: H,O isotopologue lines for ~ 1 km effective optical path (left), CO,isoto-
pologue lines for 2.5 m effective optical path (right).
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1 cm™ wide intervals at 2.65 microns for H,O and at 2.79 microns for CO,
with spectral resolution of 3 MHz (~ 0.0001 ém '), providing for fine recordlng
of molecular absorption line contours of H,O and CO, main molecules and iso-
topologues HDO, HO'®O, *CO,, CO'0, co*0. Examples of simple modelling
for Martian atmosphere absor, 2tlon are shown below.

Table 1. Sensitivity estimations for 95% CO, and 200 ppmH,O gas sample in the ICOS cell.

Isotopologue Wavelength, cm Precision
Co, 3580.786 ~0.2%
BCO, 3580.843 ~0.2%
CO™0 3580.907 ~0.2%
CO'"0 3580.970 ~0.2%
H,0 3764.599 <0.2%
H,'®0 3765.091 <2%
HDO 3764.876 <2%

Modelling of the absorption spectra has shown noticeable temperature depend-
ence of the line amplitudes, which demands for a fraction of a degree preci-
sion for the gas sample temperature control in the optical cell (see Figure 2),
corresponding to adequate molecular concentration retrieval and isotopic ratio
measurement accuracy of: D/H < 2%, '®0/O < 2% (H,0), "®0/"0/0 < 0.3%
(CO,), BC/C ~ 0.3%.

”

220 mm

A

[
L

Fig. 2. A cross-section model of the optical cell with partially shown input laser and out-
put photodetector interfaces.

Special system of gas sampling for the M-DLS instrument will be shared with
Martian Gas Analytic Suite (MGAS), which is another instrument, proposed
for the same Landing Platform. Gas sampling inlet will be lifted up by a tele-
scopic tube to a point, 15 cm higher than the Landing Platform top. The sampling
system will efficiently refresh ambient Martian atmosphere gas sample in the
ICOS cell analytical volume and will optionally enhance measurement accuracy

by increasing ~ 5 times up concentration of sampled gas in the ICOS cell.

Following the M-DLS experiment idea, we are carrying out industrial design
of a compact and lightweight M-DLS instrument for the ExoMars-2020 mission
Landing Platform scientific payload.M-DLS is aimed to continue in situ study
of atmosphere near the Martian surface after the TLS/SAM/MSL instrument of
the NASA Curiosity rover [3].

SUMMARY AND CONCLUSEION:

The idea of M-DLS experiment, combining TDLAS and ICOS methods, has been
proposed for continuous study ofatmosphere near the Martian surface during
the ExoMars-2020 mission. M-DLS instrument aims for measuring of H,0
and CO, molecule content and of D/H, 8Q/'7Q/'®0, 3C/'2C isotopic ratio vari-
ations with ~ 1% accuracy in situ at the stationery Landing Platform location.
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Earlier, [1] briefly described a three-coordinate highly sensitive seismom-
eter, which includes three uniaxial, mutually orthogonal sensors. A uniax-
ial seismometer is a cylindrical test mass suspended on three extensions
fixed at both ends of the cylinder. Stretch marks - thin wires 0.1 mm in
diameter made of beryllium bronze, located at an angle of 1200 to each
other. Small mechanical vibrations of the test mass are measured with
a capacitive converter. Such a scheme provides for the measurement of
non-gravitational effects on board a spacecraft where there is no effect of accel-
eration of free fall and stretching provides the necessary mechanical rigidity.
When measuring on the surface of planets, in particular Mars, the grav-
ity projection affects the test mass. The stiffness of the stretch marks is
insufficient to hold the test mass and additional stiffness is necessary.
This problem was solved with the help of permanent cylindrical magnets
mounted in the sensor body and on the trial mass with the same poles facing

each other. In this case, the “magnetic” stiffness is determined by the relation:

Amg _ Koy
ZO

where m is the test mass, g is the projection of the acceleration of grav-
ity on the sensitivity axis of the sensor, and z, is the distance between the
magnets, in which the weight of the test mass is completely compensated
by the magnetic forces. In Mars conditions at m = 20 g and z, = 2 cm, the
natural frequency of the oscillation of the test mass is ~ 3.3 Hz. The natu-
ral frequency, determined by the rigidity of the mechanical suspensions
( k = 3WED* /B, where E is the Young’s modulus, D is the diameter of the
stretch, | is the length of the stretch), and the “magnetic” stiffness is ~ 5.1 Hz.
Estimates of the magnitude of the temperature dependence of such a sensor
have shown that when the temperature changes, the magnetization of per-
manent magnets changes, which leads to displacement of the test mass. For
magnets from SmCo, the relative change in magnetization with a change
in temperature by 1 ° C is ~ 4 10-4 1 / ° C. The maijorizing estimate for lift-
ing the trial mass when the instrument temperature is lowered by 100 ° C
(the surface temperature of Mars) is 4 10-3 cm. With a gap in the capaci-
tive converter of about 200 um, the displacement of the rotor plate by x =
40 ym means that when the sensor is cooled to 100 ° C, it will remain in
the operating range and will be able to measure at this temperature.
Long-term stability of magnetization of permanent magnets (less than 0.1%
over 10 years [2]) allows them to be used for a long time and to measure not
only seismic, but also long-period processes with the help of these sensors.
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INTRODUCTION:

In the quiet heliosphere the galactic cosmic ray (GCL) flux is modulated
by interaction with non-homogeneous structures of the solar wind — high
speed streams (HSS) and the interplanetary manifestations of coronal mass
ejections that could be magnetic clouds (MC) and interplanetary coronal
mass ejections (CME) (e.g. [1],[2],[3]). The FREND dosimeter Liulin-MO
on board ExoMars TGO measured GCR fluxes during TGO transit to Mars
and on Mars high ecliptic orbit. Liulin-MO measures the flux of the positively
charged particles, it does not resolve the type and the energy spectrum
of the incident particles but counts all charged particles that deposit in 300 um
of Si energy greater than 80 keV, which in practice covers a great range
of GCR energies.

DATA:

Liulin-MO GCR fluxes in two perpendicular directions and proton flux > 30
MeV by SIS instrument on ACE satellite (located at L1 libration point at about
1 500 000 km from Earth) obtained from 22.04.2016 to 07.03.2017 are com-
pared in Fg.1. Note that Liulin-MO is not able to measure protons with energies
below 30 MeV due to the shielding of its detectors. During the interplanetary
transit of TGO a good agreement between the fluxes provided by two instru-
ments is observed. In high elliptic Mars orbit (since 31.10.2016) Liulin-MO data
match SIS data “delayed” by 5 days in average.

During the plotted period no CME hit the Earth but multiple HSS were
observed according to NOAA Preliminary Reports and Forecasts of Solar Geo-
physical Data (http://legacy-www.swpc.noaa.gov/weekly/). Therefore it were
HSS, which modulated SIS and Liulin-MO fluxes. As a first step we used the
WSA-Enlil model (http://iswa.ccmc.gsfc.nasa.gov/) to look at the propagation
of a possible HSS. During April — first half of July the Earth and Mars are located
on near-by magnetic field lines ant the HSS front reach both planets (and TGO
still nearer to Earth than to Mars) roughly simultaneously. During November

ExoMars-TGO, Liulin-MO & ACE, SIS Flux rate comparison
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2016 a possible HSS reaches Mars first and only after approximately 4 days
reaches the Earth. At the end of the period — the beginning of Marc 2017 this
delay is already about 6 days. In the scale of Fig.1. an average delay of 5 days
of ACE SIS data gives an admissible agreement with Liulin-MO GCL fluxes.
The overall increase of the fluxes in both instruments observed from 22.04.2016
to 07.03.2017 can be attributed to the increase of GCR intensity during the
declining phase of the solar activity.

As a second step we investigate the relation of GCR modulations to the
observed solar wind parameters to find how the flux depletions are related to
the particular HSS. We use ACE solar wind data for the period of TGO cruise
phase and MAVEN data for the period of Mars high elliptic orbits.
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INTRODUCTION:

The icy moons (e.g. Europa and Enceladus) present some of the promising
examples of extended habitable locations in our Solar System. Some of them
seem to have potential ocean that could support life.

The primary goal for astrobiology is to find life somewhere else in the Uni-
verse. How could we detect biosignatures on icy moons, if we cannot find them
on the hostile surface or water plumes? The only solution is to go somehow
under the ice and explore the ocean beneath.

CHALLENGES IN ACCESSING THE OCEAN:

Accessing ocean under ice in remote moon to explore possible biosignatures
seems overwhelmingly difficult. We don’t even know how thick the icy shells
are. It is estimated, that in e.g. Europa the ice is around 15 to 25 km thick [1].
It takes 35 to 52 minutes to send radio signals from Europa to Earth, so any
exploration vehicle should be autonomous in all its activities. As these icy
moons are in high priority for astrobiology, all vehicles flying-by or landing them
should be extremely sterilized in order not to contaminate the target.

USING THERMONUCLEAR PENETRATOR:

One obvious way to penetrate ice is to melt it. And that would need a lot of
energy. On the remote moon, there is only one adequate energy source avail-
able today: fission. Thermonuclear reactors are relatively simple nuclear reac-
tors that could be used for providing needed energy to get to ocean. For this
purpose, we can do rough estimates about the size of the reactor by using
information and estimates about the thickness of the ice cover, diameter of the
penetrator (these give us the amount the ice), and the temperature of the ice.

Nuclear reactors have already flown in space. For example, Soviet TOPAZ reac-
tors demonstrated that nuclear reactors could provide steady power for years.

In this presentation, | will present general model of thermonuclear penetrator
for accessing oceans beneath icy shells.
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INTRODUCTION:

New methodology and space instruments for geophysical survey of the sur-
face and subsurface of Jupiter’s and Saturn’s ice moons should be developed
for future space missions. The existing set of instruments should be trans-
formed into a specialized complex for identification of those geoelectric features
(markers) on the surface of ice moons that are the evidence of the existence
of subsurface oceans under multi-kilometer ice cores of the ice moons.

It is preliminary methodological research that can significantly optimize
the planned space missions, as well as identify the most appropriate tech-
niques and instruments for future deep space missions focused on the study
of subsurface oceans’ characteristics which are currently impossible to mea-
sure directly using geophysical techniques.

In this presentation, the basic toolkit for the voluminous composition of geophys-
ical studies is presented, with possible testing and calibration measurements
on small satellites and direct measurements on a surface with pronounced of
the geoelectrical features of subsurface horizons.
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The light sail concept - harnessing photon pressure to propel a spacecraft -
has a long history dating back to some of the earliest pioneers of astronautics.
Now this problem has get a new relevance in connection with the advent of the
project Breakthrough Starshot.

Breakthrough Starshot is engineering program aiming to demonstrate proof
of concept for light-propelled nanocrafts. These could fly at 20 percent of light
speed and capture images of possible planets and other scientific data in our
nearest star system, Alpha Centauri, just over 20 years after their launch.

In this project nanocrafts are gram-scale robotic spacecrafts comprising two
main parts: StarChip and Lightsail. The StarChip is gram-scale wafer, carry-
ing cameras, photon thrusters, power supply, navigation and communication
equipment, and constituting a fully functional space probe. The Lightsail is
made of increasingly thin (no more than a few hundred atoms thick) and light-
weight (gram-scale mass) metamaterial.

To achieve goal of the project it is necessary to solve a lot of complex scientific and
engineering problems. One of these tasks is investigation stability nanocraft orienta-
tion in intense laser beam which should accelerate it up 60,000 km/s during 2 minutes.

We considered a problem of stability nanocraft orientation while illuminated by
intense laser beam. In our model the nanocraft driven by intense laser beam
pressure acting on its lightsail is sensitive to the torques and lateral forces
reacting on surface of sail. This forces influence the orientation and lateral
displacement of spacecraft. We consider stability of its position inside laser
illuminated column.

The assumptions in choosing the model: 1. concave (part of the sphere) cir-
cular sail; 2. configuration of nanocraft is treated as solid body (applicability of
Euler equations); 3. mirror reflection of laser beam from surface of the lightsail;
4. Gaussian profile of the laser beam.

In [1] we discussed how sail shape and profile of the laser beam can affect stability
of nanocraft position provided that surface of the sail has a small curvature.

In this work we are developing theory of stability nanocraft orientation taking into
account arbitrary curvature of surface of the sail. We obtained conditions for the
case of a stable orientation of the sail. We estimated the threshold value of the
disturbing force, at which the position of the sail in the beam is still preserved.

REFERENCES:
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INTRODUCTION:

The problem of reliable forecasting of the space weather and their effects is
still far from the solution. This is due both to its fundamental scientific complex-
ity, and to the insufficient amount of observational data available to research-
ers. It might be a large step forward to create systems for operational control
of space weather, in particular, simultaneous measurements of corpuscular
solar radiation in different heliosphere locations. For improved forecasts of
space weather near the Earth, simultaneous measurements both inside and
outside its magnetosphere at different distances from the surface are required.

This goal can be achieved with help of complex scientific diagnostic instru-
ments installed on spacecraft with various orbits. At the same time, it is import-
ant that the experimental data obtained will be properly calibrated. This can be
more easily achieved with similar complexes of diagnostic equipment installed
on different spacecraft after passing a unified system of quality control, cali-
bration and testing. If, in addition, these complexes have small mass and size
(i.e., miniaturized), then they can be placed as an additional payload on a wide
range of spacecraft (including microsatellites) with different orbit. This exten-
sive network of diagnostic stations of space weather control will be similar
to the network of weather stations and multiple and atmospheric probes.

As the space infrastructure develops and the number of spacecraft launches
increases the cost of individual elements of space weather network will
decrease. We believe that it is now necessary to begin to work out the issue
of creating a basic scientific and measurement complex, part of which will be
a compact system for the diagnostics of corpuscular radiation, which can be
installed onboard different spacecraft, leading to further expansion of the net-
work of monitoring of space weather (space-meteorological network).

We are presenting results of modeling of the instruments being developed
in order to solve this problem. The instruments are designed to perform mea-
surements of solar wind ions and electrons within energy range of 0,5-10 keV
and 30-10000 eV respectively and AE/E aimed at 10-15%.
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Chemical composition of solar system bodies is of significant importance
to understand their origin and evolution.Investigation of chemical composition
of the lunar exosphere and surface is of considerable interest in the Russian
Luna-Resurs mission.

Whereas available lunar samples originate from a restricted region near
the lunar equator, the instruments selected for investigation enhance our
understanding of the composition of the moon and its exosphere, in particular
by measuring volatiles and water in the lunar regolith near the poles or exam-
ine the composition of the exosphere.

We develop a compact time-of-flight mass analyzer (neutral gas mass spec-
trometer, NGMS) coupled with a gas chromatograph (GC) to investigate volatile
fraction of lunar materials (GC mode) and chemical composition of the tenuous
lunar exosphere (exosphere mode). For GC mode, pyrolysis fractionate vola-
tiles in the temperature range up to 1000 °C.The GC-NGMS instrument allows
investigating molecular composition of regolith (CHON organics, water) and
analysis of noble gas composition[1]. We demonstrate that NGMS is capable
to recordthe continuous GC outflow allowinghighly sensitive measurements of
chemical compositions (molecules, their structure, elements, isotopes) withhigh
dynamic range up to 10° within 1sand mass resolution (M/AM) up to 1100 [1,2].

We report on the results of performance studies with standalone NGMS for
exosphere mode and investigations conducted by the GC-NGMS instrument
[3].Organic and noble gas mixtures provide reference for measuring retention
times and signal to noise ratios resulting in detection limits. In combination
with the built-in thermal conductivity detector (TCD) of the GC, the compar-
ison of both the TCD and the NGMS measurements indicate the advantage
of the NGMS for analyzing the chemically pre-separated GC sampleregarding
its capabilities to identify species by their fraction pattern. Since small retention
times cause narrow GC-peaks in time, NGMS is capable of varyingthe integra-
tion time of each data point to increase sampling rate.
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INTRODUCTION:

For carrying out seismological studies of the Moon, the level of devel-
opment of modern scientific and technical systems and methods is high
enough, therefore the solution of any problem is real. For the past 30 - 40
years, old principles and schemes are used, and scientific tasks are slightly
updated. The development of electronics and instrumentation allows sci-
entific equipment to occupy minimal space and weight and withstand over-
loads (deceleration) > 10* g. This makes it possible to replace the existing
excessively expensive rocket systems with new methods of delivering pay-
load, for example, ballistic (space gun). Thus, the costs of scientific pro-
grams are decreasing at times, and many studies are becoming available,
less risky and environmentally safer.

Since the 1950s, more than fifty hypervelocity ballistic ranges of different sizes
have been built around the world. All of them have done good job in their
research fields. However due to limited space, only a few most active ranges
are introduced here. They are: AEDC Range G, Hypervelocity Free-Flight Aer-
odynamic Facility (HFFAF) of NASA Ames, hypervelocity ballistic ranges of the
UAH Aero physics Research Center (UAH-ARC), Hypervelocity Impact Test
Facilities (HITF) of NASA JSC, Hypervelocity impact ranges of Ernst-Mach
Institute (EMI), Hypervelocity Ballistic Range Complex of CARDC [1].

But the most promising and modern project is Quicklaunch, in which its cre-
ator, Dr. John Hunter got rid of the piston [2]. In the new system, natural
gas burns inside a special heat exchanger chamber, which is surrounded
by a second chamber - with hydrogen. Heat is transferred through the walls,
resulting in a hydrogen temperature rising to 1000 degrees Celsius. As soon
as the pressure reaches the required value, a special sliding valve opens,
and hot hydrogen starts to accelerate the projectile along the trunk. After
the departure of the device, the end of the barrel immediately closes the
diaphragm, minimizing the loss of hydrogen - it is then cooled again for use
in the next start. This principle will be considered for designing a space gun
for launching equipment to the moon.

The final project of our light-gas gun is capable of delivering a useful cargo
of 100kg. And adiameter of 0.4 m, including a stage for accelerating from 5.5 km/s
to 11.2 km / s, allowing to reach the surface of the moon with an input speed of
1.5 km /' s. The problem of stabilization and leveling of the gun can be solved
by placing the system in water and partially supporting it on the mountain,
or by forming an ice shell around the gun during the shot, thereby ensuring its
buoyancy and eliminating the recoil problem.

Small high-speed penetrator reducing the depth of penetration into the ground
by approaching the surface at a large angle and by using beam for cavitation,
which has a slanting cut [3]. Total depth of penetration would be around 10 m
to provide connection to base station.
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INTRODUCTION:

The complex of scientific instruments of the Lander «Luna-Glob» included device
PML. This instrument is designed to study the dust component, its dynamics in the
near-surface exosphere of the moon, the registration of micro-meteorites and sec-
ondary particles of the lunar regolith, impact by micrometeorites and the measure-
ment of their physical characteristics. The device directly measured momentum,
velocity, mass and charge of the particles.

For the purpose of conducting physical experiments on modeling of the
dusty environment conditions in the surface layer was created an experi-
mental setup. This unit is designed for carrying out functional tests, adjust-
ments and calibrations of the instrument. The installation is carried out testing
of the methodology of space experiment. It is planned to hold correction of the
coefficients of relative sensitivity and verification of the scientific data obtained
during the mission.

EXPERIMENTAL SET-UP:

The experimental set-up is realized on the base of the vacuum chamber and
includes a system of supply and control of vacuum, the injector (generator) of
charged particles. The setup includes the control system for measuring the
speed of the charge of particles and the system to measuring and control elec-
trical signals and instrument parameters. Vacuum system provides vacuum
with a residual pressure sufficient to operate the injector of the dust particles
and simulate the conditions of the dust of the atmosphere. Injector (generator)
of dust, charged particles produces a stream of metallic, charged particles with
dimensions from units to hundreds of microns with flow rates from units to tens
of meters persecond with acharge of notless than 1000 electrons perthe particle.
The measuring systemforthe control ofthe speed and charge of particles consists
of the induction sensor and charge sensitive amplifiers that allow to display and
measure the signal. Method of measuring charge is based on the measurement
of the induced mirror charge from the moving particles in the metallic electrode
of the induction sensor. The geometry data of the placement of the induction
sensors is used to measure the speed of particles by time delays of signals.

The voltage applied to the injector governs the speed and charge of the injected
particles. In the experiments are used different in size and mass of particles
loaded into the injector.

Since the process of injection and the detection of particles are random,
the statistical methods to handle the large volume of accumulated data are used.

RESULTS:

The set-up made it possible to realize the streams of charged particles with
velocities in the range of 2 to 60 m/sec for the metalized particles with sizes
from 10 ym to 200 pm.

On the installation was carried out calibration of the engineering sample
PML device, had allowed to determine the sensitivity of the sensors of the
device. Threshold sensitivity for the charge is amounted to 2 000 the charge
of the electron. The threshold sensitivity of the momentum is amounted
to the value of 3*10-'2 Newton*sec.
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INTRODUCTION:

Recently, researchers have proposed building lunar bases for human habita-
tion with 3D printing technology. Robots would be sent to the Moon to survey
sites, test terrains, and find any hazards prior to building a base. Once an ideal
area for settlement has been selected, astronauts would build the base with the
assistance of 3D printing technology [1]. Others have suggested that building
a base underground would offer the best protection from solar radiation and
the extreme lunar weather conditions [2]. However, another alternative method
is the installation of pressurized tents in the already present lunar lava tubes.

LUNAR LAVA TUBES AS A USEFUL RESOURCE:

Lunar lava tubes are elongated depressions that are formed from channels
of molten lava [3]. While they vary in width and depth, a study done by Blair
et al. suggests that lava tubes up to five kilometers in width can act as suit-
able stable structures for shelter [4]. Given the proper size for stability, the
tubes can then offer protection from radiation, micrometeorites, and dust [3].
As others have proposed in terms of surveying, robots can be sent to the Moon
to explore the lunar tunnels. Through the data collected by the robots, the lava
tubes with the most optimal conditions can be selected for human habitation.
Since the lava tubes are ready-made structures, building an entirely new infra-
structure underground is unnecessary. Inserting pressurized tents within the
caverns can offer a less dangerous and an inexpensive alternative for build-
ing a lunar base. The intelligent yet simple technology behind inflatable tents
will allow for lighter cargo while traveling in a spacecraft, whereas sending
the materials for building a completely new shelter on the Moon may require
more than one launch [5]. Inflatable tents would also enable astronauts to
assemble their shelters with ease while wearing their space suits. Prototypes
of pressurized tents have already been made, and they have been and continue
to be tested [5]. It would be both resourceful and logical to use the technology
that has already been developed to further our goal of making space settle-
ment a reality. Though a suitable lava tube will need to be found and tested,

Fig. 1. Apollo image of lunar lava tubes [6].
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the procedure of constructing a pressurized tent within the tube can be rel-
atively less risky, time consuming, and costly than building an entirely new
structure.

CONCLUSION:

Living in the Moon’s underground tunnels is a possible and promising method
for human habitation. Taking advantage of the natural construction will not only
allow for a safe and suitable shelter but, with the addition of pressurized tents,
the lava tubes may also serve as relatively a low-cost and low-risk alternative
for human settlement on the Moon.
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INTRODUCTION:

Meteor burst communication is a method of sending information from a station
to a single station or multiple stations developed in the 1950’s. It uses the ioni-
zation trail of a meteor to reflect a signal from one sender to another [2]. It has
long been phased out because of the development of other significantly more
efficient and reliable methods of communicating. However, during early planet
or space body inhabiting, these forms of communication and their extra infra-
structure needs may not be readily available for use (such as extra satellites
or towers) or in cases of emergencies where infrastructure is not operationally
available. Meteor burst communication could fill this need for emergency or
low data communication at very low costs.

There are several drawbacks to using meteor burst communication includ-
ing a lower limited range of transmission and very low data transmission [1].
This form of communication would not be suitable for cross planet or cross
body communication but ideally for short range establishment-establishment
communication. Additionally, due to the reliance on the ionization trails of
meteors and other bodies capable of producing these trails, consistent com-
munication would be difficult at best and would be best used as a “last ditch
effort” or in worst case scenarios or as a means to send low amounts of data.
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The report examines the visible motions of the Earth, the Sun and stars on the
lunar sky during the year. The analysis is based on the results of calculations
on the program developed by us for calculating the topocentric ephemeris
of the Earth [1], the Sun [2], and the stars [3] for the lunar surface. Figure 1
shows the interface of our program. The ephemeris calculate (this example)
for topocenter with longitude -85 degrees and latitude -15. The topocenter is
located near Spring lake in the Mare Orientale region. The example in Fig. 1
shows the input of the coordinates for the Sirius star. The calculations take into
account the physical libration [4].

42 Ephemneris of the SUN, EARTH and STARS on the lunar sy o &=
Celenographic Longitude &5 Latitude -15 Height ( km) 0
Calendar date: 0h 00 m 00s UTC- beginning of ephemeris: 01102017 @
Calendar date:0h00m 00 s UTC- end ephemeris: nom7 I*
dT=ET-UT %
Uil of time € cymeax v Time step 1

Sun and Earth topocentric coordinates

Catalogue coordinates of star for 2000.0
RA b h &

m 8317 ]

-l "

Dec - ~ 1 o &

Star topocentric coordinates Help 2

Fig.1. View of the calculation program interface of topocentric ephemeris for the obser-
vations from the lunar surface. Green and yellow areas of the screen reflect the control
elements.

Table 1. Earth and Sun Ephemeris (topocenter — Lake of Spring in the Mare Orientale
region)

UTC Date Earth Sun

0 hours Azimuth Altitude Azimuth Altitude

13 oct 2017 93°08'31” | +0° 09’ 33" +155°06' 517 | +72° 06’ 27”
14 oct 2017 91 3029 |-0 04 11 +128 23 54 | +64 38 10

In Table 1, for example, the ephemeris of the Earth and the Sun are given
for a topocenter on the surface of the Moon (the Lake of Spring with a longi-
tude of -85 ° and a latitude of -15 °), where the azimuth is measured from the
South point (positive azimuth to the west, and a negative value to the east
of the South point).

Fig. 2. shows the visible motion of Earth, Sun and star (y Virginis) at the lunar
sky during 2017 for the same topocenter. Here is shown the eastern region
of the sky near the horizon. The Earth moves for a year spiraling along ellipses
counter-clockwise and makes one revolution for earthly month. But the Sun
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Fig. 2. The annual motion of the Earth, Sun and star (y Virginis) on the Lunar sky
at the Lake of Spring. Legend: red line — Sun track, blue line — Earth center track and
green line — star track.

enters in this area of the sky for a year about 12 times (every earthly month).
The star (declination -1.5 degrees) moves at the lunar sky along celectial
equator from east to west not so far from Sun track.

It is important to note that the apparent velocity of sunrise from the horizon and
sunset beyond the horizon on the Moon will be about 30 times slower than on
the Earth. The star near equator has the same velocity of apparent motion.
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Fig.3. The motion of the Earth, Sun and star (y Virginis) on the lunar sky for the observer
in the center of the visible hemisphere.
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Fig. 3 shows the motion of the Earth, the Sun and stars near the zenith point
for the observer in the region of the “sub-Earth point”, that is, in the center
of the near side of the Moon. The coordinate system is polar (azimuth and
zenith distance), and the Zenith point is located in the center.

As can be seen from Fig. 3, the center of the Earth (blue line) moves away
from Zenith in its movement within a year not more than 5 degrees. The Sun
(red line) moves away from Zenith to the north and to the south approximately
on 2 degrees moving from East to West. The daily path of the star (the green
line) is located somewhat further from Zenith than the solar path. This is due
to the declination of the star (y Virginis). Fig. 3 contains only part of daily path
for the Sun and the star within Zenith vicinity limited by radius equals 5 degrees.

It is important to know the location of the Sun during all lunar day to protect
the light-receiving devices from solar light. Knowing the concrete movements
of objects, you can plan observations in advance. This is especially necessary
for long-term observatory on the lunar surface [6].
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Profsoyuznaya street 84/32

post code 117997

metro station: Kaluzhskaya

Moscow, Russia
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cranyusa metpo “KAJIYXKCKAA”
metro station “KALUZHSKAYA"”

MUKU PAH,

nnowagb akagemuka Kengpiwa

MeTpo”Kanyckasi”, nepBbIl BaroH U3 LieHTpa, N0 TOHHEM — MpPsIMO,
no BTOPOMY MOMepeYHOMy TOHHENIO- HanpaBo, BbIXo4 Ha nnoLwagb,
Jaree no cTpernkam Ha cxeme

IKI RAS

You should get off at “Kalyzhskaya” metro station using the southern exit.
After leaving a station lobby through glass doors you should go straight

to the end of the tunnel, then take right and use the stairs to get to the surface.
From this point you may follow either arrow on this map
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REGISTRATION AND INFORMATION DESK

location:
IKI,
entrance A-4

time:
9 october, 8:30-18:00
10 -13 october, 9.00-18.00

SCIENTIFIC SESSIONS

location:
IKI conference hall,
second floor

POSTER SESSIONS

location:
IKI exhibition hall,
ground floor

time:
9 october, 18.00-19.00
11 october, 18.00-19.00
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SOCIAL PROGRAM

Space Research
Institute

Bolshhoi theater

Moscow circus
on Vernadskogo

Space Research
Institute(IKIl),

9 october 10 october 11 october 12 october 13 october
14:00
\Visit to
RESEARCH,
DEVELOPMENT
& PRODUCTION
ENTERPRISE
“ZVEZDA”
Departure
from IKI,
the entrance Ne A4

18-00 19-00 19-00 18-00

WELCOME Ludwig Minkus IDOL GALA CONCERT

PARTY “LA BAYADERE” [SHOW

Ballet

performing arts
center

Danchenko Mos-
cow music theatre

(IK1), lorospect Conference hall
Exhibition
hall
19-00 19-00 19-00
Paolo Baccianella MADAMA RECEPTION
“THE BEST” BUTTERFLY
Organ (ltaly) Opera
Moscow Stanislavsky Space Research
international and Nemirovich-  [Institute(IKI),

Exhibition hall

20-30

IALEKSEY
FETISOV’S
ROCK&ROLL TRIO

Jazz club

19-00

CRAZY
DANCES WITH
FABIO
MASTRANGELO

IThe Russian

“Union of composers [Philharmonic

Club”

The State Kremlin
Palace

for additional information and registration for the events please contact
Mrs Julia Brekhovskikh
E-mail: yulia.brekhovskikh@yandex.ru

INTERNET ACCESS AND WIFI

there is Internet access in and near the conference hall
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1. UHCTUTYT KOCMUYECKUX UCCNEOOBAHUW PAH, ctonosas, 1 atax, cekuma A3
SPACE RESEARCH INSTITUTE OF THE RAS, Food center, Ground Floor, Section A3

2. TL| “KATNY>XKCKUIA”, yn. MpodbcotosHas, . 61A, 30Ha pecTopaHoB, 2 aTax
“KALUZHSKIY” Market Center, Profsoyuznaya Street, 61A, 2 Floor

3. PectopaH “HUKA” B BusHec-ueHTpe asnpom, yn. Obpy4esa, 23
“NIKA” restaurant in Bussiness Center Gas Field, Obrucheva street 23

4. Kadpe “AHpepCoH” Ha yn. Obpy4yeBa, g. 30/1
Café “AnderSon”, Obrucheva Street 30/1, Obrucheva street 23
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