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10M-S3 SCIENTIFIC PROGRAM

Monday, 7 october 2019

Lev ZELENYI Opening Remarks 10.00-10.10

James W. HEAD The Apollo lunar 
exploration  
program: scientific legacy 
and the road ahead

10.10-11.00

session 1. MARS 11.00-19.00

convener:  Oleg KORABLEV

conference hall, second floor

10MS3-MS-01 Alexander  
TROKHIMOVSKIY 
et al

Methane and other trace 
species detection attempts 
using ACS MIR channel 
onboard TGO ExoMars 
mission

11.00-11.20

10MS3-MS-02 Anatoliy PAVLOV 
et al

A novel mechanism 
for rapid methane  
destruction by cosmic rays 
on Mars

11.20-11.40

coffee-break 11.40-12.00
10MS3-MS-03 Anna FEDOROVA 

et al
The O2 vertical profiles 
in the Martian atmosphere 
with ACS-NIR onboard TGO

12.00-12.20

10MS3-MS-04 Mikhail LUGININ 
et al

Dust and water ice  
aerosols during the 
first year of ACS TIRVIM 
and NIR observations

12.20-12.40

10MS3-MS-05 Dmitrij TITOV  
et al

Mars Express recent  
science highlights

12.40-13.00

lunch 13.00-14.00

10MS3-MS-06 Alexey  
MALAKHOV  
et al

FREND onboard ExoMars: 
global near-surface water 
abundance and local 
features

14.00-14.20

10MS3-MS-07 Sergei NIKIFOROV 
et al

Analysis of the water 
distribution in Martian 
subsurface estimated by 
passive measurements 
with the DAN instrument 
onboard NASA/MSL

14.20-14.40

10MS3-MS-08 Maya DJACHKOVA 
et al

Subsurface water content 
in Gale crater from DAN 
measurements and its 
correlation with mineral 
abundance on the surface

14.40-15.00

10MS3-MS-09 James W. HEAD Toward an understand-
ing of early Mars climate 
history: new themes, 
directions and tests

15.00-15.20

10MS3-MS-10 Ashley PALUMBO 
et al

Volcanism on early Mars: 
Exploring the influence 
of the SO2 plume on local 
and short-term climate 
change

15.20-15.40
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10MS3-MS-11 Mikhail IVANOV 
and 
H. HIESINGER

The Acidalia Mensa region 
on Mars: A key element 
to test the Mars ocean 
hypothesis

15.40-16.00

coffee-break 16.00-16.20
10MS3-MS-12 Boris IVANOV Air shock wave traces 

on Mars
16.20-16.40

10MS3-MS-13 Vladimir  
OGIBALOV  
and G. SHVED

Effect of aerosol  
scattering on radiative 
transfer in the CO2  
and CO infrared bands  
in the daytime Martian 
atmosphere under break-
down of vibrational LTE

16.40-17.00

10MS3-MS-14 Maria  
PILAR VELASCO 
et al

The Martian atmospheric 
dust dynamic through  
fractional differential  
models and simulations

17.00-17.20

10MS3-MS-15 Thomas  
DUXBURY and 
Natalia SEREGINA 

Looking Back at Mars  
50 years: Mariner Mars 
1969 imaging

17.20-17.40

10MS3-MS-16 Mikhail VERIGIN 
et al

Measurements  
of the Martian crust  
magnetization 25 years 
before its discovery

17.40-18.00

10MS3-MS-17 Marina  
DÍAZ MICHELENA  
and C. R. KILIAN

Magnetic measurements 
in terrestrial analogues 
of Mars

18.00-18.20

10MS3-MS-18 Marina  
DÍAZ MICHELENA 
et al

Newton novel magnetic 
instrument. Potential 
application to unveil key 
questions as the origin 
of Martian moons

18.20-18.40

10MS3-MS-19 Jose Luis 
VAZQUEZ- 
POLETTI et al

Serverless Computing 
for Mars Exploration 
and Colonization  
Applications

18.40-19.00

POSTER SESSION (all sessions) 19.00-20.00
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Tuesday, 8 october 2019

session 2. VENUS 10.00-16.00
convener:  Ludmila ZASOVA
conference hall, second floor

10MS3-VN-01 Vladimir A.  
KRASNOPOLSKY

Venus Nighttime Photo-
chemical Model: Night-
glow of O2, NO, OH and 
Abundances of O3 and ClO

10.00-10.20

10MS3-VN-02 Peter WURZ et al Measurement  
of the composition  
of Venus atmosphere 
during aerobreaking

10.20-10.40

10MS3-VN-03 Helmut LAMMER 
et al

Atmospheric noble gas 
isotope and bulk K/U ratios 
as a constraint on the 
early evolution of Venus 
and Earth

10.40-11.00

10MS3-VN-04 Maike BAUER et al Implications 
of hydrodynamic escape 
for the Venusian water 
inventory, constrained 
by D/H

11.00-11.20

10MS3-VN-05 Richard  
ERNST et al

Geological tests of global 
warming models on Venus

11.20-11.40

coffee-break 11.40-12.00
10MS3-VN-06 Leonid  

KSANFOMALITY
Bright flashes of lightning 
on Venus were  
recorded in infrared  
images of the Akatsuki 
mission

12.00-12.20

10MS3-VN-07 Dmitry  
GORINOV et al

Circulation 
of the lower cloud level 
on the nightside of Venus 
from VIRTIS-M (Venus 
Express) and IR2 (Akatsuki) 
data in 1.74 μm

12.20-12.40

10MS3-VN-08 Vladimir  
GUBENKO  
and  
I. KIRILLOVICH

Internal waves charac-
teristics in the Venus’s 
atmosphere revealed 
from the Magellan 
and Venus Express radio 
occultation data by two 
independent methods

12.40-13.00

lunch 13.00-14.00
10MS3-VN-09 Richard GHAIL 

et al 
EnVision: European 
concept of a mission 
to Venus

14.00-14.20

10MS3-VN-10 Patricia  
BEAUCHAMP et al

Proposed Venus Flagship 
Mission

14.20-14.40

10MS3-VN-11 Ludmila ZASOVA 
and the JSDT

Venera-D: a potential  
joint Roscosmos – NASA 
mission to explore Venus’  
atmosphere, surface,  
interior structure and 
plasma environment

14.40-15.00

10MS3- VN-12 Vladimir  
GROMOV  
and  
Alexander KOSOV

A model of microwave 
absorption of atmospheric 
gases for the radiometric 
experiment  
in the Venera-D mission

15.00-15.20
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10MS3- VN -13 Valentin  
PARMON et al

Hypothetical living forms 
on Venus planet and their 
possible nature

15.20-15.40

10MS3- VN -14 Anastasia  
KOSENKOVA et al

Maneuverable Entry 
Vehicles for Venus 
research

15.40-16.00

coffee-break 16.00-16.20

session 3. EXTRASOLAR  PLANETS 16:20-18:45

convener: Alexander TAVROV

conference hall, second floor
10MS3-EP-01 Daniel 

ANGERHAUSEN  
et al

The LIFE mission: 
a Large Interferometer 
for Exoplanets

16.20-16.40

10MS3-EP-02 Shingo KAMEDA 
et al

WSO-UV/UVSPEX 
for observation  
of Earth-like Exoplanets

16.40-16.55

10MS3-EP-03 Andreas KRENN 
et al

Energy-limited escape:  
an examination of the 
range of applicability

16.55-17.10

10MS3-EP-04 Valery 
SHEMATOVICH  
et al

Atmospheric escape 
of  close-in Neptunes

17.10-17.25

10MS3-EP-05 Ildar  
SHAIKHISLAMOV 
et al

3d gasdynamic modeling 
of transitiong hot 
exoplanets

17.25-17.40

10MS3-EP-06 Daria 
KUBYSHKINA 
et al

The past rotation history 
of  Kepler-11 revealed  
by the present 
atmospheres of its planets

17.40-17.55

10MS3-EP-07 Vladislava  
ANANYEVA et al

Mass distribution 
of  exoplanets considering 
observation selection 
effects in the transit 
detection technique

17.55-18.10

10MS3-EP-08 Vladislava  
ANANYEVA et al

Mass distribution of 
transit planets depending 
on the host star spectral 
class (considered: K, G, F)

18.10-18.20

10MS3-EP-09 Anastasia  
IVANOVA et al

RV-exoplanets mass 
distribution at M-dwarf-
type host stars

18.20-18.30

10MS3-EP-10 Leonid  
KSANFOMALITY 
and Alexander  
TAVROV

On a possible role of giant 
exo-rings of the j1407b 
type in physical properties 
of the KEPLER KIC 8462852 
object

18.30-18.45
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Wednesday, 9  October 2019

session 4. MOON AND MERCURY 10.00-18.00
conveners: Igor MITROFANOV,

Maxim LITVAK
conference hall, second floor

10MS3-MN-01 Johannes  
BENKHOFF et al

BepiColombo  
en route  
to Mercury

10.00-10.20

10MS3-MN-02 Alexande  
KOZYREV et al.

MGNS: first data 
en route to Mercury

10.20-10.40

10MS3-MN-03 Evgeny  
SLYUTA

Geology, geochemistry 
and geophysics  
of the Moon: from  
priority scientific tasks  
to scientific equipment

10.40-11.00

10MS3-MN-04 James W. HEAD  
and Lionel  
WILSON

Rethinking lunar mare 
basalt regolith  
formation: new 
concepts of lava flow 
protolith and evolution 
of regolith thickness 
and internal structure

11.00-11.20

10MS3-MN-05 Jinsong PING et al Low frequency radio 
astronomical experi-
ments on the Moon

11.20-11.40

coffee-break 11.40-12.00
10MS3-MN-06 Mikhail  

GERASIMOV et al
Morphologies 
of impact-simulated 
condensates

12.00-12.20

10MS3-MN-07 Elliot  
SEFTON-NASH et al

Targeting lunar 
volatiles with ESA’s 
PROSPECT payload 
on LUNA-27

12.20-12.40

10MS3-MN-08 Rahul  
SHARMA et al

Lunar lava tubes 
represent vast poten-
tial

12.40-13.00

lunch 13.00-14.00
10MS3-MN-09 Sergey  

VOROPAEV and  
A.Yu. DNESTROVSKY

Features of the fossil 
tidal bulge formation 
for the early Moon

14.00-14.20

10MS3-MN-10 Wang  
MINGYUAN et al

Prospect of planetary 
radio emission based 
on low frequency de-
tection of Chang’E-4

14.20-14.40

10MS3-MN-11 Susanne  
SCHRODER et al

LIBS for in-situ geo-
chemical investigations 
of extraterrestrial sur-
faces of atmosphere-
less bodies

14.40-15.00

10MS3-MN-12 Egor SOROKIN et al Experimental  
simulating  
of a micrometeorite 
impact on the Moon

15.00-15.20
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10MS3-MN-13 Svetlana  
DEMIDOVA

Distribution of P-bearing 
olivines sources  
in the lunar crust

15.20-15.40

10MS3-MN-14 James W. HEAD 
and  
Lionel WILSON

Dike intrusion-related 
processes in the lunar 
crust: the role of country 
rock porosity/permeabil-
ity in magmatic percola-
tion and thermal anneal-
ing, and implications  
for gravity signatures

15.40-16.00

coffee-break 16.00-16.20

10MS3-MN-15 Alexander  
BASILEVSKY et al

Potential lunar base 
on Mons Malapert: 
Topographic, geologic 
and trafficability consid-
eration

16.20-16.40

10MS3-MN-16 Zhanna  
RODIONOVA 
et al

Topographical Features 
of the Lunar Maria 
and Basins

16.40-17.00

10MS3-MN-17 Maya   
DJACHKOVA et al

Landing site selection 
for future lunar landers

17.00-17.20

10MS3-MN-18 Maxim  
LITVAK et al

The nearest perspectives 
for Lunokhod 2.0 

17.20-17.40

10MS3-MN-19 Igor 
MITROFANOV 
et al

The concept  
of LUNA–28 mission 
for polar soil return

17.40-18.00

POSTER SESSION (all sessions) 18.00-19.00
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Thursday, 10  october 2019

session 5 . GIANT PLANETS 10.00-13.10

convener: Scott BOLTON
conference hall, second floor

10MS3-GP-01 Scott BOLTON 
et al

Result from Juno 
on the Origin of Jupiter

10.00-10.15

10MS3-GP-02 John CONNERNEY 
et al

Jupiter’s Magnetic Field 
and Magnetosphere 
at the Midpoint  
of the Juno Mission

10.15-10.30

10MS3-GP-03 Alberto ADRIANI 
et al

Infrared observations 
of the Jupiter’s atmo-
sphere

10.30-10.45

10MS3-GP-04 Masafumi IMAI 
et al

Observations  
of radio and plasma 
waves at Jupiter  
from Juno Waves investi-
gation

10:45-11:00

10MS3-GP-05 Alessandro MURA 
et al

Observations of Jupiter 
Aurorae from Juno

11.00-11.15

10MS3-GP-06 Vladimir  
KRASNOPOLSKY

Photochemical Model 
of Pluto’s Atmosphere 
and Ionosphere

11.15-11.30

10MS3-GP-07 John  
JOERGENSEN et al

Jovian Moon interaction 
with energetic electrons 
as measured by the Juno 
ASC

11.30-11.45

coffee-break 11.45-12.00

10MS3-GP-08 Erica NATHAN 
et al

Experimental and Numer-
ical Model for Freezing Icy 
Satellites

12.00-12.15

10MS3-GP-09 Manuel SCHERF 
et al

The origin and evolution 
of Titan’s nitrogen atmo-
sphere

12.15-12.30

10MS3-GP-10 Igor ALEXEEV et al Diagnostics of the Jovian 
magnetospheric state 
during the Juno mission

12.30-12.40

10MS3-GP-11 Alexander  
PERMINOV  
and Eduard 
KUZNETSOV 

The resonant semi- 
analytical motion theory  
for giant planets  
of the Solar system

12.40-12.50

10MS3-GP-12 Valery KOTOV Rotation of giant planets 12.50-13.00

10MS3-GP-13 Michel BLANC 
et al

Science objectives and 
mission scenarios  
for future missions  
to the Jupiter system

13.00-13.10

lunch 13.10-14.00

session 6. SMALL BODIES 
(including cosmic dust) 

conveners: Alexander BASILEVSKY, 
Alexander ZAKHAROV

conference hall, second floor

14.00-18.00

10MS3-SB-01 Thomas DUXBURY The International Phobos/ 
Deimos Data Working 
Group

14.00-14.15
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10MS3-SB-02 Mikhail  
MAROV and 
Sergei IPATOV

Migration of planetesimals 
from different distances 
outside Mars’ orbit  
to the terrestrial planets  
and the Moon

14.15-14.30

10MS3-SB-03 Mikhail  
MAROV et al

Simulations of fragmentation 
of dust aggregates  
at the snowline in a 
protoplanetary disk:  
first results

14:30-14:45

10MS3- SB-04 Sergei  
IPATOV

Probabilities of collisions  
of planetesimals from 
different parts of the feeding 
zone of the terrestrial planets 
with the forming planets,  
the Moon, and their embryos

14:45-15:00

10MS3- SB-05 Sergey  
EFIMOV and   
V. SIDORENKO

Lidov-Kozai cycles in secular 
dynamics of resonant Kuiper 
belt objects

15:00-15.15

10MS3- SB-06 Sergey  
KRASILNIKOV 
et al

Pinnacles on the surface 
of the 67P/Churyumov-Gera-
simenko comet nucleus

15.15-15:30

10MS3- SB-07 Vladimir  
BUSAREV  
and 
Ekaterina  
FEOKTISTOVA

Assessment of the possibility 
of ice presence on 101955 
Bennu

15.30-15.45

10MS3- SB-08 Yuri SKOROV Thermal models of comets. 
New challenges after  
the Rosetta mission

15.45-16.00

coffee-break 16:00-16:20
10MS3- SB-09 Sergey  

VOROPAEV 
et al

Small bodies’ strength: 
failure model

16.20-16.35

10MS3- SB-10 Ute BOETTGER 
et al

Raman spectrometer  
for Phobos in-situ explora-
tion

16.35-16.50

10MS3- SB-11 Ekaterina  
KOREN and  
Eduard 
KUZNETSOV

Features of the Dynamical 
Evolution of Near-Earth 
Asteroid Pairs

16.50-17.05

10MS3- SB-12 Eduard 
KUZNETSOV 
et al

Search for young asteroid 
pairs with close orbits

17.05-17.20

10MS3- SB-13 Sergey POPEL 
et al

Dusty plasmas  
in environments of Mars

17.20-17.35

10MS3- SB-14 Ilan ROTH Present solar  
observations — a catalyst 
of processes at the birth 
of solar and death of stellar 
system

17.35-17.50

PANEL DISCUSSION 17.50-18.00
CONCERT 18.00-19.00
RECEPTION 19.00-20.00

https://ms2019.cosmos.ru/users/ute-boettger
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Friday, 11  October 2019

session 7:  
SOLAR WIND INTERACTIONS  
WITH PLANETS AND SMALL BODIES

10.00-12.40

conveners:  Oleg VAISBERG

room 200, second floor
10MS3-SW-01 Eduard  

DUBININ et al
What is a main driver 
for ion losses at Mars 
and what is  
a role of the crustal 
magnetic field?

10.00-10.20

10MS3-SW-02 Lev ZELENYI et al Thin current sheets 
of sub-ion scales 
observed by MAVEN 
in the Martian  
magnetotail

10.20-10.40

10MS3-SW-03 Salvador JIMENEZ 
et al

Induced magnetic field 
in Mars ionosphere. 
Solar wind and aurorae

10.40-11.00

10MS3-SW-04 Valery  
SHEMATOVICH et al

Kinetic Monte Carlo 
Model of High-Energy 
H/H+ Precipitation  
into the Martian  
Atmosphere

11.00-11.20

10MS3-SW-05 Alexander  
GRIGORIEV et al

The Fine Structure 
of the Interface  
between  
the Magnetosheath 
and the Venusian  
Induced Magneto-
sphere

11.20-11.40

coffee-break 11.40-12.00
10MS3-SW-06 Andrey  

DIVIN et al
A Fully Kinetic Study 
of Electron  
Acceleration Around 
a Weak Comet

12.00-12.20

10MS3-SW-07 Vladimir  
BUSAREV et al

Similarity  
of sublimation  
activity of the main-belt 
primitive asteroids 
704 Interamnia,  
24 Themis, and 449 
Hamburga and solar 
flares’ influence

12.20-12.40

session 8: ASTROBIOLOGY 10.00-17.00
conveners:  Elena VOROBYOVA, 

Oleg KOTSYURBENKO

conference hall, second floor
10MS3-AB-01 Elias  

CHATZITHEODORIDIS
Biosignature detection 
with state-of-the-art 
instrumentation

10.00-10.20

10MS3-AB-02 Sohan JHEETA Astrochemistry: 
synthesis of the basic 
‘building blocks’ of life

10.20-10.40

10MS3-AB-03 Vladimir  
KOMPANICHENKO

Origin of life through 
the efficient reaction 
of prebiotic systems 
to external oscillations: 
application to Mars, 
Europa, and Enceladus

10.40-11.00
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10MS3-AB-04 Vladimir MATVEEV 
and A. MALYGIN

Sorption theory  
of theorigin of life

11.00-11.20

10MS3-AB-05 Valeriy  
SNYTNIKOV

The most likely places 
to detect traces 
of extraterrestrial life 
in the Solar System

11.20-11.40

coffee-break 11.40-12.00
10MS3-AB-06 Martin FERUS Exoplanets: Natural 

laboratories  
of chemical evolution 
and origin of life

12.00-12.20

10MS3-AB-07 Daniel  
ANGERHAUSEN et al

Big Data and Machine 
learning for Exoplan-
ets and Astrobiology: 
Results from NASA 
Frontier Development 
Lab

12.20-12.40

10MS3-AB-08 Valery SHEMATOVICH 
and M. SACHKOV

Study of exoplanet 
habitability: potential 
atmospheric biomark-
ers O2/O3 in ultraviolet

12.40-13.00

lunch 13.00-14.00

10MS3-AB-09 Vinod KUMAR GUPTA Emergence  
of photoautotrophic 
assimilative mecha-
nisms in an irradiated 
sterilized aqueous  
mixture of some 
inorganic  
and organic substances  
induced  
by electromagnetic 
radiation of Sun

14.00-14.20

10MS3-AB-10 Chandra  
WICKRAMASINGHE  
and Richard HOOVER

Comets, carbonaceous 
chondrites  
and extraterrestial life

14.20-14.40

10MS3-AB-11 Sergey BULAT et al Microbial life under 
thick glacier sheets: 
lessons from  
the subglacial Antarctic 
Lake Vostok  
exploration

14.40-15.00

10MS3-AB-12 Richard HOOVER and 
E.V. PIKUTA

Advances  
in astrobiology:  
life in ice

15.00-15.20

10MS3-AB-13 Oleg KOTSYURBENKO Methanogenic archaea 
as model microorgan-
isms for astrobiology

15.20-15.40

10MS3-AB-14 Anton RYUMIN  
and M. KAPRALOV

Astrobiological studies 
in Dubna

15.40-16.00

coffee-break 16.00-16.20
10MS3-AB-15 Nikita DEMIDOV Pingos on Spitsbergen 

and on Mars as  
astrobiological target

16.20-16.40

Panel DISCUSSION 16:40-17:00
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POSTER SESSION
7 october 19.00-20.00
9 october 18.00-19.00
exhibition hall, ground floor

MARS
10-MS3-PS-01 Benjamin  

D. BOATWRIGHT  
and James W. HEAD

Testing the Effectiveness  
of Impact Bombardment on Early Mars 
Landscape Degradation

10-MS3-PS-02 Ashley PALUMBO 
and James W. HEAD

Rainfall on Noachian Mars: Nature,  
timing, and influence on geologic pro-
cesses and climate history

10-MS3-PS-03 Mariya  
ZHARIKOVA et al

O2 nightglow observations  
in the Martian atmosphere  
by SPICAM/MEx

10-MS3-PS-04 Natalia  
SAVELYEVA et al

First measurements of Carbon Monox-
ide in Martian Atmosphere  
from ACS-TIRVIM Solar Occultation  
Observations Onboard ExoMars TGO

10-MS3-PS-05 Ekaterina  
STARICHENKO et al

Gravity waves in Martian atmosphere 
from ACS/TGO solar occultations:  
preliminary results

10-MS3-PS-06 Gennady  
DOLNIKOV et al

Investigation of the Martian dust  
dynamics with Dust Complex:  
Instrument Development and Calibration

10MS3-PS-07 Manuel  
DOMINGUEZ- 
PUMAR et al

Performance of a miniature Martian 
3d wind sensor in the dust devil scale

10-MS3-PS-08 Yulia IZVEKOVA 
et al

Hydrodynamic similarity  
of dust devils on Earth and Mars

10-MS3-PS-09 Victor BENGHIN 
et al

Comparison of Liulin-MO dosimeter ra-
diation measurements during ExoMars 
2016 TGO Mars’ a circular orbit with 
dose estimations based on galactic  
cosmic ray models

10-MS3-PS-10 Sergei  
NIKIFOROV et al

The ADRON-RM instrument onboard 
the ExoMars rover

10-MS3-PS-11 Alexander KOSOV 
et al

LaRa (Lander Radioscience)  
on the ExoMars 2020 Kazachok lander

10-MS3-PS-12 Diego  
RODRÍGUEZ DÍAZ 
et al

AMR instrument for ExoMars 2020  
scientific payload for stationary mag-
netic measurements on the surface 
of Mars

10-MS3-PS-13 Imant  
VINOGRADOV et al

M-DLS experiment  
for the ExoMars–2020 mission  
Stationery Landing Platform:  
instrument design,   
fabrication and calibration results

10MS3-PS-14 Kirill  
ZAKHARCHENKO 
et al

Characterization of space radiation moni-
tor based on diamond sensitive elements 
for future interplanetary missions

10-MS3-PS-15 Gennady  
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Half a century ago, the Apollo lunar exploration missions began the transforma-
tion of the Moon, terrestrial planets and outer planet satellites, from objects 
of astronomical study to objects of geologic exploration and characteriza-
tion (Figures 1-3). The Apollo missions resolved fundamental questions about 
the Moon (origin of the Moon and its craters, the age and origin of the maria, 
the formation of basins; did the Moon form hot or cold?).  It also provided a fun-
damental framework and paradigm for understanding the history and evolution 
of the terrestrial planets, including Earth [1].  What have we learned about plan-
etary formation and evolution in the ensuing five decades from this Moon-based 
comparative planetology?  Ejecta from a large Mars-sized projectile impacting 
into early Earth appears to have formed the Moon.  Impact cratering plays a fun-
damental role in initial impact heating and melting to create a molten magma 
ocean whose thermal and chemical evolution dictates much of subsequent 
history. Planetary internal heating, melting and extrusion of molten rock (lava) 
to the surface supplies additional volatiles to the primordial atmospheres and 
resurfaces significant areas. Earth loses heat through plate tectonics, but smaller 
bodies lose heat primarily by conduction and rapidly become “one-plate plan-
ets”. Planets lose atmospheres as a function of time and Mars is a laboratory 
for this change, perhaps evolving from warm and wet to today’s sub-freezing 
desert. The current position of planets relative to their stars is not necessarily 
where they started out.  Abundant planetary environments have the ingredients 
for life, but life has thus far only been detected on Earth. As usual, astronomers 
are leading the way to the future, with the discovery of many dozens of exoplan-
etary systems and thousands of exoplanets.  Today astronomers and planetary 
scientists are teaming up to tackle fundamental questions in comparative plan-
etary systems: How can we use our knowledge about our Solar System and the 
characteristics and histories of its planets and satellites to interpret the nature 
of exoplanets? (Figure 4) Where does the Solar System fit in the menagerie of 
exoplanetary systems?  Is our Solar System typical or anomalous? 

Fig. 1. Earth-based telescopic view of the Earth’s Moon showing how it was known 
prior to the Space Age.
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Fig. 2. Apollo 11 begins the geological exploration of the Moon and planets, July 20, 
1969. 

Fig. 3. The Solar System, illustrating the difference between the small, solid terrestrial 
inner planets, and the outer gas giants. The shadow of one Jovian satellite appears 
as a black dot on Jupiter.  

Fig. 4.  A small selection of exoplanets known today
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Introduction:  
In this work we present highly sensitive attempts to detect methane and 
other trace species in the Martian atmosphere by the ACS instrument 
onboard the ESA-Roscosmos ExoMars Trace Gas Orbiter (TGO) [1]. No meth-
ane was detected during the time period of our measurements and over 
a range of latitudes in both hemispheres. Our upper limit for methane 
of ~0.05 ppbv is 10-100 times lower than previously reported positive detec-
tions [2]. The upper limits for other trace species are also better by at least 
one and up to several orders of magnitude.
Given its potential implications for exobiology or geochemistry, highly sen-
sitive measurements of atmospheric methane and other trace species were 
identified as the primary science goal of the TGO mission [3]. The 2-hour 
circular orbit of the TGO satellite was designed for detecting trace gases using 
solar occultations, a technique in which the spacecraft instruments observe 
the atmospheric absorption spectrum of sunlight during sunsets and sun-
rises [4]. ACS instrument consists of three infrared channels featuring high 
accuracy, a high resolving power, and broad spectral coverage (0.7 to 17 μm). 
The mid-infrared (MIR) channel is a high dispersion echelle spectrometer 
dedicated to solar occultation measurements in the 2.3-4.5 μm range. MIR 
has been conceived to accomplish the most sensitive measurements of Mar-
tian trace gases, while simultaneously profiling more abundant compounds 
such as CO2, H2O, and their isotopologues. When staring at the solar disk out-
side the atmosphere, the SNR of the transmittance spectra recorded by ACS 
MIR channel reaches 10,000. While CH4 constitutes a central target for the 
“Breakthrough” science, ACS MIR instrument is used to search and the quan-
tification thereof of the abundance of a suite of companion trace gases: C2H2, 
C2H4, C2H6, CH2O, H2S, H202, OCS, N2O, HCl, HCN and others.
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Introduction:
Rapid variations of methane abundance in Martian atmosphere is one of 
the most intriguing problems in Mars exploration. Methane molecules can 
be produced by a potential martian biosphere. Tunable laser spectrometer 
on the Curiosity rover detected seasonal variations of methane at sub ppb 
levels over 5 year period [1]. Such observations are in conflict with the cur-
rently accepted photochemical modeling of the Martian atmosphere. Accord-
ing to all published photochemical models the lifetime of CH4 molecules in 
the Martian atmosphere should be 300–500 years. Global atmospheric mix-
ing time is about one Martian year. Therefore, additional rapid process of 
methane destruction is needed to explain global seasonal variations even for 
local and variable methane sources on Mars [2]. 
In this work we consider cosmic rays ionization of the Martian atmosphere 
and subsequent atmospheric ion-molecular reactions as possible process of 
rapid methane destruction. We demonstrate that the lifetime CH4 decrease 
by a factor of 10 and more in comparing to the standard photochemical 
model (see Fig. 1).

Fig. 1. Atmospheric methane lifetime. Initial methane concentration is 0.6ppb. Curve 
1 shows photochemical methane destruction. Curve 2, 3, 4 — ion-molecular methane 
destruction. Curve 2 — GCR ionization of Molina Cuberos [4]  . Curve 3 — GCR ion-
ization with GCR spectra of PAMELA mission 2012 year, Curve 4 — GCR PAMELA 2012 
ionization  and SCR ionization with spectra index γ=3 (flux 50 p*cm-2s-1).

10MS3-MS-02
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We further demonstrate that the global methane loss rate is correlated with 
seasons due to effective seasonal destruction of methane in the polar regions 
during winter seasons.
Recently, the observations of ExoMars Trace Gas Orbiter (TGO) discovered 
very low methane concentration (<50 ppt) in upper atmosphere [3]. It is very 
unusual result because of the MSL experiments demonstrate variations of 
methane concentration in range 0.2–0.6 ppb and short time spikes up to sev-
eral ppb. We simulated a combination of short time emission of subsurface 
methane and low Eddy diffusion coefficient in framework of our model. This 
combination can support the observed difference of methane concentration 
during 600 sols (see Fig. 2).

Fig. 2. Evolution of methane profiles after 5-days spike. Curve 1 — is resulting profile 
of 5 days emission with flux 5*107 molecules*cm-2s-1. Curve 2 — methane profile 
after 90 sols; Curve 3 — after 300 sols; Curve 4 — after 600 sols. This profiles was cal-
culated with assumption of eddy diffusion coefficient for mixing of 4km atmospheric 
layer during 1 martian year (~2.6*103 cm2/sec).
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Introduction:  
The molecular oxygen is the minor constituent of the Martian atmosphere with 
the mean mixing ratio of (1.56 ± 0.06) 10-3. As it is a long-lived incondensable 
species (with the lifetime ~60 years) the O2 mixing ratio should have latitudi-
nal variations induced by condensation and sublimation of CO2 from the polar 
caps that result in enrichment and depletion and seasonal variations following 
the total CO2 amount in the atmosphere. The O2 column-averaged mixing ratio 
was provided by several ground-based observations as well as by Herschel 
orbiting observatory [1–3]. Now the high precision measurements of the O2 
mean surface mixing ratio were obtained by the quadrupole mass spectrome-
ter as a part of Mars Science Laboratory at the Curiosity rover [4].
Observations:
The Atmospheric Chemistry Suite (ACS) is a set of three spectrometers 
(-NIR, -MIR, and -TIRVIM) intended to observe Mars atmosphere onboard 
the ESA-Roscosmos ExoMars 2016 Trace Gas Orbiter (TGO) mission [5]. ACS 
started a science program on orbit of Mars in Mars 2018. The near infra-
red channel (NIR) is a compact spectrometer operating in the range of 0.7–
1.7 µm with a resolving power of λ/Δλ ~ 25,000. It is designed to operate in 
nadir and in solar occultation modes. In solar occultation mode NIR provides 
a simultaneous measurement of CO2 band at 1.56 µm (order 49) to get tem-
perature-pressure profiles (0–110 km), O2 band at 0.76 µm (order 101) and 
CO band at 1.56 µm (order 49) for vertical profiling in the low atmosphere 
(0–60 km). A vertical profiling of the O2 density is a unique feature of the ACS 
NIR science in occultation. No other instrument on a Mars orbiting platform 
being sensitive to O2 from 10 to 60 km altitude range. The ratio of O2/CO 
is also an important indicator of the Martian photochemistry.
Results:

Fig. 1 The O2 vertical profiles before the MY34 Global Dust storm in the Northern and 
Southern hemispheres as observed by ACS-NIR and prediction published in MCD 5.3 [6]

10MS3-MS-03



26-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

The first O2 profiles were obtained for 36 observations gives a value of : 
1582±83 ppm at latitude of 80N and 1756±101 ppm at 44-57S and Ls 167-169  
before the dust storm, and 2361±270 ppm at  43-53N and 1877±187 ppm at 
80S and Ls 196-198 during the global dust storm. 
Here we present the first results of the O2 density retrievals from the ACS/NIR 
solar occultations for the first year of observations and a comparison with 
the LMD General Circulation model. 
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OBSERVATIONS

M. Luginin 1, A. Fedorova 1, N. Ignatiev 1, A. Grigoriev 1, A. Trokhimovskiy 1, 
A. Shakun 1, F. Montmessin 2 and O. Korablev 1
1 Space Research Institute (IKI), Moscow, Russia, 

mikhail.luginin@phystech.edu
2 LATMOS-UVSQ, Guyancourt, France

Keywords:
Mars, atmosphere, aerosols, solar occultations, ACS, TGO, ExoMars, TIRVIM, NIR.
Aerosols play a big role in the atmospheric circulation, thermal structure, and 
climate of Mars [1, 2]. Dust particles cause changes in atmospheric dynam-
ics and inflation of the atmosphere through the solar heating of the atmo-
sphere [1]. Water ice particles play fundamental role in photochemistry and 
transport of volatiles on Mars [1, 3]. Knowledge of the spatial and tempo-
ral distribution of dust and water ice aerosols is highly important for better 
understanding of dust and water cycles on Mars.
The ExoMars Trace Gas Orbiter (TGO) is a joint ESA–Roscosmos mission 
to Mars [4]. It began orbiting Mars in October 2016 and started its observa-
tions in April 2018, just before the beginning of the 2018 global dust storm at 
the beginning of June (solar longitude Ls≈185°).
The Atmospheric Chemistry Suite (ACS) is a set of three infrared spectrom-
eters (NIR, MIR, and TIRVIM) featuring high accuracy, high resolving power 
and a broad spectral coverage (0.7–17 μm).TIRVIM is a Fourier-transform 
spectrometer capable of operation in nadir and solar occultation modes. 
In occultations, TIRVIM operates mostly in ‘climatology’ mode, cover-
ing the full spectral range of 1.7–17 μm every 0.4 s with spectral resolu-
tion ≤1 cm−1 [5]. Aerosol properties from TIRVIM solar occultation data 
were retrieved from 19 wavelengths in the spectral range of  2−6 μm 
(1700−5000 cm-1), chosen outside of strong-gas-absorption bands. 
To increase the signal-to-noise ratio, the spectra were averaged using the 
simple moving mean within a spectral window of 50 cm−1centered at the 
chosen wavenumbers.NIR is an echelle spectrometer, with selection of dif-
fraction orders performed by an acousto-optical tuneable filter. It operates 
in nadir and solar occultation modes and covers the spectral range 0.7–
1.7 μm. During an occultation, ACS NIR measures 10 preselected diffraction 
orders in two seconds, including the absorption bands of H2O, CO2 and O2. 
For the aerosol retrieval, diffraction orders centered at 0.76, 0.86, 0.99, 
1.38, and 1.57 μm were used. 
The first step in retrieval procedure is calculation of aerosol transmission 
profile. For TIRVIM, it is straightforward and standard for all solar occulta-
tion experiments. The reference spectrum for an occultation I0 is obtained 
when observing the Sun out of the atmosphere. Inside the atmosphere solar 
radianceI is attenuated by aerosols. Transmittances are obtained by divid-
ing the spectra measured through the atmosphere by the reference spec-
trum recorded outside the atmosphere: T=I/I0. For NIR, the spectra fitting 
and retrieval of aerosol transmission profile follow the method described 
for the SPICAM Mars Express 1.38-μm band [6, 7].
The second step, retrieval of the extinction vertical profiles, is identical 
to the one used for SPICAM and SPICAV solar occultations [8, 9]; that is by 
making use of the standard ‘onion peeling’ method. 
The final step involves fit of the experimental data to the modelled one. 
As a result, vertical profiles of size distribution and number densityare 
retrieved (Figure).To distinguish between water ice and dust particles, we 
applied the optimal-estimation retrieval scheme independently for both 
types and made the decision based on the fit quality.
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Fig. 1. Retrieved vertical profiles of transmission (a), slant opacity (b), extinction coef-
ficient (c), particle effective radius (d), and number density (e) from orbit #B21_I.

In this work, we will present analysis of retrieved dust and water ice aerosol 
properties from the first year of observations on the orbit of Mars.
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After 15 years in orbit Mars Express remains one of ESA’s most scientifically 
productive Solar System missions whose publication record now exceeds 
1200 papers. Characterization of the geological processes on a local-to-re-
gional scale by HRSC, OMEGA and partner experiments on NASA spacecraft 
has allowed constraining land-forming processes in space and time. Recent 
results suggest episodic geological activity as well as the presence of large 
bodies of liquid water in several provinces (e.g. EridaniaPlanum, Terra Chi-
meria) 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 and supporting characterization of potential 
landing sites for the Chinese HX-1 mission. Recent discovery by the subsur-
face radar MARSIS of subglacial liquid water underneath the Southern polar 
layered deposits has proven that the mission science potential is still not 
exhausted. The radar will continue searching for subsurface water pockets 
using its high resolution mode. 
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, OMEGA, HRSC and VMC 
together with subsequent modeling have provided key contributions to our 
understanding of the martian climate. Spectroscopic monitoring of the global 
dust storm in 2018 revealed dust properties, their spatial and temporal vari-
ations and atmospheric circulation. 
Recently PFS has reported a firm detection of 15.5 ± 2.5 parts per billion 
by volume of methane in the Martian atmosphere above Gale crater on 
16 June 2013, just one day after the in-situ observation of a methane spike 
by the Curiosity Rover. Numerical simulations of the Martian atmosphere, 
using stochastic gas release scenarios, identified a potential source region 
east of Gale crater. Most importantly, independent geological analysis also 
pointed to the same region, where faults of Aeolis Mensae may extend into 
proposed shallow ice of the Medusae Fossae Formation and episodically 
release gas trapped below or within the ice.  
More than 10,000 crossings of the bow shock by Mars Express allowed 
ASPERA-3 to characterize complex behavior of the magnetic boundary topol-
ogy as function of the solar EUV flux. Observations of the ion escape during 
complete solar cycle revealed dependencies of the atmospheric erosion rate 
on parameters of the solar wind and EUV flux and established global energy 
balance between the solar wind and escaping ion flow. This led to import-
ant conclusion that the ion escape at Mars is production rather than energy 
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limited. The analysis showed that ion escape can be responsible for removal 
of about 10 mbar over Mars history that implies existence of other more 
effective escape channels.   
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 observations 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. 
Several models of the upper atmosphere and plasma environment are being 
developed based on and in support of the collected experimental data. 
The models aim at creating user-friendly data base of plasma parameters 
similar to the Mars Climate Database that would be of great service to the 
planetary community.
A significant recent achievement was the flawless transition to the “gyroless” 
attitude control and operations mode on the spacecraft, that would allow 
mitigating the onboard gyros aging and extending the mission lifetime. The 
mission operations are now confirmed till the end of 2020 and the mission is 
notionally extended till the end of 2022. The talk will give the Mars Express 
status, review the recent science highlights, and outline future plans focusing 
on synergistic science with TGO. 
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FREND ONBOARD EXOMARS: GLOBAL 
NEAR-SURFACE WATER ABUNDANCE 
AND LOCAL FEATURES
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Introduction:
FREND stands for Fine Resolution Epithermal Neutron Detector, an instru-
ment orbiting Mars onboard Trace Gas Orbiter spacecraft. It began mapping 
campaign in May 2018 and we present major mapping results in this work.
Mapping of Hydrogen abundance:
FREND is a neutron telescope instrument installed onboard Roscosmos/ESA 
ExoMars 2016 mission, Trace Gas Orbiter (TGO) spacecraft.
Its main objective is to map hydrogen (water equivalent) abundance in the 
shallow subsurface of Mars. The instrument is sensitive to hydrogen up to 
1 m deep. Epithermal and fast neutrons ratio, measured from orbit, depends 
greatly on the content of hydrogen in the subsurface.
Characteristic FREND feature is its collimator that shields detectors from 
neutrons from outside the field of view. Such technique allows for mapping 
with spatial resolution of up to 60 km per pixel, which was never before per-
formed on Mars [1].
Global maps and local features:
In this work we will present FREND’s latest results — global maps of Martian 
hydrogen abundance as measured by the instrument.
Thanks to its high spatial resolution, it becomes possible to study also local 
features in comparison with topography and geomorphology features. 
We will also present such findings for locations of most interest.
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ANALYSIS OF THE WATER DISTRIBUTION 
IN MARTIAN SUBSURFACE ESTIMATED 
BY PASSIVE MEASUREMENTS WITH THE DAN 
INSTRUMENT ONBOARD NASA/MSL
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Introduction: 
During more than 7years MSL Curiosity is successfully traversing across Mars 
surface exploring Gale crater. In our study we have used the data received 
from Dynamic Albedo of Neutron (DAN) instrument installed onboard Curios-
ity rover. The main objective of the DAN instrument onboard Curiosity rover 
is to study the bound water in shallow layer of Martian subsurface (up to 0.6 
m) [1,2]. We paid our major attention to the DAN passive observations to 
suggest new technique and to reconstruct continuous profile of subsurface 
water along the traversed distance in Gale crater. We have also compared our 
results with previous analyses [5, 6, 7].  
Instrumentation: The DAN instrument uses a method of active and passive 
neutron sensing of the shallow subsurface. Active neutron measurements are 
provided with the pulsing neutron generator (PNG), which produces 2 micro-
second pulses of 14 MeV neutrons at a frequency of 10 Hz. In passive obser-
vations, the instrument detects neutrons that are produced by two different 
sources: 1) the neutrons born in the interactions between charge particles 
of galactic cosmic rays (GCR) and soil nuclei; 2) the neutrons produced with 
rover’s Multi-Mission Radioisotope Thermoelectric Generator (MMRTG).
Neutrons from the both sources are initially produced with high energies and 
then moderated down to epithermal and thermal ranges in the subsurface 
under the rover. The efficiency of the moderation process is known and it 
depends on the presence of hydrogen in the oil because during a neutron-hy-
drogen collision, the light nucleus of hydrogen atom takes about the same 
recoil energy, as the scattered neutron. It means that DAN detects elevated 
content of hydrogen through the variations of low energy neutron flux leak-
ing from the subsurface. 
Data Analysis: 
In our analysis, we processed of DAN passive observations over the period of 
2100 Sols in the Gale crater. 
The estimation of water component is based on the comparison and the cali-
bration of passive data using active ones at the rover stops. This method uses 
two parameters: the ratio between count rates of thermal and epithermal 
detectors and the content of neutron absorbers. The last one is described 
by chlorine concentration as most important (taking into account many fac-
tors) neutron absorber in the Martian subsurface [1,3]. For the simplicity, we 
implemented homogeneous model of the subsurface. This regolith structure 
is prevailing according to the active measurements (see for details [4]). 
Results. The analysis of DAN passive data shows that WEH (water equivalent 
hydrogen) varies from 0.5% up to 7% along the rover traverse over the period 
of 2100 Sols and distance up to20 km. The implemented method shows good 
correlation with the active measurements (up to 90% degree of correlation 
for ~ 400 individual spots) andcould be used for the continuous monitoring 
of the average content of subsurface water.
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SUBSURFACE WATER CONTENT IN GALE 
CRATER FROM DAN MEASUREMENTS 
AND ITS CORRELATION WITH MINERAL 
ABUNDANCE ON THE SURFACE
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Introduction:
The Dynamic Albedo of Neutrons (DAN) instrument designed to detect 
neutrons in order to determine hydrogenabundance in the Martian subsur-
face (down to 1 m deep) [1, 2] is successfully working onboard Mars Sci-
ence Laboratory (MSL) rover Curiosity for more than 6 years. The Curiosity 
rover covered more than 19 km on the Martiansurface and crossed a range 
of terrain types and geological structures of different mineralogical composi-
tion. We investigated the possible correlation between water content value 
as measured by DAN instrument alongthe Curiosity traverse and the presence 
of hydrated minerals as seen from orbit (for example, by Compact Reconnais-
sance Imaging Spectrometer for Mars instrument onboard Mars Reconnais-
sance Orbiter [3]) in order to connect geochemical features of the surface 
to the subsurface water measurements. Our cross-analysis of soilwater con-
tent from DAN passive measurements in Gale crater and special data sets, 
reflecting distribution of hydrated/hydroxylated minerals on the surface 
of this crater, shows an increase of the average water content for the surface 
containing certain types of minerals as related to the surface, which does 
not contain them. This increaseis higher, with the more prominent spectral 
feature of the mineral on the surface. Thus, certain types of minerals being 
part of the sedimentary deposits composing the Gale crater surface have 
considerable thickness, which issufficient for being detected by the DAN 
measurements.
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TOWARD AN UNDERSTANDING OF EARLY 
MARS CLIMATE HISTORY: NEW THEMES, 
DIRECTIONS AND TESTS 
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Discussion and debate continue concerning the nature and evolution 
of the atmosphere and climate in the Noachian and Hesperian periods 
of the history of Mars, centering on two end-member hypotheses (Fig. 1): 
1) “warm and wet/arid” (WW/A), with fluctuations in the amount and inten-
sity of rainfall (infiltration versus overland flow), and a Late Noachian climate 
optimum causing overland flow [1], valley network (VN) formation, open and 
closed basin lakes (CBL/OBL) and a northern lowlands ocean; and 2) “cold 
and icy” (CI), with mean annual temperatures (MAT) ~ 225 K, an adiabatic 
cooling effect forming a Noachian Icy Highlands (NIH), and transient pertur-
bations to the ambient CI climate to cause melting of the NIH to form VN, 
OBL/CBL [2, 3]. Here we outline a series of concepts and themes that are 
currently emerging from this discussion and identify several drections for the 
path forward.
Time Period Involved: 
The Noachian begins with the formation of the Hellas basin, and continues 
with Isidis and Argyre (Fig. 2); therefore the Middle and Late Noachian (M–LN) 
are characterized by significant inheritance from the influence of these large 
basins on the atmosphere, hydrosphere, surface temperatures, regional to 
global resurfacing, geomorphology, exposure of deep primary and secondary 
rock types and anomalous alteration mineralogy. It is also a period of relatively 
higher impact flux, with temporally decreasing flux offset by decreasing atmo-
spheric pressure. This is all built on top of Pre-Noachian inheritance (Fig. 2).
Nature of the Ambient Background Atmosphere and its Evolution: 
What is the nature of the ambient atmosphere, the long-term background 
atmosphere that exists throughout the 250 Ma Middle-Late Noachian (M–
LN)? Critical to this question is how the atmosphere responds to and recov-
ers from impact basin formation, the fate of the magnetic field, and the tim-
ing and rates of early loss-to-space mechanisms. These effects are largely 
poorly known/unknown, but are likely to have occurred and been in place 
by the M-LN. Atmospheric pressure is unlikely to have exceeded 1 bar, CO2 
is the dominant component, and other greenhouse gases appear to have 
been minimal. These conditions and Mars’ distance from a faint young Sun 
favor MAT ~ 225 K. Long-term loss-to-space rates decreased atmospheric 
pressure with time, but it is unlikely that a M-LN ambientatmosphere could 
have been characterized by sustained MAT > 273 K; sustained evolutionary 
warming mechanisms to > 273 K appear difficult.
Nature of M–LN Background Climate: 
Barring major changes in our understanding (which are certainly possible!), 
the characteristics of the ambient background atmosphere predict that 
the background M-LN climate (Fig. 1) is characterized by MAT ~ 225 K, an 
adiabatic cooling effect, highlands which act as a cold-trap for water, and 
accumulation and storage of the water as snow and glacial ice there (the ‘icy 
highlands’). This strongly suggests that the abundant geological evidence of 
surface liquid water may be due to perturbations to this background climate, 
not to a sustained > 273 K climate itself. In searching for such perturbations, 
peak annual and seasonal (PAT, PST) temperatures are likely to be important, 
as well as intermittent (occur for time to time) and heterogeneous (occur in 
some places but not others) melting conditions.
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Nature of Precipitation (rainfall, snowmelt): 
Most contributions use the term precipitation and parenthetically add 
(rainfall, snow; or snowmelt).  It is important to distinguish between rain-
fall and snowmelt in proposed hypotheses for M–LN climate conditions. 
It is extremely difficult to produce sustained or widespread rainfall in a cli-
mate with MAT < 273 K, but such a climate can undergo intermittent or het-
erogeneous melting of snow and ice under a variety of conditions, producing 
significant volumes of glacial meltwater.  
Hydrological System and Cycle: 
End-member climate models predict very different water cycle scenarios. 
In the WW/A model, the hydrological system is vertically integrated, rain-
fall is common, groundwater plays an important role, and northern lowland 
oceans are an important part of the cycle. In the CI model, there is a thick 
global cryosphere, the hydrological system is horizontally stratified, there 
is no sustained ocean or connection to the groundwater system, and the 
majority of the water is located as snow and glacial ice in the uplands above 
an ELA of ~ + 1 km. Any ocean formed from the release of groundwater is very 
short-term, rapidly freezing and returning to upland cold-traps.   
Water Budget: 
The M-LN surface-near surface estimated water budget is uncertain but may 
only have been within a factor of 2–3 of the current 34 m GEL [4]. Further-
more, water recycling needs to be considered in all estimates of total water 
volumes required to erode VN and fill CBL/OBL, and thus estimating the total 
water budget. Water recycling readily occurs in both WW/A and CI scenar-
ios. Increased total water budget in the CI scenario means more ice in the 
uplands available to melt during climate perturbations.  
Polar Deposits: 
The presence of significantly larger (~ 2.5> area) LN-EH south polar-circumpo-
lar deposits (the Dorsa Argentea Formation; DAF) are consistent with CI cli-
mate models in which the ACE causes ice to reside in the southern uplands 
and not in the relatively “warmer” northern lowlands.
ML-N Geological Processes: 
Impact basin aftermath hot rains may be a critical erosional and alteration 
process in EN basins [5, 6] but ML-N impact craters have little effect on the 
climate except for hot ejecta melting surface snow and ice [6]. CI upland glaci-
ation is cold-based except under extreme water budgets, and thus is likely to 
leave little evidence of its presence except when top-down melting occurs (flu-
vial) [7]. Flood volcanism is a very significant ML-N-H process, resurfacing >30% 
of Mars; although gas release may locally contribute to raising PAT/PST toward 
melting [8], the most important effect may be lava/ice contact/deferred melt-
ing, which can produce very significant amounts of meltwater [9].   
Mineralogical Perspectives and Constraints: 
The surface phyllosilicate and related mineralogical record is an important 
constraint on climate history but uncertainty as to the provenance and envi-
ronment of origin of these has precluded definitive application to the climate 
discussion. Advances are needed in terms of understanding necessary water/
rock ratios, temperatures, time-scales and micro-environments; also neces-
sary is a better understanding of the climate implications of preserved salts 
and olivine.
Lander/Rover Perspectives: 
Surface exploration of a variety of local environments will help resolve many 
of these issues by providing evidence to distinguish between local microen-
vironments and global climate effects. At the same time, global climate mod-
els provide paradigms to test with surface exploration data (e.g., are Merid-
iani deposits due to fluctuating groundwater table flooding levels or could 
they be doe to intermittent overland flooding and evaporation? Similarly, 
improved understanding of sediment protoliths and the role of impact pre-
processing in influencing sediment grainsize/shape is important [10]. 
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Candidates and Timescales of Climate Perturbations: 
A sustained WW/A MAT >>273 K climate needs only minor perturbations 
to produce sustained liquid water and runoff; in contrast, a nominal CI 
MAT ~225 K climate needs significant perturbations to produce the same 
effects. Among the types of variability and Intermittencies are: 1) Episodic/
Periodic: Two scales: Normal atmospheric system variability: This episodic 
intermittency operates on < 1–103 years timescales; Spin axis/orbital varia-
tion-forced climate cycles: This periodic intermittency operates on 103–106 
year timescales. 2) Punctuated: Two types: Variability in effusive/explosive 
volcanic processes: Volcanism is likely to be punctuated and more episodic 
than periodic, with uncertain intermittency; External stochastic variability: 
Impact cratering: Episodic and punctuated (but vary in magnitude); dura-
tions of atmospheric effects estimated at 102–103 years [5, 6]. Introduction 
of additional greenhouse gases can also cause significant perturbations of 
uncertain duration. Examination of the durations of fluvial activity (Fig. 3) 
suggest that the required duration of individual perturbations may be short 
and their total number may not be large. 
The Early Mars Climate Aftermath: 
All Noachian climate models must account for LH and Amazonian events [11] 
in an evolutionary manner. 

Fig. 1. Temperature-time framework [12].

Fig. 2. Major factors in early Mars history [13].

10MS3-MS-09



38-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 201910MS3-MS-09

Fig. 3. Process duration estimates [12-14].

References: 
[1] Ramirez and Craddock. 2018. V. NG 11. P 230 
[2] Wordsworth et al. 2015. V. JGR 120, P. 1201 
[3] Head and Marchant. 2015. V.  AS 26. P. 774 
[4] Carr and Head. 2015. V. GRL 42. P. 1 
[5] Palumbo and Head. 2017. V. MAPS 53. P. 687 
[6] Turbet et al. 2019. V. LPSC 50 
[7] Fastook and Head .2015. V. PSS 86. P 102 
[8] Palumbo et al. 2019. V. LPSC 50 
[9] Cassanelli and Head. 2016. Icarus 271, 237 
[10] Arp et al. 2019. Icarus 321. P. 531 
[11] Carr and Head. 2010. EPSL 294. P. 185 
[12] Head et al. 2017. 4th Early Mars 
[13] Fassett and Head. 2011. Icarus 211, 1204; 
[14] Buhler et al. 2014. Icarus 241. P. 130.



39-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

VOLCANISM ON EARLY MARS: EXPLORING 
THE INFLUENCE OF THE SO2 PLUME ON LOCAL 
AND SHORT-TERM CLIMATE CHANGE

А.M. Palumbo 1, J.W. Head 1, and R.D. Wordsworth 2
1 Dept Earth, Environmental & Planetary Sciences, Brown University, 

Providence, RI 02912 USA, Ashley_Palumbo@Brown.edu
2 Sch Engineering & Applied Sciences, Harvard University, Cambridge, MA 

02138 USA

Keywords: 
volcanism, climate, Noachian, rainfall, cold and icy
Introduction:The nature of the early martian climate is a compelling scientific 
problem [1]. Widespread valley networks (VNs) [2] and lakes [3, 4] suggest 
that there was abundant liquid water on the surface during the Late Noa-
chian-Early Hesperian (LN-EH). This has led to suggestions that the early cli-
mate was “warm and wet”, with mean annual temperature (MAT) > 273 K 
and abundant rainfall [e.g. 5]. In contrast, recent climate modeling suggests 
that the climate may have been “cold and icy”, with MAT ~ 225 K and water 
ice in the highlands [6, 7, 8]. In this “cold and icy” scenario, fluvial activity 
would have occurred during periods of transient heating, ice melting, and 
runoff. Many transient heating mechanisms exist, including volcanism-in-
duced heating [9–14].
Background:  
SO2 and H2S are strong greenhouse gases in the martian atmosphere because 
they have fundamental absorptions in the IR atmospheric window [10]. 
Thermochemical modeling suggests that martian magmas are more sulfur 
enriched than terrestrial magmas [15], implying that large quantities of sul-
fur can be released for relatively small eruption volumes. Further, at least 
30% of Mars was resurfaced with basaltic plains by LN-EH flood volca-
nism [16, 17]. For these reasons, volcanism was an active and important pro-
cess in the LN-EH, when the VNs and lakes formed. Understanding the influ-
ence of volcanism on the early climate is critical for interpreting the geologic 
and climatic history of Mars.
Previous studies have used climate and radiative transfer models to estimate 
the heating from volcanic gases in the martian atmosphere [9, 11–13, 18]. 
Many concluded that sulfur-based gases cannot produce the necessary cli-
mate change because (1) MAT does not exceed 273 K for reasonable gas con-
centrations [12] when considering global gas distribution, (2) temperatures 
above freezing can occur in the summer for modest concentrations of glob-
ally-distributed SO2 [19], but the percentage of the year above freezing is low 
and ice melting and runoff is insignificant, and (3) heating may only last a few 
months to years [11, 20] due to rapid conversion to aerosols, which are atmo-
spheric cooling agents. Although the influence of volcanism-induced heating 
has been extensively studied, one important aspect has not been explored in 
detail: localized heating is predicted to occur when gases are concentrated 
near the source and have not yet dispersed globally. This effect is well-estab-
lished for terrestrial analogues, such as the 2001 Mt. Pinatubo eruption, but 
has not yet been analyzed for early Mars. 
Methods:
We use the 3D Laboratoire de MétéorologieDynamique (LMD) global climate 
model (GCM) for early Mars to assess the localized SO2 greenhouse heating 
that occurs following a volcanic eruption, before the gas distributes globally. 
The ambient background climate is simulated as 1 bar CO2[21], 34 m GEL 
water [22], 25-55° obliquity [23], 0-0.17 eccentricity [23], and 0 ppm SO2; 
these conditions produce a “cold and icy” climate.
We run the model with this ambient, SO2-free atmosphere until it reaches 
equilibrium, then simulate the eruption ‘plume’ by introducing 10 ppm SO2 
near a LN-EH volcanic edifice (Fig. 1); 10 ppm is an upper limit for atmo-
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spheric SO2 concentration during this period of high volcanic outgassing 
rates [9]. Specifically, the ‘plume’ is simulated as an SO2 column above a 
volcanic edifice. The column has a lateral SO2 gradient, with most SO2 con-
centrated in the center, and the column is continuous until ~ 28 km altitude 
(following [24,25]). As the model progresses through time, we track the dis-
tribution of SO2 in the atmosphere and the associated heating of the surface. 
We do not account for photochemical effects, including OH radical attack, 
which convert the SO2 to aerosols; our temperature predictions are maxima.

Fig 1. Locations of volcanoes which are used as starting points for plumes.

Results and Discussion:
Based on our results, we identify two key phases of atmospheric SO2 distri-
bution following a volcanic eruption. Phase one is defined as the period of 
time in which SO2 is focused near the volcanic edifice and spreading through 
a latitudinal band. By day 45, the SO2 has dispersed through the latitudinal 
band (Fig. 2A). Phase two is defined as the period of time in which the SO2 
is spreading poleward and becomes globally distributed. By day 70 follow-
ing the eruption, the SO2 has reached the poles (Fig. 2A). After the SO2 has 
reached the poles, it continues to redistribute for 10s of days longer until it is 
relatively homogenously distributed across the planet. Next, we analyze the 
SO2-related greenhouse warming in phase one and phase two.
Phase one. The first 45 days following an eruption introduce important local 
climate change; the SO2 greenhouse effect is focused near the eruption 
site and then within a latitudinal band, strengthening the local greenhouse 
effect. To quantitatively understand the localized greenhouse warming, we 
compare the temperature at the eruption site as a function of time for two 
different scenarios: following an eruption and for an SO2-free atmosphere 
(Fig. 2B). Recall that an SO2-free atmosphere is the ambient background Noa-
chian “cold and icy” climate. To describe our results, we assess local warming 
following a single eruption at Hadriacus Mons (HM). The simulated eruption 
occurs at southern hemispheric spring equinox, obliquity is 25°, eccentricity 
is 0, there is 1 bar CO2, and the 10 ppm SO2 plume is initiated as a column.
In the first 10 days following an eruption at HM, the temperature near the 
eruption site is predicted to be ~ 15 K warmer than in the SO2-free case 
(Fig. 2B). Summer temperatures at HM are ~5-10 K warmer following the 
eruption than in the SO2-free climate, but average daily temperatures do not 
exceed 273 K (Fig. 2B). Note that an eruption at the beginning of the local 
summer season, instead of spring equinox, would be required to increase 
temperatures above 273 K locally, but even in that case, the heating would 
be short-lived (10s of days) because the plume rapidly disperses and the 
magnitude of localized heating decreases. For comparison, in the Antarctic 
Dry Valleys, temperatures are only >273 K for 20–25 days each year, but suffi-
cient meltwater is produced to activate the ~30 km long Onyx River.
Phase two. Temperatures continue to be warmer in the post-eruption case 
than in the SO2-free case. However, in phase two, as the SO2 disperses pole-
ward and distributes globally, the difference in temperature between the 
post-eruption and SO2-free cases becomes smaller (~5 K; Fig. 2B) than in 
phase one. Although temperatures globally are higher than in an SO2-free 
atmosphere, the amount of warming in phase two is not enough to increase 
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temperatures above 273 K at the eruption site, regardless of the season in 
which the eruption occurs. In agreement with previous work [e.g. 12], we 
find that phase two conditions, 10 ppm globally distributed SO2, are not suffi-
cient to increase temperatures >273 K for more than a few hours yearly any-
where on the planet. Further, photochemical conversion to aerosols causes 
atmospheric SO2 concentration and associated warming to decrease after 
the first few months [11, 25]. In summary, the most drastic heating occurs 
during phase one, immediately following the eruption (Fig. 2B).

Fig. 2. (A,left) Dispersal of 10 ppm SO2 following eruption at HM (31°S 92°E). The 
plume spreads latitudinally then poleward. (B, right) Time series of mean daily tem-
perature at HM after an eruption(green) and in an SO2-free atmosphere (gray). 

Conclusions:  
We used a 3D GCM to explore localized heating following volcanic erup-
tions on early Mars. We identify two phases: phase one, in which the plume 
is focused near the volcanic edifice and spreading in a latitudinal band, and 
phase two, in which the SO2 reaches the poles and becomes homogeneously 
distributed. During phase one, significant heating can occur locally and 
regionally. For specific conditions, including an eruption at the beginning of 
local summer, the local heating may cause average daily temperatures >273 K 
for 10s of days, which may cause some ice melting and runoff. Although heat-
ing is local and short-lived, the cumulative amount of heating and melting 
from all LN-EH volcanism could produce significant volumes of meltwater 
and potentially contribute to formation of VNs and lakes.
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Introduction:
The giant circum-Chryse system of outflow channels are likely the principal 
source of water that may have flooded the northern plains [1, 2]. The Chryse 
basin is the region of convergence of the largest outflow channels and the 
Acidalia basin is at continuation of the northward trend of the channels and 
their possible floods. The basins represent the first sizable lowlands where 
the channels effluents may have been deposited.
Acidalia Mensa is the largest positive topographic feature that is at the pro-
jection of the outflow channels into the northern plains. The overall mor-
phology of Acidalia Mensa suggests that this features existed prior to the 
emplacement of the VBF [3, 4]. Despite the lines of evidence suggesting the 
presence of an ocean-sized body of ice/water/mud in the northern plains, 
the topographic characteristics of Acidalia Mensa and its interpretation as 
an outcrop of the ancient uplands could be strong arguments against this 
hypothesis. Indeed, the topographic position of Acidalia Mensa below 
the level of the proposed shorelines would be inconsistent with the ocean 
hypothesis if the surface of the Acidalia plateau always remain subaerial.
The potential conflict between the consequences of the ocean hypothesis and 
possible nature of the surface in Acidalia Mensa motivated our photogeologi-
cal study of the Acidalia Mensa region (43–50 N, 15–35 W) that was oriented 
to address the following questions relevant to the Mars ocean problem. What 
is the inventory and nature of materials exposed in Acidalia Mensa? What is 
the crater retention age of the surfaces within Acidalia Mensa and its surround-
ings? Is there evidence in Acidalia Mensa of its surface being either subaerial 
or submerged? Did Acidalia Mensa control the outflow channel floods? Is there 
evidence for the 3.6 Ga old resurfacing in Acidalia Mensa?
Data:
We conducted our study using available medium- and high-resolution images 
and topographic measurements in combination. Our database included:
1) THEMIS-IR daytime and nighttime images, resolution is 100 m/px. 2) CTX 
images,resolution  is5 m/px. 3) HiRISE images, resolution is25-50 m/px 4) The 
topographic data of MOLA; 1/128 degree gridded topography.
Topography of the study region:
The study region represents flat plains slightly sloped toward northeast; 
the topographic amplitude of the majority of the plains is slightly less than 
~ 400 m. The Acidalia plateau represents an elevated feature, the base of which 
occurs mostly at about -4.6 km (corresponds to the mean elevation of the sur-
face of the VBF around the plateau). The tops of the Acidalia plateau are ~500-
600 m above the surrounding plains, About 80% of the plateau, is within a 
200-meters-interval above its base. The plateau is below the level of -3.92 km 
(the mean elevation of the VBF boundary in the Chryse-Acidalia region [5]).
Material units and structures in the study area
Smooth plains of Acidalia plateau (unit Nspm
These plains make up the majority of the Acidalia plateau. Walls of an impact 
crater (~8.5 km diameter) demonstrate the deeper subsurface of this unit 
represents stacks of thick layers with jagged and blocky edges. Knobby ter-
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rain (unit Hkt): Occurrences of this unit are around the edges of the Acida-
lia plateau. Mesas within this unit suggest that the knobby terrain consists 
of disintegrated pieces of the plateau. Background plains (Unit HVBi) is the 
most abundant unit in the study area and correspond to the Vastitas Bore-
alis interior unit mapped by [4]. Mantling flow-like materials (units Hmmp, 
Hmmd, and Hmmr) form extensive material units on the surface of the back-
ground plains and occur throughout the map region except for the areas 
occupied by the Acidalia plateau plains and the knobby terrain. Occurrences 
of the mantling units usually have flow-like and/or lobe-like shapes. These 
units, Hmmp (preserved), Hmmd (degraded), and Hmmr (relicts), are similar 
morphologically to the flow-like features that have been detected in Uto-
pia Planitia and in Acidalia Planitia and interpreted as mudflows [6, 7]. Thick 
flows (unit Hfm) occur in the map area exclusively in close spatial associa-
tion with the Acidalia plateau. This unit forms broad bands (tens of kilome-
ters wide) with lobate margins usually bounded by low scarps. The shape 
of the flow edges resembles that observed along the edges of the VBF [8, 5]. 
The flows of unit Hfm extends downslope at higher elevations and are con-
trolled by a moat-like topographic depression that outlines the base of the 
Acidalia plateau. Small cones/mounds (unit Hbm) usually appear as cones 
with a summit pit. They overlay the surface of the background plains and 
the mantling flows embay the cones. Areas occupied by the plateau smooth 
plains (unit Nspm) and knobby terrain (unit Hkt) represent regions free of 
the bright cones/mounds. Troughs of the polygonal terrain [9] are relatively 
narrow linear and curvilinear topographic depressions that cut the surfaces 
of both the background plains and the mantling flows; materials of the thick 
flows (Hfm) cover the troughs.
We recognize three distinctly different morphologies of ejecta in the study 
area. Many larger craters (several kilometers diameter and larger) show 
heavily degraded ejecta. These craters with the pancake-like ejecta [10] 
are typical features of the northern plains [11]. Pedestal-like craters pres-
ent [10] the second type of ejecta in the study area. Ejecta of these craters 
form a plateau-like features bounded by sharp scarps. In contrast to the pan-
cake-like ejecta, the pedestal ejecta show no evidence for fluidized features 
or enhanced degradation within the ejecta blankets. Ballistic ejecta repre-
sent the third type of impact-related morphologies. Craters with the ballistic 
ejecta are usually small (<1 km).
Chronology:
In order to estimate the AMAs of key units in the study area, we counted 
craters using THEMIS-IR daytime images with resolution of 100 m/px. In our 
study, we estimated AMAs for the most widespread units in the study area: 
(1) unit Nspm, (2) unit HVBi, and (3) unit Hfm. These units are extensive and 
represent distinctly different stratigraphic levels.
The CSFD curve for craters on the Acidalia plateau has a complex shape and 
likely reflects multiple ages. The size-frequency distribution of the largest 
(3-50 km diameter) craters defines an oldest isochron that gives the age of 
3.92+0.04/-0.05 Ga; this age corresponds to the Noachian epoch. The sec-
ond isochron corresponds to the age of 3.65±0.02 Ga. This age is close to 
the range of ages determined for the edges of the VBF in many regions of 
the northern plains [5]. We interpret the AMA of the background plains as 
the age of the emplacement of the Vastitas Borealis Formation materials in 
the study area. The size-frequency distribution of craters in a diameter range 
from 0.7 to 4 km on the surface of the flow-like materials on the Acidalia 
plateau (unit Hfm) is also better fit by a single isochron that corresponds 
to the age of 3.47+0.04/-0.05 Ga.
Discussion:
The apparent sequence of events in the study area begins with the formation 
of the Acidalia plateau plains ~ 4 Ga ago. The darker smooth plains of the 
plateau (unit Nspm) show a specific texture at depth formed by rough layers. 
The similarity of the subsurface textures of the plains of the Acidalia plateau 
with that in the volcanic provinces suggests that the Acidalia plains are also 
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of volcanic origin and that the Acidalia Mensa represented originally a volca-
nic province.
The Noachian age of the Acidalia volcanic plateau suggests that potentially 
it could be a subject of the late modification. Three lines of evidence support 
this suggestion.
(1) Although the subsurface of the Acidalia plains is morphologically iden-
tical to that of the volcanic provinces, its surface is strongly different and 
characterized by hummocky texture with abundant boulders. This specific 
small-scale morphology of the surface of the Acidalia plains suggests that the 
Acidalia plateau was modified by the deposition of poorly sorted materials.
(2) The larger impact craters (>10 km) on the plateau belong to the ancient, 
Noachian in age, population. These craters show no evidence for the ejecta 
blankets, are unusually shallow, and have lower rims that their counter-
parts elsewhere within the cratered uplands. This topographic configuration 
of the older craters on the Acidalia plateau indicates that the plateau was 
strongly degraded since its formation and accumulation of the ancient crater 
population.
(3) The SFD curve for all craters on the Acidalia plateau indicate that the pla-
teau was resurfaced and suggests that the resurfacing was related not to a 
single event but was rather prolonged and consisted of multiple episodes. 
During these episodes, however, resurfacing was broadly distributed that 
prevented formation of localized erosional landforms such as valley networks 
or features that characterize the outflow channels (e.g., streamlined islands 
and/or steep-sided banks).
We interpret the surface texture of the Acidalia plains, the topographic con-
figuration of the larger impact craters and the lack of localized erosion fea-
tures as evidence that the sheet-wash removal and re-deposition of materi-
als were responsible for the resurfacing in the Acidalia plateau.
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Introduction:
Atmospheric shock waves (ASW) generated by high velocity entry of small 
meteoroids are well known phenomenon — see, for example, the recent 
Chelyabinsk meteorite fall [1]. The rarified Martian atmosphere is able to 
fragment small meteoroids, as well as to support ASW generation and propa-
gation. High resolution HiRISE images of new impact craters on Mars in many 
cases revealed dark “fresh” dusty halo around craters, as well as albedo/
color contrast curved strips near craters [2] named “parabola” and “scimi-
tar” (Fig. 1). The most spectacular case has been analyzed in [3], where the air 
shock waves were proposed as the most probable cause of the elongated 
curved “scimitar”. The analysis [4] supports that the impact-related ASW 
a most probable mechanism of halo’s formation. We assume that two kinds 
of ASW could act: 1) the ballistic “sonic boom” formed during meteoroid’s 
flight through the atmosphere, 2) the spherical (quazi-spherical) “blast” ASW, 
driven by fast impact products injected to the atmosphere at the moment 
of meteoroid’s collision with the surface. ASW could mobilize the near sur-
face dust creating a concentric halo [4], and strips along the trace of two col-
liding shock fronts [2].

Fig. 1. A fragment crater’s cluster (ESP_022299_2040) where ~ 33 craters occupy 
an ellipse ~ 1000 × 200 m (left-b/w image, right-stretched color image with outlined 
features). Craters 1 and 2 have diameters of ~ 4 and 2.5 m. The parabola A-A could 
be traced up to ~ 100 m from the crater 1 (~ 25 D). Scimitars B-B (attached to the crater 
№ 1) and C-C (attached to the crater № 2) are visible up to 100 m from “parent” craters 
(~25 D for № 1 and ~ 40 D for № 2). The cluster is formed between December 2002 
and March 2008, imaged in April 2011 (https://www.uahirise.org/ESP_022299_2040). 
The cluster is 6 ± 3 years old.

The idea to visualize shock wave passage along the dusted (sooty) surface 
has been proposed and tested by Ernst Mach [5]. Using sooty glass Ernst 
Mach found the irregular air shock wave reflection, known today as Mach 
reflection. Here we present some new thoughts about air blast generation 
by impacts in a tiny Martian atmosphere, illustrated with a reconnaissance 
numerical modeling of the process.
ASW impact efficiency:
The strength of ballistic shock waves may be estimated for known meteor-
oid’s diameter, its entry velocity, and possible ablation and deceleration [6]. 
The intensity of a spherical blast wave due to cratering impacts is poorly 
known. We find only one experimental paper with direct measurements 
of a laboratory impact ASW [7], where the air shock blast corresponded 
to an explosion with energy ~ 1.7% of the impact kinetic energy (KE). 
P. Schultz [8] estimated the energy of expanding impact vapors in a range 
of 1 % to 20 % of KE.
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To constrain the minimum impact ASW efficiency we use the numerical mod-
eling where a rocky projectile fly through the atmosphere (ideal gas CO2) 
and collide the rocky surface (Fig. 2).The air shock wave front motion is com-
pared with theoretical results for point source explosion, and the effective 
energy of this explosion serves as a proxy for the impact ASW efficiency. 

Fig. 2. Selected time moments of the vertical impact of a sphere (Dpr = 6m) 
with the velocity of 4 km·s-1 after the passage through the Martian atmosphere 
(up to down: 0.4, 1.0, and 2.5 ms after the first touch). Left column-density, right col-
umn — artificial viscosity, outlining air shock wave fronts. The lower part of the com-
putational grid is covered with Lagrangian massless tracers. The visible gridat left 
panels is formed with plotting of each 5th row and each 5th column.

Fig. 3. The ratio of energy of an equivalent atmospheric point explosion to the kinetic 
energy of a projectile for a range of impact velocities and spatial resolutions.

The modeling shows that the efficiency decreases as the impact velocity 
increases (Fig. 3). The problem of a spatial resolution is not still resolved, 
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and we see the that the efficiency decreases factor of 4 when we compare 
the projectile of 30 computational grid cells per radius (CPPR) and model 
runs with CPPR = 100. Anyway, we can conclude that for a vertical impact 
in the Martian atmosphere the spherical air blast wave may be estimated with 
the point source solution with the source energy equal to 0.1 % to 0.4% KE.
The obtained result allows us to estimate shock wave intensity and dura-
tion at maximal distances where we see crater related haloes, parabolas, 
and scimitars. These estimates are necessary for the further analysis of Mar-
tian ASW collision, regular and irregular reflection and refraction. The quan-
titative knowledge of ASW pressures and durations could help to interpret 
dust layering around fresh impact sites.
Conclusion:
We estimate that a minimal efficiency of a quazi-spherical air shock wave 
in the Martian atmosphere is in the range of 0.1 % to 0.5 % of KE. The effi-
ciency could be enhanced for oblique impacts and the volatile presence near 
the surface.

Acknowledgments:
The work is supported within the Russian Academy of Science project “Origin and evo-
lution of Space studied with telescopic observations and space missions” (the former 
Program 28 and Program 12).

References:
[1] Popova O.P., Jenniskens P., Emel’yanenko V. and 52 others. Chelyabinsk Airburst, 

Damage Assessment, Meteorite Recovery, and Characterization // Science. 
2013. V. 342 (6162). P. 1069–1073.

[2] Ivanov B.A., Melosh H.J., McEwen A.S. New Small Impact Craters in High Reso-
lution HiRISE Images—III // 41st Lunar and Planetary Science Conference. 2010. 
Abs. #2020.

[3] Burleigh K.J., Melosh, H.J., Tornabene, L.L., Ivanov, B., McEwen, A.S., Daubar, I.J. 
Impact airblast triggers dust avalanches on Mars // Icarus, 2012. V. 217. P. 194–
201.

[4] Bart G.D., Daubar I., Ivanov B.A., Dundas C.M., McEwen A.S. Dark halos pro-
duced by current impact cratering on Mars // Icarus. 2019. P. 45–57.

[5] Reichenbach H. Contributions of Ernst Mach to Fluid Mechanics // Annual 
Review of Fluid Mechanics. 1983. V. 15. P. 1–29.

[6] Ivanov B.A., Melosh H.J., McEwen A.S., New Small Craters in High Resolution 
HiRISE Images — IV // 45th Lunar and Planetary Science Conference. 2014, abs. 
#1812.

[7] Gee D.J., ReineckeW.G., LevinsonS.J. Blast phenomena associated with high-
speed impact // International Journal of Impact Engineering. 2007. V. 34. 
P. 178–188.

[8] Schultz P.H. Effect of impact angle on vaporization // Journal of Geophysical 
Research. 1996. V. 101. P. 21117–21136.

10MS3-MS-12



48-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

EFFECT OF AEROSOL SCATTERING 
ON RADIATIVE TRANSFER IN THE CO2 
AND CO INFRARED BANDS IN THE DAYTIME 
MARTIAN ATMOSPHERE UNDER BREAKDOWN 
OF VIBRATIONAL LTE  

V.P. Ogibalov, G.M. Shved 
Department of Atmospheric Physics, St.Petersburg State University, 
Ulyanovskaya st. 1, St.Petersburg-Petrodvorets, 198504 Russia, 
vpo563@mail.ru; 

Keywords: 
Radiative transfer, planetary atmospheres, aerosols, Mars, non-LTE, molecu-
lar bands, carbon dioxide 
Introduction:  
The Martian atmosphere consisting of almost 95 per cent carbon dioxide has 
a relatively low density. Therefore, the rarity of molecular collisions, on the one 
hand, and the high rate of excitation of the vibrational states of the CO2 and CO 
molecules due to the absorption of solar radiation in the near-infrared (NIR) 
spectral range range of  1̴.05÷5 µm, on the other hand, result in the breakdown 
of the Boltzmann distribution in values of the concentrations (populations) 
of the vibrational states of these molecules. By another words, the breakdown 
of the local thermodynamic equilibrium (LTE) over the vibrational degrees of 
freedom of these molecules (vibrational non-LTE) takes place. The altitude 
of the level in the Martian atmosphere, lower which one needs to take into 
account for the vibrational non-LTE effects when assessing the populations 
of vibrational states of the CO2 and CO molecules, varies depending on the wave-
lengths of the fundamental band (FB) in which the excitation of these states 
by absorption of the solar NIR radiation from the molecular ground state takes 
place. Thus, these altitude levels may even descend to the planet’s surface 
for vibrational states of the main isotopologue 12С16О2 (or 626, in the HITRAN 
notification) which are excited by solar radiation in the ro-vibrational (R-V) transi-
tions of the CO2 molecule with the wavelengths shorter than 1.6 µm. 
Since the Martian atmosphere is sufficiently rarified already at the sur-
face, the breakdown of vibrational local thermodynamic equilibrium (LTE) 
for the CO2 and CO molecules starts in the daytime from the troposphere. 
As the Mars lower atmosphere is dusty, the scattering of infrared solar radi-
ation by aerosols should affect the vibrational state populations of these 
molecules. The problem of radiative transfer in the ro-vibrational molecu-
lar bands under condition of local thermodynamic equilibrium breakdown 
in a planetary atmosphere is generalized for the case taking into account the 
extinction (i.e. scattering and absorption) of the continuum radiation pro-
duced by aerosols. The method for calculating the non-equilibrium popu-
lations of vibrational states of gas molecules in the planetary atmospheres 
is developed. The report presents the first results of modeling the radiative 
transfer under non-LTE conditions in the CO2 and CO bands in the wavelength 
range of 1−5 μm, taking into account the radiation scattering by aerosols. 
Methodology:  
In the papers [1, 2], the radiative transfer problem for the R-V bands of CO2 
and CO molecules with accounting the vibrational LTE breakdown in the Mar-
tian atmosphere has been solved by using the technique of Accelerated 
Lambda Iterations (ALI) which allows to find out effectively the non-equilib-
rium values of the populations of the CO2 vibrational states [3]. 
The model takes into account for the 206 vibrational states of 7 isotopologues 
of CO2 molecule (the most high excited state included into the model is the 
20031 vibrational state of the molecule 12С16О2 with the energy of the order 
of 9500 cm-1) and the 8 vibrational states of 2 isotopologues of CO mole-
cule (the most high state is the one excited four times in the fundamental 
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stretch mode). In total the 555 vibrational transitions numbering about 
64200 R-V lines within the spectral range of 1.05÷15 µm are considered. 
The spectroscopic parameters of the R-V lines of the CO2 and CO molecules 
(the frequency, intensity, and Lorentz half-width) are taken from the HITRAN 
database. The abundances of isotopologues of the CO2 and CO molecules 
correspond to the terrestrial ones. The intensities of extraterrestrial solar 
radiation correspond to the mean distance of Mars from the Sun, 1.52 AU. 
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Fig. 1. The ratio of some vibrational states (according to the nomenclature
 of the HITRAN database) of the main isotopologue 12C16O2 for the case
 of the presence of aerosols (model parameters dust=2.0 and Hdust=7.0 km)
 in the Martian atmosphere to such populations obtained for the case of
 aerosol absence. Conditions: Lambertian surface albedo for bright areas [5];
 =70N, =45E, local time t=12h, Ls=90o, solar zenith angle SZA=60o.
 In the legend, the most optically thick fundamental ro-vibrational transition
 (FB) within the corresponding CO2 band is shown.

Atmospheric and aerosol optical models:  
The models of the Martian atmosphere and its composition were borrowed 
from the Mars Climate Database (Version 5.2) [4]. 
Reflective properties of the surface of Mars correspond to those for ortho-
tropic (Lambertian) one with the spectral dependence of the surface albedo 
λsurf borrowed from the paper [5]. 
To explore qualitatively the effects on the values of the non-equilibrium pop-
ulations of the CO2 and CO molecules when accounting for the aerosol scat-
tering of radiation, the simple model of aerosols in the Martian atmosphere 
from the study [6] has been supplemented. The vertical profile of concentra-
tion of the aerosol particles was assumed to be exponential with the height 
scale Hdust. The concentration of aerosols at the surface of Mars is determined 
by the value τdust of the total optical depth of the Martian aerosol. The phase 
function of aerosol particles is supposed to be of Henyey-Greenstein type with 
parameter g. The spectral dependence both of values g and the values of the 
aerosol single-scattering albedo λdust are borrowed from the paper [7]. 
Results:  
The presented results correspond mainly to the conditions of j=70°N, l=45°E, solar 
longitude Ls:=90°, local time t=12h. The values of λsurf correspond to the ones 
for bright areas [5]. Thus, the input parameters are the values: τdust at the wave-
length λ=0.55 mcm, height scale Hdust, and solar zenith angle SZA. 
It is convenient for presenting the results of numerical modeling the values 

nl, it was chosen the ratio ( ) ( )
( )

dust
ld

l no dust
l

n z
p z

n z-
=  , where ( )dust

ln z  is the pop-

ulation of the vibrational states of molecules calculated with accounting 
for the interaction of radiation with aerosols, ( )no dust

ln z-  is the popula-
tion of the vibrational states obtained for the case of absence of aerosols 
in the Martian atmosphere (examples are given in Fig. 1, 2). 



50-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1 1.1 1.2
Ratio of vibrational populations

1000

100

10

1

0.1

0.01

0.001

0.0001

1E-005

1E-006

1E-007

Pr
es

su
re

,P
a

0

50

100

150

200

Ap
pr

ox
im

at
e

al
tit

ud
e,

km

τdust=2.0; Hdust=11.5 km; sza=85
00011 (626, CO2), FB 4.3mcm
10011 (626, CO2), FB 2.7mcm
20012 (626, CO2), FB 2.0mcm
30013 (626, CO2), FB 1.6mcm
00031 (626, CO2), FB 1.4mcm
40013 (626, CO2), FB 1.25mcm
10031 (626, CO2), FB 1.2mcm
20032 (626, CO2), FB 1.05mcm

Fig. 2. The same as in the Figure 1 but for the aerosol model parameters
 dust=2.0 and Hdust=11.5 km, and solar zenith angle SZA=85o.

Conclusions:  
The populations were studied depending on the optical thickness both 
of the aerosol layer and of the bands, the vertical distribution of aerosols, 
the solar zenith angle, and the aerosol parameters describing the scattering 
and absorption of radiation. The weaker the band, the stronger the aerosol 
effect on a population. This effect manifests as an increase and a decrease 
in population above and below a certain altitude level, respectively.
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Introduction:
The dust storms are very frequently seen features of Mars and they play 
an important role in governing the climate of Mars [1, 2]. For instance, 
the global storms alter the planet´s total heat balance, promote variations 
in seasonal frost formation and dissipation, and greatly affect the distribution 
of water vapour. 
One of the effects of the atmospherics dust is the solar radiation scatter-
ing. This is a complex phenomenon, which depends on many space and time 
scales associated to the concentration, distribution and size of the dust as 
well as the radiation wavelength.The theory of radiative transfer stablishes 
that the attenuation of the solar radiation traversing the atmosphere due to 
the dust aerosols is modeled by the Lambert-Beer-Bouguer law, where the 
aerosol optical thickness plays an important role. Through Angstrom law [3], 
the aerosol optical thickness can be approximated as a second order moment 
of a non-ordinary diffusive process. This dynamic is governed by different-
time/space scales and, thus, it is natural to think about diffusive integro-dif-
ferential equationsto describe a better modeling [4, 6].
By continuing the work started in [7, 9], we define fractional diffusion mod-
els to obtain a more accurate model of the attenuation of the solar radia-
tion traversing the atmosphere and we obtain information of higher order 
moments, which is relevant to understand the atmospheric dynamic. We 
discuss some questions of the model: interpretation of variables, statement 
of initial and boundary conditions, analytic and numerical solutions in one 
and three space dimensions, and computational simulations vs observational 
data. Furthermore, our objective is to apply these models in the context of 
the development of the sensors of Universidad Carlos III de Madrid, and to 
deal possible experiments in the Planetary Atmosphere and Surface Cham-
ber of the Astrobiology Center.
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Introduction:The Far and Near Encounter images from the Mariner 6 and 7 
spacecraft on the Mariner Mars 1969 Mission have been restored. In addi-
tion, new NAIF SPICE kernels have been created, making this archive fully 
useable using today’s SPICE-based image processing. The images [1] view the 
surface of Mars 50 years ago, including some of today’s landing sites.  The 
restored archive is found at:
http://pds-geosciences.wustl.edu/missions/mariner/duxbury_mariner69.htm

Fig. 1 
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Introduction:
About 45 years ago, in the late 1971, Mars 3 spacecraft was placed into orbit 
around Mars. On January 21, 1972 this orbiter recorded strong (~27 nT) 
and regular magnetic field in the vicinity of its closest (~ 1500 km) approach 
to the day side of the planet. This observation was originally interpreted 
by Dolginovet al. [1] and Gringauzet al. [2] as an evidence of planetary 
dipole magnetic field. Later Russell [3] qualified the same observations in 
terms of magnetic field draped over the Martian obstacle. After analyzing 
the data of early planetary missions,Slavin&Holzer [4] concluded that “Mars 
most probably possesses a small intrinsic field magnetosphere”. Subsequent 
Mars 5, Phobos 2, MGS, MEX, MAVEN and othermissions revealed many-
exclusive features of complicated Martian magnetosphere, and clarified an 
essential role in its formation of multipole magnetic field of planetary crust 
and planetary atmosphere. 
Earlier Mars 3 data will be revisited in the present paper. It will be shown 
that this orbiter observed strong and regular magnetic field exactly above 
the region of the strongest magnetization of the Martian crust in the south-
ern hemisphere of the planet revealed by Acuña et al. [5] according toMGS 
measurements. Magnetic field and plasma measurements from Mars 3 
are compared with those of MGS to provide evidences that Mars 3 really 
detected the magnetic field of Martian crust in the early 1972 about 25 years 
before MGS.
Reanalysis of Mars 3 measurements:

(a) (b)
Fig. 1. Magnetic field measurements aboard Mars 3 on Jan. 21, 1972 (a) and its inter-
pretation as inclined planetocentric dipole (b).

Fig. 1a[1] presents results of flux gate magnetometer aboard Mars 3 orbiter 
on Jan. 21, 1972. During this period the orbiter first crossed the bow shock 
(1), then twice crossed the magnetopause (2, 3) and exited to solar wind after 
final bow shock crossing (4). The strongest (~27 nT) and regular magnetic field 
was measured in the vicinity of the closest approach (~ 1500 km) by Mars 
3 to the day side of the planet. These measurements were originally inter-
preted as an evidence of planetary dipole magnetic field Mm = 2.4x1022 G 
cm3(Fig. 1b, [6]). Later Russell [3] draw a conclusion that “observed mag-
netic field was draped over the Martian obstacle as expected if the field were 
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simply shocked and compressed solar wind magnetic field.”Their deduction 
looksto be inconsistent with magnetic field direction (Fig. 2, multiple black 
lines) to those one expected for simple draping (Fig. 2, blue line) in the clos-
est approach region, marked in Fig.2 by orange arrows. After analysis of early 
Mars 2, 3, 5 planetary mission data Slavin&Holzer[4]accepted theexistence 
of small intrinsic field in Martian magnetosphere.
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Fig. 2. Projection of magnetic field measurements aboard Mars 3 on Jan. 21, 1972 taken 
from Fig. 1 onto (Xase, Yase) plane.

Color plates in Fig. 3a,b are taken 
from [7] and are representing compli-
cated distribution of Martian crust 
magnetic field horizontal component at 
400 km above planetary surface as 
deduced from MGS measurements. 
Smooth white lines in Fig. 3a,b are pro-
jection of closest approach region of 
Mars 3 orbit onto planetary surface.
White arrows in Fig. 3a are 15o aver-
aged MGS magnetic field horizontal 
component and white arrows in Fig. 3b 
are the same component from Mars 3 
magnetic field measurements. It is 
obvious that Mars 3 orbiter observed 
strong and regular magnetic field 
exactly above the region of the stron-

gest magnetization of the Martian crust in the southern hemisphere of the 
planet revealed by MGS measurements, and that directions of magnetic field 
over both orbiters data are in close correspondence to each other. Thus Mars 
3 really detected the magnetic field of Martian crust in the early 1972 about 
25 years before MGS. Unquestionably, Mars 3 observations were not prop-
erly interpreted before MGS crustal magnetization discovery.
Discussion:
Solar wind ram pressure during Mars 3 magnetic field measurements can 
be evaluated with the aid of IMP 6 Earth’s orbiter and Mars 3 electron spec-
tra observations. In this period, heliocentric distances to the Earth and Mars 
were 0.98 a.u. and 1.49 a.u., respectively, while the Earth was ahead of Mars 
by 62.4o. Thus, with the velocity of 455 km/s (IMP 6) the solar wind emitted 
from the certain place of the solar corona reaches Mars 2.8 days earlier than 
the Earth.Taking into account proper radial scaling, the ram pressure at Mars 
can be evaluated as 0.4 nP. Thus,magnetic field of Martian crust observed by 
Mars 3 can reliably stagnate/deflect impacting solar wind. 

Fig. 3. Comparison of MGS and Mars 
3 magnetic field observations above 
the same planetary region.

Connerney et al., 400 km, 
B horizontal, 15o averaged

Mars 3

Mars 3, 1500 km, Jan. 21, 1972
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Itis worth mentioning that above Mars 3 magnetic field measurements were 
realized at low solar wind ram pressure conditions: 0.4 nP< 2 (0.98/1.49)2 
~ 0.9 nP when effect of Martiancore magnetization can prevail in solar wind 
deflection around planet. On the other case, under high solar wind ram 
pressure conditions planetary ionosphere, effects can prevail in solar wind 
deflection around Mars. What is the ram pressure margin between the two 
prevailing effects?

Fig. 4. [8] presents varia-
tion of the shape of the 
Martian magnetopause 
modeled according to 
the Phobos 2 data with 
increase of solar wind 
ram pressure (red and 
black lines). The short 
lines are centered 
on the individual mag-
netopause crossings and 
they are inclined to the 
X axis at their deduced 
flaring angles. The spe-
cific feature of the mod-
elis the “stagnation” 
of the subsolar magne-

topause when the ram pressure increases to values >0.6 nPwhen planetary 
ionosphere effects start to prevail in solar wind deflection around Mars [8].
The same ~ 0.6 nP margin separates different prevailing processes of oxy-

gen ion acceleration in 
the plasmasheet of Mar-
tian magnetotail. When 
solar wind ram pressure 
> 0.6 nP (red points in 
Fig. 5) heavy ion ram 
pressure in the Martian 
plasmasheet correlates 
with  (left panel in Fig. 5) 
thus implying that in 
this case heavy ions gain 
energy via magnetic field 
line stress acceleration 
process and planetary 
ionosphere effects are 

prevailing in solar wind deflection around Mars [9]. When solar wind ram 
pressure < 0.6 nP (blue points in Fig. 5) heavy ion velocity in the Martian plas-

masheet correlates with 
min

1
B   (right panel in Fig. 5) thus implying that in this 

case plasmasheetheavy ions gain energy via cross tail electric field and plan-
etary magnetic field is prevailing in solar wind deflection around Mars.[9].
Conclusions: 
• Mars 3 data (Dolginov et al. [1], Gringauz et al. [2]) are revisited in the pres-

ent talk. It is shown that this orbiter observed strong and regular magnetic 
field exactly above the region of the strongest magnetization of the Mar-
tian crust in the southern hemisphere of the planet found by Acuña et al. 
(1998) by MGS data.

• Magnetic field directions by both Mars 3 and MGS measurements 
are in close correspondence to each other. Thus Mars 3 really detected 
the magnetic field of Martian crust in 1972 about 25 years before MGS. 

• There are two different regimes of solar wind flow around Mars. At low 
solar wind ram pressure conditions < 0.6 nP the effect of Martian core 
magnetization prevails in solar wind deflection around planet, 
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the magnetosphere is compressible, and plasmasheet heavy ions gain 
energy via cross tail electric field.

• At high solar wind ram pressure conditions > 0.6 nPMartian magneto-
pause subsolar part is “stagnating”, and plasmasheet heavy ions gain 
energy via magnetic field line stress acceleration.

• Mars 3 magnetic field measurements were realized at low solar wind ram 
pressure conditions < 0.6 nP when effect of Martian core magnetization 
prevails in solar wind deflection around planet.
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Mars, as it is the Earth, presents a complex geological map. Its crust has been 
formed by means of a whole variety of processes and shows different compo-
sitions, mineralogies and evlolutions, which should provide typical magnetic 
signature patterns.
Many of the scenarios, which appear on Mars might have representatives 
on Earth. The investigation of these analogues can be of much help in the 
interpretation of magnetic data on the surface of Mars.
In the frame of the investigations of Exomars 2020 mission, AMR team has 
developed a number of scientific surveys of high resolution in different ter-
restrial analogues.
They comprise results of the magmatic and tectonics in an active conti-
nental margin, different craters associated to volcanism or impacts, as well 
as the result of alteration processes like fluvial valleys, which are the main 
landing scenarios for the Exomars–2020.
In this work, the team would like to present some of the main results and 
interpretations derived from the measurements with special attention in Rio 
Tinto area, considered as analogue of the landing site target. This target, 
Mawrth valley, is a Northward running valley formed during an early flu-
vial activity. It is located at 22.3°N, 343.5°E (Oxia Pallus) with an elevation 
approximately two kilometers below datum. This valley casts low magnetic 
anomalies from the the satellites due to ist mineralogy with a mixture of fine 
grained phyllosilicates, silicates as well as iron oxides and hydroxides.
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The main objective of this contribution is to present the evolution of NEWTON 
novel magnetic susceptometer for planetary exploration, a state of the art 
sensor for the measurement of the complex magnetic susceptibility devel-
oped in the frame of an EU H2020 funded project [1]. 
The magnetic susceptibility is a complex parameter dependent on the exter-
nal magnetic field amplitude, direction and frequency. NEWTON susceptom-
eter has been developed to determine the magnetic susceptibility of rocks 
and soils, with the capability to determine not only the real part but also 
the imaginary part of the susceptibility. The NEWTON susceptometer is on 
an advanced stage of its development and last efforts have been focused 
on its calibration.
The calibration and validation process for the susceptometer prototype casted 
very good results in comparison with other commercial and high resolution 
laboratory devices, reaching a resolution in the order of χ = 10−4 (I.S. Vol. Sus-
ceptibility), representative of Earth, Moon and Mars rocks. The critical parts 
of the prototype have been subjected to different tests, i.e. vibration and 
TVT, to verify the capability to withstand the hard environmental conditions 
of interplanetary missions.
His new generation of instruments can play a key role in the unveiling of some 
unanswered questions in the planetary context as the origin of Phobos and 
Deimos.
Some works [2,3] suggest that the moons could be accreted within an impact 
generated disk, which could have formed as well the Borealis basin of Mars.
In the near future, MMx seems to be the mission to explore the Martian 
moons with a mission including a landing on one of them as well as collection 
and return of samples to ground.
The mission is very well equipped with powerfull scientific instruments, 
which will be able to image the moon, generate morphologic maps, deter-
mine the composition of surface rocks, etc.
In this work we discuss the potential improvement of the scientific investiga-
tion which could take place in case that NEWON instrument would be part 
of the landing module instrumentation. 
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Introduction:  
Cloud computing is a dynamic, elastic and on-demand resource provision 
solution [1] that starts to be used widely in Space Exploration. The main rea-
son is that budget restrictions and non-dedicated environments prevent the 
use of in-house solutions (like supercomputers) [2].
Serverless computing represents a new step further, where massive short 
data-intensive tasks can be executed in almost real time. The user only needs 
to upload the code and define the events that would trigger the execution.
In this contribution we explain two use cases where Amazon Web Services 
Lambda serverless framework [3] is being used.
MARSIS ionogram processing:
In the first use case data from the active ionospheric sounding (AIS) experi-
ment from the  MARSIS instrument is processed. The objective is to identify 
magnetic fields to, for instance, study the effects of solar wind and under-
stand dust storms.
Magnetic fields are identified through an image processing algorithm [4]. 
These images are a result of AIS dataset conversion. Processing times depend 
on the data file size and range from seconds to a few minutes. The file retrieval 
pattern prevents relying on a dedicated machine by means of budget.

Fig. 1.

In the serverless solution, code for processing the AIS dataset and the result-
ing images is directly uploaded to AWS Lambda and declared as a service 
or function. This function, coded in Node.js and acting as a wrapper of a C 
executable, is triggered every time a file is uploaded to a repository (bucket) 
hosted by AWS Simple Storage Service [5].
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Fig. 2.

This architecture allows parallel processing in almost real time, as a new func-
tion is started upon each file arrival. Experimental results show an improve-
ment in both execution time and cost when comparing this solution with 
a traditional server architecture [6].
Martian crop model simulation:
The second use case deals with the simulation of crops using Martian soil, in 
order to find the best conditions for future production during colonization efforts.
Crop models use a high number of parameters to define aspects of crop genet-
ics, soil, weather and crop management. Within each of these, many variables 
need to be specified, resulting in an increase of the number of simulations. 
For crop genetics, varietal parameters related to potential (under no limita-
tion) and attainable (under biotic or abiotic stress) crop yield as well as to 
crop architecture and phenology (development) are required. For soil, the 
crop model uses a by layer description of moisture limits (field capacity, satu-
ration and wilting points), density and depth, among others. Radiation, tem-
peratures, precipitation (or applied water), wind, [CO2], and possibly other 
features relevant under Martian environment have to be considered in rela-
tion to weather. 

Fig. 1. 

Finally, crop management encompasses a large number of options specified by 
the corresponding parameters: operation dates and frequency (tillage or soil 
preparation, sowing, fertilization, irrigation), intensity (seeds/ha or m-2, kg ha-1 
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of fertilizer, mm of applied water), efficiencies (e.g. 0.95 in dripping irrigation), 
etc. This large list of parameters results in a huge number of combinations to be 
simulated for a single crop, unaffordable with classic computational approaches.
In the proposed solution, crop simulations are done with DSSAT, which is a 
widely used software, which contains dynamic growth simulation models for 
many crops [7]. Its FORTRAN source code is available under request and the 
version used in our serverless architecture is 4.7. Its execution time falls into 
the limits imposed by AWS Lambda.
This time, the function that wraps the DSSAT executable is coded in Python 
and it is launched every time a simulation file is uploaded to the AWS S3 
bucket. The resulting architecture allows a massive execution of the model 
with permutations of all possible parameter values, improving the quality of 
the study by means of a deeper analysis and maintaining a reasonable cost.

Acknowledgments: 
Authors would like to thank the support of the European Commission under the 
project IN-TIME (grant agreement 823934), the Ministerio de Ciencia, Innovación y 
Universidades (Spain) under the project EdgeCloud (RTI2018-096465-B-I00), Spanish 
National Institute for Agricultural and Food Research and Technology and Agencia 
Estatal de Investigación (grant no. MACSUR02-APCIN2016-0005-00-00) and Comuni-
dad de Madrid (Spain) and Structural Funds 2014-2020 (ERDF and ESF) under project 
AGRISOST-CM S2018/BAA-4330.

References: 
[1] Peter M. Mell, Timothy Grance, The NIST Definition of Cloud Computing, Techni-

cal Report SP 800-145, NIST, 2011.
[2] J.L. Vazquez-Poletti, M.P. Velasco, S. Jimenez, D. Usero, I.M. Llorente, L. Vazquez, 

O. Korablev, D. Belyaev, M.V. Patsaeva and I. V. Khatuntsev: Public “Cloud” Pro-
visioning for Venus Express VMC Image Processing. Communications on Applied 
Mathematics and Computation, Volume 1, Number 2, pp. 253-261, 2019. 
Springer.

[3] Amazon Web Services Lambda. https://aws.amazon.co-m/lambda.
[4] M. Ramírez-Nicolás, B. Sánchez-Cano, O. Witasse, P.-L. Blelly, L. Vázquez, M. Les-

ter, The effect of the induced magnetic field on the electron density vertical 
profile of the Mars׳ ionosphere: A Mars Express MARSIS radar data analysis and 
interpretation, a case study, Planetary and Space Science, Volume 126, 2016, 
Pages 49-62.

[5] Amazon Web Services Simple Storage Service. https://aws.amazon.com/s3/..
[6] J.L. Vazquez-Poletti and I.M. Llorente: Serverless Computing: From Planet Mars 

to the Cloud. Computing in Science & Engineering, Volume 20, Number 6, pp. 
73-79, 2018. IEEE Computer Society Press.

[7] Hoogenboom, G., Jones, J.W., Wilkens, P.W., Porter, C.H., Boote, K.J., Hunt, L.A., 
Singh, U., Lizaso, J.I., White, J.W., Uryasev, O., Ogoshi, R., Koo, J., Shelia, V., Tsuji, 
G.Y., 2015. Decision Support System for Agrotechnology Transfer (DSSAT) Ver-
sion 4.6. DSSAT Foundation, Prosser, Washington. http://www.dssat.net . 

10MS3-MS-19



64-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

VENUS NIGHTTIME PHOTOCHEMICAL MODEL: 
NIGHTGLOW OF O2, NO, OH AND ABUNDANCES 
OF O3 AND CLO

Vladimir A. Krasnopolsky
Moscow Institute of Physics and Technology, Moscow, Russia, 
vlad.krasn@verizon.net

Keywords:
Venus Atmosphere; Photochemistry; Nightglow; Atmospheric Composition Pl
Introduction:
Detections and first studies of Venus’ nightglow were made four decades ago 
using the Venera 9–10 [8, 6] and Pioneer Venus [15] orbiters and ground-based 
high-resolution spectroscopy [2, 13]. Later, long-term observations by Venus 
Express in 2005–2014 provided the most detailed studies of the O2 nightglow 
at 1.27 μm [11] and in the visible range [4] and the NO UV nightglow [5, 16]. 
The NO band at 1.224 μm [3] and the OH rovibrational bands [10, 14] were 
discovered on Venus. Nighttime ozone layers near 95 km [9] were detected 
using the SPICAV stellar occultations from Venus Express. Recently ClO [12] 
was detected on the Venus night side using ground-based high-resolution 
spectroscopy in the submillimeter range.
All these phenomena refer to the altitude range of 85–120 km in the nighttime 
atmosphere. Lifetimes of atoms, radicals, and some molecules are smaller 
than the duration of Venus’ night (≈2 Earths days) at these altitudes. There-
fore the global-mean models are inapplicable for comparison with observa-
tions of short-living species on the night side. Here we update our previous 
nighttime photochemical model [7] using the recent detection of ClO.
Model
The nighttime chemistry at 80–130 km is induced by transport of atomic 
species from the day side, where the density at 150 km exceeds that 
of the night side at this altitude by a factor of ≈30. The model involves 86 
reactions of 29 species. Downward fluxes of O, N,H, and Cl at 130 km are 
the model parameters to fit the observed mean intensities of the O2, NO, 
OH nightglow and abundances of O3 and ClO. The chosen fluxes are ΦO = 
3×1012, ΦN = 1.2×109, ΦH = 9×109, and ΦCl = 4×109, all in cm-2 s-1. The model 
chemistry converts the flux of O at 130 km completely to flux of O2 at 80 
km, the flux of N to flux of N2, the fluxes of H and Cl return a flux of HCl at 
80 km, and the excess of H over Cl returns almost equal fluxes of H2 and 
H2O formed by the reactions of HCl with H and OH, respectively. Flux of CO 
ΦCO = 2×1012 cm-2 s-1 is included to simulate the nighttime CO bulge and 
returned unchanged at 80 km. The calculated mean nighttime composition 
of the atmosphere is shown in Fig. 1.
The measured ClO [12] is either 2.6 ± 0.6 ppb in a 10 km layer at 90 km or 2.3 
± 0.5 ppb at 85-100 km (Fig. 2). The model profile of the ClO mole fraction 
peaks at 88 km with fClO = 4.3 ppb and full width at half maximum FWHM = 
3.7 km. Averaging of the mole fraction within 10 km gives 1.7 ppb at 87.5 km, 
while a ratio of the averaged ClO and total density is 2.3 ppb at 90.5 km 
(Fig. 2). The same for the layer at 85–100 km is 2.2 ppb. Therefore the model 
agrees with the observed ClO.
The calculated ozone (Fig. 1a) peaks at 93 km with [O3] = 1.4×108 cm-3 and 
FWHM = 6.3 km. Its peak limb column abundance is 7.8×1015 cm-2, in accord 
with the SPICAV occultations [9].
Calculated vertical profiles of the nightglow of O2, NO, and OH are shown in 
Fig. 3. Here we assume that the OH nightglow is excited by H + O3 → OH(v) 
+ O2 only. The observed mean nightside intensities of the OH bands (1–0), 
(2–1), (3–2), and (4–3) are 2.74, 2.40, 0.57, and 0.44 kR, respectively [14, 7]. 
The adopted yields of v” in quenching of OH (v’) by CO2 are those of the col-
lisional cascade model v” = v’ – 1 with corrections to fit the observed line 
distribution.
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Fig. 1. Chemical composition of the mean nighttime atmosphere at 80–130 km: (a) CO2 
products and SO2, (b) hydrogen species, (c) chlorine species, and (d) nitrogen species.
The dashed curves are the midnight density profiles of O and N from VTGCM [1]

Fig. 2. ClO mixing ratio in the model (blue) and in two versions of a ten-km layer (green 
and red) are compared with those adopted in [12] to fit their observations (black)

The fluxes of O, N, H, and Cl are properly chosen to fit the observed mean 
nightglow intensities and the abundances of O3 and ClO. However, the model 
does not have parameters to fit the observed altitudes of the nightglow and 
species layers. Peaks of volume emission rate are typically ≈2 km above those 
observed on the limb. The excellent agreement of the model with the obser-
vations confirms adequacy of the model.
Variations of the nighttime composition and nightglow
The fluxes of O, N, H, and Cl vary on the night side and result in variations of 
the nightglow and abundances of O3 and ClO. The model is a convenient tool 
to study these variations. While the predicted variations of the nightglow and 
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O3 are moderate, those of ClO may exceed two orders of magnitude. Major 
reactions that control ClO are
Cl+O3 → ClO+O2 ;k1 = 2.3×10-11 e-200/T cm3 s-1

ClO+O → Cl+O2 ;k2 = 2.8×10-11 e85/T cm3 s-1.
If transport is neglected, then
[ClO] ≈ 0.8 e-285/T [Cl][O3]/[O].
All species involved are highly variable near 90 km (Fig. 1). 

Fig. 3. Calculated vertical profiles of the O2, NO, and OH nightglow and two reactions 
that may form OH(v)

Variations of the O2, NO, OH nightglow and abundances of O3 and ClO may 
be approximated by analytic relationships that make it possible to convert 
the fluxes into nightglow intensities, O3 and ClO abundances and vice versa. 
Modeling of dynamic and composition of the Venus upper atmosphere, 
including fluxes from the day side to the night side and their variations, are 
among the problems under consideration by the Venus Thermosphere GCM, 
and some results on this subject are presented in [1].
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Introduction:
Venus is the closest and most similar planet to Earth in the whole solar 
system, yet, basic measurements are still missing. The atmospheric com-
position has been studied to some extent with the Pioneer Venus Orbiter 
mission and the more recent Venus Express, however, the concentration 
of many species and their isotopic ratios are not yet known with satisfying 
accuracy. Especially when it comes to the heavy noble gases as Kr and Xe, 
there are little to no collected data in this field. These elements form a key 
link to the reconstruction of the atmospheric evolution, which would provide 
crucial information on the formation of Earth-like bodies. Knowing the abun-
dances of the noble gases may allow us to answer the question why Venus 
did not evolve to a potentially habitable planet like its neighbour Earth.
We present a review of existing observations of Venus’ upper atmosphere 
and exosphere and from that developed an exospheric model for the thermal 
and hot atmosphere of Venus above the homopause. Mass spectra for possi-
ble future Venus missions are predicted, as for example for the planned EnVi-
sion mission of ESA. The main focus of the present work are the heavy noble 
gases and re quire ments for the trajectories of the flybys and measurement 
per for mance are proposed. In addition, mass spectra and recommended 
integration times for the Venus flyby of ESA’s JUICE mission are derived.
Modelling:
The simulation package used to obtain the models of the Venus atmosphere 
is based on a Monte Carlo simulation originally developed for Mercury and 
the Moon [1, 2], now extended to Venus [3]. Strictly speaking, the programme 
is therefore only applicable to the atmospheric region, where collisions are 
negligible, namely the exosphere. We cover the altitudes below the exobase 
by analytic extensions [3]. In this region, the mean free path is larger than 
the scale height. The simulations should start at the exobase, which is located 
at around 210 km on the dayside and drops to around 150 km on the nightside 
because of the cooling by IR emission from the CO2 atmosphere [4]. The dif-
ference between the exobase levels comes from the heating by the Sun, 
which heats up the dayside thermosphere, resulting in larger scale heights. 
In the exospheric model presented in this paper, collisions as well as other pro-
cesses which take place above the homopause as e.g. sputtering, charge 
exchange or photolysis are not addressed. However, we focus on the noble 
gases, which do not undergo photochemical dissociation and have a lower 
cross section for ionisation and charge exchange than non-noble gases. Also, 
the abundance of the heavy noble gases Kr and Xe at the exobase is neg-
ligible, therefore atmospheric sputtering is not relevant. The uncertainty 
in the knowledge of the abundance of those noble gases at the homopause 
is much larger than the model’s deviation from the actual conditions due 
to the processes mentioned before.
Most species in the Venusian exosphere can be modeled as the sum of a ther-
mal and a hot particle distribution. For the thermal component, the tempera-
ture equals that of the thermosphere, which implies that the typical velocity 
of a particle is determined by the temperature of the atmosphere around 
it. The particles forming the hot component have much higher energies and 
therefore higher velocities. We simulate the hot atmosphere in the same 
way as the thermal one only with a much higher initial temperature. The hot 
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components are mainly produced by the dissociative recombination of ions 
near the exobase [5]. Another source of hot particles is photochemical dis-
sociation, which is caused by solar ultraviolet radiation breaking up mole-
cules in the atmosphere [6]. In our model, photochemical dissociation is 
computed by comparing the time the particles spend at a certain height 
to the theoretical dissociation time. If photochemical dissociation does 
happen, based on Poisson statistics, the released binding energy gets dis-
tributed onto the fragments according to their mass which results in large 
velocities. Then, the trajectories of the fragments are calculated the same 
way as the ones of the parent molecules, using the assigned velocities. Pho-
tochemical dissociation plays a major role in escape processes if it happens 
above the exobase. Below, collisions prevent the fragments and ions from 
escaping the atmosphere. 
Results:
We calculated the number density profiles for all known and expected spe-
cies of the Venusian atmosphere [3]. For the thermal component of the exo-
sphere the results are displayed in Fig. 1. For the reliable detection of noble 
gases one has to get close during a flyby, ideally down to 120 km altitude, 
which may be reached in aero-breaking manoeuvres. 

Fig. 1. Number density profiles of thermal hydrogen compounds (panel 1a), oxygen 
compounds (panel 1b), noble gases (panel 1c) and nitrogen compounds (panel 1d). 
The solid lines indicate the computed particle trajectories, whereas the dashed lines 
show from where on the density has been extrapolated [3]. The dotted horizontal 
lines show the detection limit of the mass spectrometer, the upper and lower lines 
correspond to integration time of 1 s and104 s (~ 2.8 h), respectively.

Fig. 2. Left: number density profiles of hot species. The dotted lines show the detec-
tion limit of the mass spectrometer, upper and lower lines corresponding to integra-
tion times of 1 s and 104 s (~ 2.8 h), respectively. Right: comparison of the modelled 
thermal and hot hydrogen density profiles with the model derived [8] and the mea-
surements made by SPICAV/VEX [9]. Bottom: Hydrogen fragments produced by pho-
tochemical dissociation of hydrogen bearing parent molecules (see the legend).

In Fig. 1 two lines are shown, assuming a performance of an instrument that 
was developed for lunar research [7], for integration times of 1 s and 104 s, 
respectively. When having a closer look at Fig. 1, one can see that the heavy 
noble gas xenon is hardly detectable by the mass spectrometer, which has 
a detection limit of 1 cm–3 for an integration time of 1 s, corresponding 
to a signal-to-noise ratio (S/N) of about 3. Whereas with an integration time 
of 100 s, which is realistic for an aero-breaking trajectory like the one planned 
for EnVision, the Xe signal is detectable with S/N ≈ 30.
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The species of the hot component are the result from dissociation pro-
cesses in the exosphere. The results for these species are shown in Fig. 2, 
with a comparison of our calculationsto earlier theoretical and measured 
one [8, 9]. For H the contributions from different parents are also identified. 
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While early Venus and Earth were accumulating mass within the solar nebu-
lar these protoplanets also captured significant hydrogen dominated atmo-
spheres by picking up gas from the circumstellar disk during the formation 
of the Solar System (e.g. [1]). We apply hydrodynamic upper atmosphere and 
impact erosion models for studying the fractionation of various elements 
along solar activity tracks. These primordial atmospheres were then quickly 
lost by hydrodynamic escape and impact erosion of planetary embryos after 
the disk dissipated. After a short but efficient boil-off phase the EUV-driven 
hydrodynamic flow of H-atoms dragged heavier elements with it at different 
rates, leading to changes in their isotopic and elemental ratios [2, 3, 4], which 
is reflected in the present-day atmospheric noble gas isotope and elemental 
ratios of Venus and Earth. Depending on the disk lifetime and the initial com-
position 36Ar/38Ar, 20Ne/22Ne and bulk K/U ratios observed for both planets 
can be best explained if the Sun was born between a weakly and moderately 
active star and if Venus and Earth had grown to ~85–100% and ~53–58%, 
respectively, of their current masses by the time the nebula gas dissipated 
approximately 3.5 Myr after formation of the Sun. If proto-Earth accreted 
its mass from up to 40% carbonatious chondritic-like (CC) material [5] then 
the planet must have been grown to about 80% of its final mass as long as it 
was surrounded by the escaping primordial atmosphere (~7 Myr). Our results 
are in agreement with a fast accretion of thermally processed disk material 
planetary embryos, with Hafnium-Tungsten chronometric fast accretion sce-
narios of the proto-Earth (e.g. [6]), and a noble gas origin based on a mix-
ture of primitive meteoroids with a delivery of ≥ 75% CC-like material after 
the escape of a small remnant of the proto-solar nebula [7]. Moreover, new 
precise measurements of noble gas isotope ratios in Venus’ atmosphere 
will constrain not only the evolution of proto-Venus but also the history 
of the young Sun’s activity evolution. 
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Isotope ratios provide valuable insights into the atmospheric evolution of var-
ious solar system bodies. If a planet’s isotope ratios differ drastically from 
the protosolar values, something must have caused the predominant escape 
of one isotope. The Venera landing probes and the Pioneer Venus provided 
some present-day isotope ratios for Venus, revealing that the planet’s atmo-
sphere is enriched in several heavy isotopes, amongst them deuterium (D). 
One escape processof particular interest for the early evolution of the Venu-
sian atmosphere is hydrodynamic escape of H and D during a possible cap-
tured nebula-based H2-envelope and/or a magma-ocean related outgassed 
steam atmosphere. The high levels of extreme ultraviolet (EUV) radiation 
emitted by the young Sun are likely to have been sufficient for the planet’s 
atmosphere to enter into a hydrodynamic regime. We model the hydrody-
namic escape of an outgassed atmosphere from Venus at multiple starting 
points using different atmospheric compositions and surface temperatures 
and aim to reproduce present-day isotope ratios. Moreover, we also consider 
the scenario that Venus might have had a liquid water ocean until about 
700 My ago that was proposed by Way et al. [1] and investigate the influence 
that the presence of an ocean would have had on the D/H ratio and a possi-
ble accumulation of oxygen in the atmosphere.
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Introduction:
On the basis of the current extreme high temperatures (450°C) and the 
absence of free water, it has generally been assumed that water erosion did 
not operate on Venus. This is consistent with surface morphology in most 
regions that shows good preservation of primary surface structures and local 
topographic relief, except where overlain or overprinted by younger volcanic 
units and structures. 
Recent mapping [10–3], however, suggests that erosion might have signifi-
cantly affected the older complexly deformed terranes, termed tesserae, an 
observation that is consistent with a recent global climatic model [4], that 
suggests Earth-like climatic conditions on Venus until approximately 700 
Ma. This time is inferred to mark thetransition from tesserae to widespread 
younger mafic volcanic resurfacing (with massive CO2 release and associated 
global greenhouse hyper-warming).
Evidence for Erosion in Tessera:
Our analysis is focusing on portions of tesserae that were partially flooded 
by younger mafic flows. The volcanic flooding provides a semi-horizontal 
datum to distinguish local elevated areas (peaks and ridges) from valleys. 
The pattern of peaks and ridges cannot be solely explained by primary topog-
raphy caused by folding or faulting. However, the distribution of “valleys” is 
consistent with terrestrial-type stream drainage patterns indicating signifi-
cant water erosion. The potential role of wind and glacial erosion is also being 
considered. 
A More Earth-Like ClimateduringEarly Post-Tessera MaficVolcanism?:
This global warming model and our evidence for water erosion during tessera 
time, would also suggest that the earliest mafic lava flows (post-tessera time) 
would have been emplaced during more habitable climate conditions, while 
later (younger) flows would have been emplaced under conditions of pro-
gressively higher temperature, atmospheric pressure and CO2 content. We 
are therefore assessing older and younger generations of lava flows in terms 
of flow morphology and surface textures that can be indicative of temperature 
(Earth-like vs 450°C) and low vs high atmospheric pressure and CO2 content.  
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Electrical phenomena and lightnings in the atmosphere of Venus were dis-
covered in 1978 Ksanfomality, 1979; Ksanfomality, 1980). On December 21 
and 25, 1978, the GROZA instrument onboard the VENERA-11, -12 landers 
recorded numerous electromagnetic pulses, such as Earth atmospherics, in 
the 10–80 kHz range. 3 days later, the same result, but in the whistler mode, 
was obtained using the OEFD instrument on the Pioneer-Venus orbiter (Scarf 
et al., 1980; Ksanfomality et al., 1980). A signature of electric discharges was 
their pulsed electromagnetic emission in the range of 10–80 kHz (Fig. 1). But 
the accompanying optical flashes were not observed, although their search 
was organized first on the same VENERA–11, -12 orbiter modules, fly-by 
spacecrafts GALILEO, CASSINI and orbiters VENERA–15, –16 and VENUS-EX-
PRESS.
In all cases, numerous electromagnetic discharges (counting rate up to 30 s-1) 
were confidently recorded in the absence of optical flashes, which were 
searched on the night side of the planet.
Interest in electrical atmospheric discharges on Venus is connected, in partic-
ular, with the question of the origin of small components in its atmosphere. 
Lightning, on the one hand, destroys the molecular bonds of the medium 
in the discharge channel, on the other hand, it causes fast chemical reac-
tions with the appearance of new nonequilibrium chemical compounds, 
which, among other things, can be associated with subsequent biochemi-
cal processes. The nature of charge accumulation in the atmospheric clouds 
of different planets may vary, but the general physics of the processes is 
similar. From the moment of discovery, for many years, Venus has been car-
rying out an unsuccessful search for optical flares, which must accompany 

electromagnetic pulses. 
Many papers have been 
published in which the 
authors offer some 
explanation of this par-
adox. Detailed informa-
tion about the conducted 
search for can be found 
in the review “Lightning 
detection on Venus: a 
critical review” (Lorenz, 
2018). The author points 
out that by 2018, the 
number of published 
papers on the topic was 
180. Note that the task 
of searching for light-
ning also belonged to the 
main goals of the AKAT-
SUKI orbital mission 
of the Japanese space 
agency JAXA. 
Fig. 1. The field strength 
of numerous electro-
magnetic impulses regis-Fig. 1.
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tered on December 21, 1978 with the GROZA instrument on the VENERA–11 
descent module, referred to lightning in a remote source. A fragment of the 
record is from a height of 10 km to the surface. The origin of the difference in 
the curves at 18 and 36 kHz remains unknown.
The search was conducted in the UV range (365 nm) on the night side 
of the planet with a specially designed instrument with a high sampling rate 
(Takahashi et al., 2019). Search results are not reported. The possible reason 
for the absence of flares following electrical discharges in the atmosphere 
of Venus was considered by the author in a number of published articles. 
If discharges occur in the lower layers of clouds, a significant extinction 
in the optical range weakens the flashes so that their registration from Venus 
satellites becomes impossible (Ksanfomality, 1984). In the case of Venus, 
the optical thickness of clouds τ is very significant. The strongly attenuated 
radiation in the optical range practically does not reach the detectors of sat-
ellite. The extinction is much lower in the near IR range (2 μm), but the nec-
essary data in Venus research for a long time could not be found. In 2016, 
in the IR experiments with the IR2 camera of the AKATSUKI mission, rich 
observational material was obtained (the JAXA “DARTS” website). It was 
the results of observations with the IR2 camera and the materials were used 
as the basis for the search for lightning flashes in the present work. 

Fig. 2. Photo taken on October 20, 2016, with a bright band in the equatorial region, 
with a threshold of reproducible brightness > 140 mW m-2 μm-1 sr-1, demonstrating 
flashes of lightning. On the right - the distribution of brightness along the section 
lines. All bright dots correspond to the saturation level of the detector pixels. Coordi-
nates of the sub-satellite point are 8.26ºS, 182ºE.

While searching for lightning, IR images have important advantages over 
images in the optical range. Most of the pictures were taken with a 7-second 
exposure. Apart from the fact that scattering is less than 6 times as the 2πr 
/ λ ratio, due to the high brightness of the flashes, their images gradually 
accumulate on the detector matrix, in fact, recording during the 7-second 
exposure, regardless of the short duration (0.2 s) of the flash itself. We man-
aged to find the required flashes, and their brightness exceeds the satura-
tion level of the detector. For the flash image to be fixed on the detector 
array, the flash brightness must be at least (7s / 0.2s) times brighter than 
the average brightness of the image details. Of course, the linearity and sat-
uration threshold of the detector play an important role. The success of the 
search is due to the highest transparency of the atmosphere at a wavelength 
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of 2.26 microns. Numerous lightning flashes were detected during image 
processing obtained in the 2.26 µm band, taken on October 20, 2016, from 
a distance of 202 thousand km from the upper boundary of clouds (Fig. 2). 
The bright band in the equatorial belt (Fig. 2.2) turned out to be non-uni-
form. The threshold of reproducible brightness in Fig. 2.2, at the center, was 
set at about 140 mW m–2 μm – 1 sr – 1. When the black level rises, the bright 
area splits into individual bright pixels (in saturation), single, or combined 
by 2 or 4 pixels. The length of the  active region is 1300 km, width from 100 
to 340 km.
All, even the brightest, other details of the image were below this level, and 
only a wide band is distinguished by numerous bright dots. The pixel resolu-
tion in the image corresponds to 40 km on the cloud layer. Apparently, the 
band turned out to be a rupture of clouds above the level of thunderstorms, 
exposing numerous direct flashes of lightning (not their scattered light). None 
of the other details of the image having similar structure were detected, with 
the exception of a small (600 km) spot north of the center of the cluster 
of flares. Here, a small part of the thunderstorm, about 10 flashes, is cov-
ered with a cloudy environment. The optical thickness of the medium above 
the thunderstorm is small, τ < 1. The sections (Fig. 2.3) show convincingly 
that all the peaks have the same height — the saturation level of the detec-
tor. Image analysis also shows that there are practically no outbreaks in the 
adjacent area, and the occurrence of thunderstorms is likely due to the for-
mation of gaps and is concentrated in them.
Other images show that cloud ruptures above the lightning level, revealing 
thunderstorm activity, turned out to be a global phenomenon on Venus, 
but were recorded differently on different dates, which is probably due 
to the period of superrotation. Unfortunately, there is no necessary sequence 
of images for such approval.
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CIRCULATION OF THE LOWER CLOUD LEVEL 
ON THE NIGHTSIDE OF VENUS FROM VIRTIS-M 
(VENUS EXPRESS) AND IR2 (AKATSUKI) 
DATA IN 1.74 μm
D.A. Gorinov, I.V. Khatuntsev, L.V. Zasova, M.V. Patsaeva and A.V. Turin
Space Research Institute RAS, Moscow, Russia, dmitry_gorinov@rssi.ru

Keywords:
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Introduction:
The thick cloud layer of Venus rotates around the planet in the westward 
direction with the peak velocity 60 times higher than that of the planet itself, 
approximately 100ms-1 for the altitudes of 65-70 km (upper cloud level) 
above the surface [1], the phenomenon known as retrograde superrotation. 
In the altitude range of 10-90 km the atmospheric motion is predominantly 
zonal. The velocity decreases for altitude levels farther from the upper cloud 
level and for latitudes closer to the poles.
On the nightside, the inhomogeneous distribution of the cloud opacity in the 
infrared spectral range (thermal emission) leads to a complex morphology of 
small-scale features of various contrasts. By tracking their displacement one 
can derive horizontal wind speed at the altitude of remote sensing. 
In the spectral window of 1.74 μm on the nightside, the thermal radiance comes 
from beneath the main cloud level, subsequently passing through the lower 
clouds at the altitudes of 44-48 km [2]. Thus, the motion of the observed fea-
tures is associated with atmospheric dynamics at these altitudes.
Experimental data and approach:
The infrared channel of the imaging spectrometer VIRTIS-M onboard Venus 
Express performed observations of the nightside from April 2006 to October 
2008 with a spectral resolution of 16 nm and pixel size of 10–40 km. Most 
of its observations covered Southern Hemisphere, primarily high and mid-
dle latitudes. To calculate wind velocities using manual wind tracking tech-
nique [3], 988 image pairs in 1.74 μm were considered, resulting in 45191 
vectors in total. Time intervals between pairs were varying from 1 to 3 hours.
The IR2 camera onboard Akatsuki operated in 2016 and one of its channels 
collected images in a 1.713–1.755 μm band [4]. Although there were fewer 
images compared to VIRTIS-M, they had better spatial resolution, thus result-
ing in more retrieved vectors per pair, 15275 for 145 pairs.
Heading styles:
Recent studies indicated significant differences between results from the two 
instruments [5]. Our findings confirm that the mean zonal speed was signifi-
cantly higher in the results of IR2. The difference in values was the highest 
(78 ms-1 compared to 62 ms-1) in the equatorial latitudes, in fact, the shape 
of the IR2 profile displayed an equatorial “jet”, an effect which was not observed 
by VIRTIS-M. One of the possible explanations could be that the observed cloud 
details relate to different altitudes; in that case by implying the vertical wind 
shear of about 2 ms-1 km-1 we would assume an altitude difference of ~8 km. 
On the other hand, the meridional component was resting at the same magni-
tudes for both experiments, reaching 0-2 ms-1 (equatorward direction). Unfor-
tunately, results cannot be compared for the northern latitudes.
Longitudinal profiles of the mean wind speed for both instruments show 
variability, which can be partially attributed to the influence of the stationary 
gravity waves. Isolines of zonal and meridional velocities tend to correlate 
with the shapes of major underlying topographic features.
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Introduction:
Internal gravity waves (IGWs) are vertically propagating waves that have buoy-
ancy force as the restoring force. IGWs are often generated by vertical dis-
placement of the atmosphere due to flow over topography or by convection, 
or by wind shear instability in the background flow. The existence of IGWs 
in the Venus’s atmosphere is well established from UV images of clouds [1], 
temperature [2] and wind [3] profiles, and radio occultation (RO) measure-
ments [4–7]. Authors of paper [5] used RO data from Venera–15 and –16 
to investigate the thermal structure of the middle atmosphere. They noted 
that wave-like structure commonly appears in retrieved temperature pro-
files at altitudes above ~ 60 km, where the static stability is large. The Pio-
neer Venus (PV) RO experiments have yielded important results concerning 
the thermal structure of the neutral atmosphere [8], however, little effort 
has been made to investigate atmospheric waves. Magellan has important 
advantages over PV for studies of atmospheric waves. The dual-wavelength 
radio signals transmitted by Magellan have a higher signal-to-noise ratio 
(SNR) than their counterparts on PV. The orbital period of Magellan (3.26 hrs 
in 1991) is much shorter than that of PV (24 hrs), so that the rotation of 
the Venus’s atmosphere between successive occultations is proportionately 
smaller. This provides much finer resolution for studies of zonal structure [4]. 
Authors of work [4] suggested that radiative damping is the principal process 
to dissipate internal atmospheric waves having vertical wavelengths shorter 
than 4 km, and this approach was used for the analysis of Magellan RO data. 
They showed that the observed wave structures were consistent with pure 
internal gravity waves that are attenuated by radiative damping during the 
vertical ascent. It was found that the amplitude and vertical wavelength are 
about 4 K and 2.5 km, respectively, at altitude of 65 km. A model for radiative 
damping implies that the wave intrinsic frequency is ~2 10-4 rad/s, and the 
corresponding ratio between horizontal and vertical wavelengths is ~ 100 [4]. 
A similar approach was also used by authors of work [7] for the analysis 
of Venus Express RO temperature data.
We have developed an alternative independent method of identifying dis-
crete wave events and reconstructing IGW parameters from an analysis 
of the individual vertical temperature, density, or squared Brunt–Vaisala 
(buoyancy) frequency profile in a planetary atmosphere. Our method does 
not require any additional information not contained in the profile and 
can be adopted to analyze vertical profiles obtained by various techniques. 
The threshold discrimination criterion was formulated and justified for iden-
tifying wave events; its fulfillment assumes that the analyzed temperature 
or density variations to be manifestations of waves [9–14].
This method relies on the analysis of the relative wave amplitude, deter-
mined from the vertical profile of temperature or density, as well as on the 
concept of the linear IGW theory, which suggests that the wave amplitude 
is limited by threshold values due to wind dynamic (shear) instability in the 
atmosphere of planet. It is expected that when the internal wave amplitude 
reaches the wind shear instability threshold as the wave propagates upward, 
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Table 1. Internal gravity wave characteristics in the Venus’s atmosphere inferred 
by two independent methods from the radio occultation temperature data, collected 
on 5–6 October 1991 during three successive orbits (orbit numbers 3212–3214) 
of the Magellan spacecraft

Input radio occultation data taken from HJ-paper [4] for analysis
Solar zenith angle (SZA) 109°

Local true solar time (LTST) 22 h 05 m
Latitude, ϕ 67°N
Longitude 127°E

Altitude, h (Venus’s radius R0 = 6052 km) ≥ 57 km
Acceleration of gravity a, g 8.7 m/s2

Angular rotation rate of the atmosphere, Ω –1.5·10–5 rad/s (westward)
Coriolis parameter,  

2 sinf = Ω⋅ φ
2.7·10–5 rad/s (at 67°N latitude)

Inertial period,
 

2
f f

π
τ =

~64.6 hrs ≈ 2.7 days (at 67°N latitude)

Background temperature a,*, Tb ~230 K
Background buoyancy frequency a,*, Nb ~2.13·10–2 rad/s

Vertical wavelength a,
  

T ′ 2.5 km

Vertical wave number a, |m| ~2.5·10–3 m–1

Amplitude of temperature perturbations a, 
2
m
π

λ =

4.0 K

Normalized amplitude of temperature 

perturbations a,*,
 

T
Tb
′

~17.4·10–3

Internal wave characteristics found by two independent methods
Relative wave amplitude a, ~0.84 (our results)

0.82 (was calculated by us for HJ-paper 
results)

Intrinsic wave frequency a, ω ~3.9·10–5 rad/s (our results)
2·10–4 rad/s (parameter σ in HJ-paper)

Intrinsic wave period a, ~44.8 hrs ≈ 1.9 days (our results)
~9 hrs (value 2π/σ in HJ-paper)

Ratio ~0.69 (our results)
~0.14 (value f /σ in HJ-paper)

Intrinsic horizontal phase speed a, ~11.8 m/s (our results)
8.5 m/s (value N/m in HJ-paper)

Horizontal wave number a, ~0.33·10–5 m–1 (our results)
~2.33·10–5 m–1 (was calculated from 

HJ-paper)
Horizontal wavelength a, ~1895 km (our results)

270 km (“meridional” wavelength in 
HJ-paper)

Amplitude of wind speed perturbations 
along the horizontal propagation vector, 

~9.9 m/s (our results)
7.0 m/s (“meridional” amplitude in 

HJ-paper)
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Amplitude of speed perturbations 
transverse to the horizontal propagation 

vector, 

~6.8 m/s (our results)
0.7 m/s (“zonal” speed amplitude in 

HJ-paper)
Amplitude of vertical wind speed 

perturbations, 
~1.3 10–2 m/s (our results)

0.07 m/s (vertical speed amplitude in 
HJ-paper)

a At 65 km altitude, * was calculated by us for results of HJ-paper [4]
wave energy dissipation occurs so that the IGW amplitude stays at the atmo-
spheric instability threshold (wave amplitude saturation). The application 
of the method to the analysis of RO temperature data enabled us for the first 
time to identify wave events in the atmospheres of Earth and Mars, to deter-
mine the key characteristics of detected waves, including intrinsic frequency 
of IGW, vertical fluxes of wave energy and momentum [9–12]. Numerical sim-
ulation data and analysis of independent radar and probe measurements in 
Earth’s atmosphere demonstrate high efficiency of our method and high reli-
ability of scientific results it yields [15]. It is important to notice that authors 
of work [4] supposed the wave amplitude is not sufficient to cause convec-
tive instability, an alternative damping mechanism. Similarly, they believed, 
possibly erroneously in our opinion, that wind shear instability is not likely 
to be the cause of the observed attenuation, since the wave amplitude 
appears to be insufficient to trigger this effect.
We used parameters of the Magellan temperature profiles oscillations 
remaining after high-pass filtering for wavelengths < 4 km [4] as input RO 
data for our reanalysis of IGWs in the Venus’s atmosphere. The results 
obtained by two independent methods are presented, compared, and dis-
cussed in this work. Internal gravity wave characteristics in the atmosphere 
inferred by two methods from the RO temperature data, collected on 
5–6 October 1991 during three successive orbits (orbit numbers 3212–3214) 
of the Magellan spacecraft have been shown in Table 1.
The work was carried out within the framework of the state task and partially 
was supported by the Russian Foundation for Basic Research, the project No. 
19-02-00083 A.
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EnVision is a Venus orbiter mission that will investigate the nature and cur-
rent state of volcanic and geological activity on Venus, and its relationship 
with the atmosphere, to understand how and why Venus and Earth evolved 
so differently. EnVision is a finalistinESA’s M5 Space Science mission selec-
tion process. The concept is currently in Phase A study in collaboration with 
NASA. Selection of one mission out of three candidates is expected in June 
2021. If selected and later adopted in 2024, EnVision will be launchedin 2032 
by Ariane 6.2 into a six month cruise to Venus. Aerobraking would bring the 
spacecraft into a near-circular polar orbit. The nominal science phase would 
last at least 4 Venus sidereal days (2.7 Earth years).
Venus and Earth were probably very similar in the past,before their evolu-
tionary pathsdiverged. Why are these sister-planets so different now?Under-
standing how and why this occurred is crucialto revealingthe diversity of ter-
restrial planetsand their habitability.Complementing Venus Express that 
focused on the atmosphere and plasma environment of the neighbouring 
planet, the EnVision orbiter will undertake science investigations in three 
thematic areas: (1) Is Venus geologically activetoday and how? (2) How did 
Venussurfaceevolved? (3) How did Venus’climatereach its presentstate? 
EnVisionwill carry three instruments and perform aradio science investiga-
tion. The Synthetic Aperture Radar (SAR) will obtain images at a range of 
spatial resolutions from 30 m (regional scale) to 1m (local scale), measure 
topography at <20 m resolution vertically and <100 m spatiallyfrom ste-
reo and interferometric SAR observations (InSAR),detect cm-scale changes 
through differential InSAR observations to characterize current volcanic and 
tectonic activityand estimate rates of weathering and surface alteration. SAR 
will also characterizesurface physical properties and weathering through 
multi-polarisation radar, and emissivity mapping. 
The Subsurface Sounder (SRS) will characterize the vertical structure and 
stratigraphy of geological units including volcanic flows, contacts between 
lowlands and tesserae, determine the depths of weathering and aeolian 
deposits, discover as yet unknown structures buried below the surface. 
The Venus Spectrometer suite (VenSpec) consisting of three spectrometers 
will search for temporal variations in surface temperatures, as an indicator 
of active volcanism, obtain global maps of surface emissivity in the near-in-
fraredto constrain surface composition and inform evolution scenarios, map 
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tropospheric gases, searching for volcanic plumes and studying surface-atmo-
sphere interactions, monitor variability of volcanic gases in the mesosphere, 
in order to link these variations to tropospheric variations and volcanism.

 Fig. 1.

The Radio Science and Geodesyinvestigation will determine crustal and litho-
sphericstructure at finer spatial resolutionthan Magellan, constraininterior 
structure through measurement of tidal response (gravitational Love num-
ber k2), sound the atmospheric structure and H2SO4 abundance withradio 
occultation. The figure outlines how the EnVision payload would address the 
major science themes in different areas on the planet. 
The talk will describe science objectives and investigations, payload and mis-
sion scenario, and status of the mission study at ESA. 
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Introduction:
More than any other known planet, Venus is essential to our understanding 
of the evolution and habitability of Earth-sized planets in the solar system 
and throughout the galaxy. Similarly, more than any other group, volatile 
elements have strong influence on the evolutionary paths of rocky bodies 
and are critical to understanding planetary evolution. It is clear that Venus 
experienced a very different volatile element history than the Earth, resulting 
in a different evolutionary path. The science objectives of the Venus Flagship 
Mission (VFM) focus on understanding volatiles on Venus. The mission con-
cept’sscience goals, similar to those for other solar system bodies that were 
shaped by volatiles such as Mars and Europa, are: to 1) assess the volatile 
reservoirs, inventory, and cycles over Venus history, and 2) use the under-
standing of the environments created by and availability of these volatiles 
to constrain the habitability of Venus. The VFM aims to address two critical 
questions for planetary science: How, if at all, did Venus evolve through a 
habitable phase? What circumstances affect how volatiles shape habitable 
worlds? It is clearly time to focus on Venus and Table 1 shows the advance-
ments possible with such a mission.

Table. 1.

Objectives and Overview
The VFM concept study enables us to understand the:
1)History of volatiles and liquid water on Venus and determine if Venus was 

habitable.
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2)Composition and climatological history of the surface of Venus and 
the present-day couplings between the surface and atmosphere.

3)The geologic history of Venus and whether Venus is active today.
The proposed VFM concept comprises 
an Orbiter with several instruments 
(near infrared (NIR) spectrometer, 
radar, gravity measurements) that can 
address critical aspects of the three 
major goals, two (or more) Small-
Sats that carry magnetometers and 
ion analyzers, and two Landers/
Probes capable of measuring atmo-
spheric chemical composition, iso-
topic ratios, pressure, temperature, 
as well as obtaining 1-µm descent 
images below ~5 km altitude. Once 
landed, a panoramic camera would-
sweep the horizon, and instruments, 
such as the Planetary Instrument 
for X-ray Lithochemistry (PIXL) 
or Raman/Laser Induced Breakdown 
Spectroscopy (LIBS), wouldbe used 
to measure the rock chemistry and 
mineralogy at each site. The landers 
would target the basaltic plains that 
comprise the bulk of the surface, 
and tessera terrain, which provide 

the only access to rocks from the first 80% of the history of the planet. One 
lander would carry a longer-lasting technology demonstration, the Long-Lived 
In-Situ Solar System Explorer (LLISSE), which measures surface temperature, 
pressure, wind and atmospheric chemistry as a function of time. The proposed 
study will also examine the possibility of detecting ground motions via a landed 
seismometer or by an infrasound technique from aerial platforms.
Technical Approach and Methodology
Many in-depth studies of Venus mission concepts were accomplished 
in the last decade under the umbrella of proposal developments and 
down-selects. Proposals for Discovery (VERITAS, DaVINCI, Vesper) and New 
Frontiers (SAGE, VISAGE, VICI and VOX) advanced several key technologies. 
Four Venus mission concepts were part of the Planetary Science Deep Space 
SmallSat Studies (PSDS3). VEXAG was also directed by SMD to study a $200M 
“Venus Bridge” mission to explore more options for Venus [VBST 2018]. 
PSD funded the Surface Platform study and the Aerial Platforms for the Sci-
entific Exploration of Venus.  
A Venus Flagship mission, similar to prior flagship missions such as Galileo 
and Cassini, would accomplish scientific discoveries greater than the sum 
of what is possible with the individual instruments, employing synergis-
tic observations that work together to answer the ‘big questions’ relating 
to Venus’ evolutionary path. Although we will be specifying a point-design, 
we will provide future mission proposers a range of mission implementation 
strategies at a number of cost points that can address significant science 
goals. This study will also evaluate and make recommendations for future 
technology investments and maturation schedules. 
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Fig. 1. The Venus Flagship Mission Con-
cept would fill major, long-standing ques-
tions about the formation of habitable 
planets.
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Introduction:  
Venus and Earth were formed approximately the same distance from the Sun, 
and have almost the same masses and volumes: they should be the most similar 
pair of planets in the Solar System. An outstanding question is how and when 
these planets diverged in their evolutions Significantly, did ocean and life exist 
in Venus early history? Recent investigations [1] based on similarity of “unknown 
UV-absorber” and spectra of some bacteria suggest that microbial life may still 
exists in Venus’ cloud deck. Venus presents us with fundamental questions about 
the origin and evolution of planetary bodies and life in our Solar System. Ven-
era–D (D stands for “long-lived:” dolgozhivushaya) is a potential mission that 
combines simultaneous observations of Venus’ atmosphere, plasma environ-
ment, and surface to try to answer these essential questions. 
Venera-D Baseline Architecture: 
Based on the initial report from the Venera-D Joint Science Definition Team 
(composed of scientists from both Russia and the USA) [2], a baseline Ven-
era-D mission would include an orbiter, a VEGA-style lander and attached 
to it a Long-lived In-Situ Solar System Explorer (LLISSE) [3] on the surface. In 
addition, the Joint Science Definition Team (VDJSDT) identified the additional 
science objectives (relying on the NASA Planetary Decadal Survey [4] and 
VEXAG [5]) that could be addressed by incorporating additional potential ele-
ments (e.g., additional long-lived stations, an aerial platform or subsatellites).
Orbiter Science Goals:  
Despite the fact that Venus is the planet nearest to Earth, it is a planet of mys-
teries, one of the most intriguing of them is the dynamics of the atmosphere. 
In the troposphere and mesosphere, the main circulation mode is retrograde 
zonal superrotation RZS), while in the thermosphere — sub-sollar — anti-so-
lar circulation (SS-AS)
Although recent investigations, based on the ESA Venus Express and JAXA’s 
Akatsuki spacecraft data analysis, showed the determining factors influencing 
the dynamics of the atmosphere, are insolation (in particular solar tides [6], [7]) 
and surface relief [7], [8], possibly through the generation of gravity waves 
[9], [10]. An orbiter associated with the Venera-D mission would need to exam-
ine the thermal tides, atmospheric composition and structure, examine the 
atmosphere in the ultraviolet, visible, and infrared wavelengths, study the possi-
ble surface thermal activity on the night side and look at the interaction between 
the upper atmosphere, ionosphere, and magnetosphere with the solar wind. 
Ideally, the orbiter would take measurements for a minimum of 3 years.
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Lander Science Goals:
During descent, the lander would investigate the physical structure and chem-
ical composition of the atmosphere down to the surface, including compo-
sition and distribution of atmospheric aerosols. Once below the cloud deck, 
cameras would image the surface to provide a geologic context for the land-
ing site; on the surface, the chemical composition of the landing site would 
be measured, the drilling and soil sampling and study the sample inside 
will be performed and additional cameras would image the near- and far-
field. Combining measurements of the surface and the adjacent atmosphere 
would allow us to constrain the chemical interactions occurring at that inter-
face. A VEGA-style lander would likely live on the surface for 2–3 hours.
LLISSE Science Goals:
A LLISSE would measure surface winds (velocity and direction), pressure, 
temperature, and chemical composition over a lifetime of 2 – 3 months 
on the Venusian surface. Ideally, the LLISSE would transition from the dayside 
to the nightside during this time.
Potential Elements:
The Joint Science Definition Team is examining the science return from 
potential additional elements, depending on the mass and volume available, 
which in turn are controlled at least partly by the precise launch date.
Additional contributed augmentations being discussed include additional 
LLISSEs or a long-lived seismic instrument such as the Seismic and Atmo-
spheric Exploration of Venus (SAEVe) [11], a variable altitude balloon, a sub-
satellite(s) placed at the Lagrange point L1 (L2). 
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Introduction:
Microwave radiometer [1] of the Venera-D orbiter provide unique possibili-
ties for investigation of sub-cloud atmosphere of Venus, while other remote 
sensing instruments are pointed mainly to higher layers.Retrieving of pro-
files of atmospheric parameters [2] requires sufficient accuracy ofdetermi-
nation of microwave absorptivity by atmospheric components in extremal 
conditions of Venus. Now it exists only a limited volume of laboratory mea-
surements partly covering these conditions (see [3–4, 9–11]). It requests for 
adequate model for extrapolation of the experimental data to wide region 
of temperatures and pressures.
In microwave region, or, more precisely, on centimeter and millimeter waves, 
corresponding to spectral bands of the instrument [1], the absorptivity is gen-
erated mainly by rotational transitions of molecules CO2, N2, SO2 and H2SO4. 
Collisional interactions change strongly a linear spectrum of molecules for high 
density of Venusian atmosphere. For non-polar molecules CO2 and N2, we 
should take into account only collision induced absorption, while for other 
molecules, “line-transitions” distorted by collisions play an important role. 
In a first approximation, effect of collisions is considered separately for each 
line, treated as independent oscillator. Its spectrum of absorption is described 
as “line-profile”, determined by one of models of collisions, usually in approx-
imation of low rate of collisions. There is a great volume of data on molecular 
transitions, collected, for example, in a data base HITRAN [5], which permits 
detailed calculationofmolecularspectra, atrelatively low pressures.
Nevertheless, the model of independent oscillators is not sufficient for descrip-
tion of microwave molecular absorption even for pressure of the Earth atmo-
sphere. It was shown by extensive literature on atmospheric absorption by 
water vapor. A solution is a combination of line-spectrum calculated “line-
by-line” on molecular data, with continuum-spectrum, produced on base 
of absorption measurements, to correct inaccuracy of the oscillator model. 
This approach was used successfully for Earth atmosphere, and it is imple-
mented in this work. Their adequacy for extrapolation was proven particu-
larly for prediction of Terahertz windows in Antarctic [6], by measurements at 
South pole and in similar dry condition in the high mountain desert Atakama.
Collision induced absorption by non-polar molecules:
The data on collision induced molecular absorption are included in current 
version of the HITRAN data base [7]. The equations based on theoretical con-
sideration [8] gives the same numerical results. For a limited spectral region 
discussed here, the simplified equation could be used:
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where α is a microwave absorption coefficient, po, To, νo are reference pres-
sure, temperature, and frequency, correspondingly,
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where mixing ratios in Venus atmosphere are: qCO2 = 0.965, qN2 = 0.035.
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For frequencies from 0 to 150 GHz, and temperatures from 200 to 800 K, Eq. (1) 
could be used with accuracy about 1%. For po = 1 atm (101325 Pa), To = 273.15 К, 
νo = 100 GHz, parameters of Eq. (1) are: αo=0.1265 km-1, n=4.892, m=0.852.
Absorption by polar molecules:
“Line-by-line” coefficient of absorption is:
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where cL is a constant, q is the number mixing ratioof the gaseous component, 
N is the number of lines, Sj is the line intensity, Ej” is the lower state energy in 
cm-1, f(ν,νj,γj, …)is aline profile, νjis the line frequency, the line width 
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The spectral line profile according to Ben-Reuven is written as
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where δ is the frequency shift parameter, ζ is the coupling parameter. Index j 
for parameters γ, δ, ζ is omitted for brevity. The Gross profile is a modification 
of the Ben-Reuven profile with δ=0, ζ= γ. VVW-profile (Van Vleck-Weisskopf) 
corresponds to δ=ζ=0.
There is a lot of publications comparing advantages of these profiles. 
For Venus atmosphere, a numerical difference is not large. In any case, a con-
tinuum term could correct a resulting difference between profiles. Finally, 
the VVW-profile was used in numerical calculations here.
In a general case, an absorption coefficient α could be a sum of lines and 
a continuum term, which includes effects of non-resonant collision induced 
absorptivity:

L Ca = a +a  (5)
In many cases, a continuum term could be written in power-low form as

S n m
C Cc f p T q-a = ⋅ ⋅ ⋅ ⋅  (6)

where cC is a constant, f is frequency in Gigahertz, p is pressure in atmo-
spheres, and T is temperature in degrees Kelvin.
Absorption by sulfur dioxide molecules:
Parameters Sj, Ej

”, νj, γj, nj of SO2 lines cold be found in the HITRAN-2016 [5] data 
base. The number of lines with νj<300 cm-1, used in our calculations, is N = 36015. 
Laboratory measurements of the microwave opacity of SO2 under simu-
lated conditions for the deep atmosphere of Venus [9] was approximated 
by authors using Eq. (6) with s=2, resulting in values of parameters: n=1.20, 
m=3.1, cSO2=2.54×107 dB/km. Altitude dependence αSO2(H) calculated by Eq. 
(6) with these parameters is similar to αL(H) calculated by Eq. (3) with T and 
p typical for the sub-cloud atmosphere, but values calculated “line-by-line” 
explains only ~ 60% of the measured absorption.
Therefore, it is possible to write αSO2 = αL+αC, following Eq. (5), with the coef-
ficient in Eq. (6): αC≈1×107 dB/km. This representation has an advantage 
of that such approximation doesn’t flatten spectral details, in spite of a small 
number of experimental points in a spectrum. These details are important 
signs for separation of atmospheric components during retrieving of radio-
metric data received from the orbital sounder.
Absorption by sulfuric acid vapors:
Lines of the H2SO4 are not presented in HITRAN-2016 data base. Line param-
eters was taken from JPL catalog (v. 4, 2013,https://spec.jpl.nasa.gov/). 
The number of lines with νj<1 THz included in the calculations areN=20939.
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There are discrepancies between laboratory measurements of microwave 
absorption by sulfuric acid vapors [3–4, 10–11], and the “line-by-line” cal-
culations of αL. The difference achieves about 4 times. It is much more 
than that of sulfur dioxide, so a continuum term in (5) is more important. 
For determination of optimal parameters in Eq. (6) we used weighted least 
squares method, because the experimental data for H2SO4 vapors are highly 
inhomogeneous on measurement accuracy. Thus, it was revealed that, square 
dependence ofαC from frequency,s=2in Eq. (6) definitely doesn’t correspond 
to experimental data, and exponent s was included among the varied param-
eters. Otherwise, the temperature dependenceαC~T−3, predicted by some 
theoretical models, doesn’t contradict to experimental data. It was fixed m=3, 
because of absence of statistically reliable ground for any other value.
The result of approximation of all the data: s=0.909, n=1.435, 
cC = 6.9×109 dB/km.

Conclusions:
The quantitative model of microwave absorption of the sub-cloud Venusian 
atmosphere is developed. It has a maximum accuracy available with modern 
laboratory experimental data. It is optimized for remote sensing of atmo-
sphere of Venus by orbital radiometric instrument. Numerical parameters 
of the model are given in the work.
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The authors in their report will present their views on the possibility of the 
existence of life forms on the surface of Venus in the light [1] and the creation 
of the “Venus–D” mission. 
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Introduction:
Basing on the results of the successful soviet Venera and VEGA missions [1], 
along with the Pioneer, Magellan [2, 3], and more recent Venus Express and 
Akatsuki missions [4, 5] on Venus research, established in 2015 joint NASA 
Roscosmos/IKI Science Definition Team (JSDT) started international cooper-
ation for more complex project on Venus research. Within the overarching 
goal of understanding why Venus and the Earth took divergent evolution-
ary paths, the JSDT has the task of defining the science and architecture 
of a comprehensive Venera-D (Venera-Dolgozhivuschaya (long-lasting)) mis-
sion. The baseline Venera-D concept includes two elements, an Orbiter and a 
Lander, with the payload for distance and contact analysis, including detach-
able elements such as aerial platforms that can flow in the atmosphere, small 
long-lived surface stations, small satellite(s) and maneuverable entry vehi-
cles. In January 2017, the JSDT finished the first phase and published a report 
of NASA–Roscosmos/IKIcollaboration [6]. The second phase was completed 
in January 2019 that was mainly focused on refining the science investiga-
tion, undertaking a compressive development of the core Orbiter and Lander 
mission architecture, a detailed examination of contributed elements and 
aerial platforms that could address key Venus science [7, 8, 9].Current activi-
ties are connected with more precise definition of the payload, landing sites, 
orbits and landing itself, including consideration of different configurations 
of maneuverable landers.

Fig. 1.

Maneuverable Entry Vehicle (MEV) is a “lifting body” type of a lander [10] 
that can perform significant maneuvers in the Venus atmosphere to provide 
wide scope of landing site selection with the ability to make measurements 
during the descent process.
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Summary
The atmospheric characterization of a significant number of terrestrial plan-
ets, including the searchfor habitable and potentially inhabited planets, is 
arguablythe major goal of exoplanetary science and one of themost challeng-
ing questions in 21st century astrophysics. However, despite being at the top 
of the agenda of all major space agencies and ground-based observato-
ries, noneof the currently planned projects or missions worldwide- neither 
in Europe, nor in the US, Russia, China or India -has the technical capabilities 
to achieve this goal. Herewe present the LIFE Mission, which addresses this 
issue by investigating the scientific potential and technological challenges 
of an ambitious mission employing aformation-flying nulling interferometer 
in space workingat mid-infrared wavelengths (Quanz et al., 2018; Defrereet 
al., 2018a). Breakthroughs in our understanding of theexoplanet population 
as well as significant progress in relevant technologies justify the need, but 
also the feasibilityfor a future mission like LIFE to investigate one of themost 
fundamental questions of mankind: are we alone inthe Universe?
Context 
One of the long-term objectives of extrasolar planet research is the investiga-
tion of the atmospheric properties for a large number (   100) of terrestrial 
exoplanets. This is partially driven by the idea to search for and identify poten-
tial biosignatures, but such a dataset is — in a more general sense - invaluable 
for understanding the diversity of planetary bodies. While exoplanet science is 
omnipresent on the roadmaps of all major space agencies and ground-based 
observatories and first steps in this direction will be taken in the coming 10-15 
years with funded or selected ground- and space-based projects and missions, 
none of them will be able to deliver such a comprehensive dataset. An alter-
native to the currently discussed large space-based coronographic missions 
or the starshade concept is to separate the photons of the planet from those of 
its host star by means of an interferometer. In Defrere et al. (2018b) for exam-
ple they showed that Proxima B is an ideal target for a space-based nulling 
interferometer with relatively small apertures.
LIFE is a new project initiated in Europe with the goal to consolidate various 
efforts and define a roadmap that eventually leads to the launch of a large, 
space-based MIR nulling interferometer to investigate the atmospheric prop-
erties of a large sample of primarily terrestrial exoplanets. Centered around 
clear and ambitious scientific objectives the project will define the relevant 
science and technical requirements. The status of key technologies will 
be re-assessed and further technology developmentwill be coordinated. 
LIFE is based on the heritage ofESA/Darwin and NASA/TPF-I, but significant 
advancesin our understanding of exoplanets and newly availabletechnolo-
gies will be taken into account in the LIFE mission concept.
First results
In Kammerer&Quanz (2018) we used Monte Carlo simulations to demon-
strate that a MIR space-based nulling interferometer, could yield at least 
as many exoplanet detections as a large, single aperture optical/NIR tele-
scope. The details and exact number of planets depend on the assumed 
technical specifications and the underlying exoplanet populations, but from 
an exoplanet science perspective such an interferometer should be consid-
ered an attractive mission concept, at least complementary if not superior 
to an optical/NIR mission.
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Future Steps
Our analysis also shows that getting a better handle on the overall planet sta-
tistics is crucial for planning larger future missions. Another key aspect that 
we will investigate more closely in the future is a specific treatment of stel-
lar leakage and exozodical light in our simulations. A critical look at the stel-
lar input sample and its properties is also warranted with a specific focus 
on multiplicity. Sensitivity, wavelength coverage and spectral resolution 
requirements will be defined using atmospheric retrieval analyses. As most 
detected planets will be warmer than Earth, going as short as 3 µm seems 
useful; at the red end 25 µm seems sufficient. This wavelength range features 
absorption bands of CO2; H2O; O3; CH4; (N2)2; and N2O and also containswin-
dows to probe surface emission. The spectral resolution (R   20–100) is very 
likely to be driven by the need to avoid line contamination of certain mole-
cules such as N2O and CO2 around 4.15 µm, as well as CH4 and also N2O and 
H2O between 7.7 and 8 µm.
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Introduction:
Many Earth-sized planets have been discovered and some appear to lie in the 
habitable zone. Moreover, several Earth-sized planets were recently detected 
around low temperature stars near the solar system. However, it is difficult 
to characterize them as Earth-like or Venus-like. Transit spectroscopy for exo-
planetary atmosphere has been performed to characterize larger exoplan-
ets but it requires very high accuracy because of their small size. Hydrogen 
exosphere has been detected around Neptune-sized exoplanet [1], but an 
Earth-sized exoplanetary exosphere has not been detected. Recently, Earth’s 
hydrogen exosphere was re-investigated and it was revealed that the Earth’s 
exosphere is extended to ~38 Earth radii [2]. On the other hand, Venus’ and 
Mars’ hydrogen exosphere is not so much extended because of its low tem-
perature of upper atmosphere. This is caused by the difference of mixing 
ratio of CO2 in the upper atmosphere. Venus and Mars have CO2-rich atmo-
spheres with a lower exospheric temperature. On Earth, CO2 wasremoved 
from its atmosphere by a carbon cycle with its ocean and tectonics [3]. Trans-
lating these arguments to exoplanets in a habitable zone presents a possi-
ble marker to distinguish an Earth-like planet from a Mars-like or Venus-like 
planet. The expanded exospheres can be observed in UV, during the exo-
planet transit event in a primary eclipse. It reduces the stellar flux, when an 
exoplanet orbiting in front of the host star.
Instrumentation:
High sensitivity (photon counting) is required for M-type star faint in UV. 
Spectral resolution of 0.5 nm is enough for separating major emission lines of 
exospheric atoms. The spectral resolution will be achievable by spectrome-
ters in the main WUVS block, however, it is difficult to measure the weak stel-
lar emission from M-type stars without a photon-counting detector. To real-
ize exoplanet transit observations in oxygen spectral lines with the desired 
accuracy, we equip the WSO-UV telescope with the UVSPEX spectrograph. 
The dominant engineering requirements for the UVSPEX are following. The 
spectral resolution is better 0.5 nm to separate O I line from other spectral 
lines. The spectral range is to exceed the wavelengths from 115 nm to 135 
nm to detect at least H Lyman alpha 121.6nm to O I 130 nm. The throughput 
is better 0.3% accounting more than four terrestrial exoplanets distanced at 5 
pc. To achieve these requirements, a simple spectrograph design is proposed, 
containing the slit, the concave (toroidal) grating as a disperse element and 
the imaging photo-detector. This optical concept is conventional and used in 
the other space missions for UV spectroscopy.
Spectrometer slit is aligned at primary focus of the telescope from off-axial 
sub-FoV. Slit width is 0.2 mm, corresponding to 5 arc-sec. The concave grating 
is laminar type with groove density of 2400 grooves per mm. It has a toroi-
dal shape with the curvature radii of 266.4 mm in horizontal direction and 
of 253.0 mm in vertical direction. The effective area has nearly Ø 25 mm and 
the focal length is ~250 mm. The surface is coated by Al + MgF2 to increase 
the reflectance, and diffraction efficiency of ~29% can be achieved. 
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UVSPEX is planned to be a part of Field Camera Unit (FCU). In this presenta-
tion, we show the configuration of UVSPEX instrument and its science objec-
tives.
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A protoplanet can catch a significant envelope of hydrogen gas while forming 
within the protoplanetary disc. Once the disc has disappeared this envelope 
will start to interact with the incident extreme ultraviolet (EUV) radiation 
of the host star. The EUV radiation is absorbed in the upper atmosphere and 
some of the energy is used to drive hydrodynamic escape, leading to the loss 
of particles. An upper limit to the maximum particle escape driven by EUV 
radiation can be found, when looking at the amount of available EUV energy. 
Watson et al. [1] did such an investigation of the energy-limited escape rate 
for the first time in 1981. They provided a set of equations to calculate the 
height of the EUV absorption in the atmosphere and the maximum particle 
escape rate. However, they used a variety of assumptions, like a thin absorp-
tion layer and an absorption of all the EUV energy below the sonic level of the 
system, that limit the scope of applicability of the equations. We provide 
lower and upper boundaries for system parameters like mass, radius or inci-
dent EUV flux, that still satisfy the above-mentioned assumptions and com-
pare the resulting energy-limited escape rates with escape rates provided 
by hydrodynamic numerical simulations. In addition, we examine a variety 
of recently published papers, using the energy-limited escape equations, on 
whether they stay within the determined boundaries of applicability. Finally, 
we also compare the upper boundary limits to the gravitational potential 
limit found by Salz et al. [2].
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Introduction: 
Exoplanets with substantial hydrogen/helium atmospheres have been dis-
covered in abundance, many residing extremely close to their parent stars. 
The extreme irradiation levels that these atmospheres experience cause 
them to undergo hydrodynamic atmospheric escape. Ongoing atmospheric 
escape has been observed to be occurring in a few nearby exoplanet sys-
tems through transit spectroscopy both for hot Jupiters and for lower-mass 
super-Earths and mini-Neptunes. Hot-Neptunes are exoplanets with masses 
and radii close to the parameters of Neptune in the Solar System, but with 
much higher thermospheric temperatures, up to 104 K. High thermospheric 
temperature is caused by absorption of the high-energy stellar flux, which 
is very strong for close-in planets [1].
Despite the identification of a great number of Jupiter-like and Earth-like plan-
ets at close-in orbits, the number of hot Neptunes — the planets with 0.6–
18 times of Neptune mass and orbital periods less than 3 days—turned 
out to be very small. The respective region in the mass-period distribution 
was assigned as the “short-period Neptunian desert”. The common explana-
tion of this fact is that the gaseous planet with a few Neptune masses would 
not survive in the vicinity of host star due to intensive atmosphere outflow 
induced by heating from stellar XUV radiation. To check this hypothesis we 
used the previously developed self-consistent 1D model of hydrogen-helium 
atmosphere with suprathermal electrons accounted [2]. The two-scale struc-
ture of the close-in (hot) Neptune atmosphere was found. The gaseous enve-
lope of hot Neptune consists from dense atmosphere with exponential density 
decrease and extended corona in which the gas density decreases according 
to the power law. The mass-loss rates as a function of orbital distances and 
stellar ages are presented. We conclude that the desert of short-period Nep-
tunes could not be entirely explained by evaporation of planet atmosphere 
caused by the radiation from a host star [3]. While for the case of light Nep-
tune-like planet, the estimated upper limits of the mass outflows are consis-
tent with the estimates [1] of the atmosphere photo-evaporation, in the case 
of heavy Neptune-like planets this mechanism does not allow to drop away 
the significant fraction of the planet atmosphere mass.
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Introduction:
Using a global 3D, fully self-consistent, multi-fluid gas-dynamic aeronomic 
model, we simulate the dynamically expanding upper atmosphere of a warm 
Neptune GJ436b. The complex spatial structure of the escaping upper atmo-
spheric planetary material, energized by the stellar XUV and driven further 
by tidal forces, while interacting with the stellar wind plasma is revealed in 
course of the modeling. We calculate transit absorption in Lyα and find that 
it is produced mostly by Energetic Neutral Atoms outside the Roche lobe, due 
to the resonant thermal line broadening. 
A series of observations by HST/STIS (Kulow et al. 2014, Ehrenreich et al 
2015, Lavie et al. 2017) revealed that the warm Neptune GJ 436b has a very 
deep transit in Lyα line reaching up to 60%. Moreover, this strong absorption 
takes place mostly in a blue wing of the line in the range of Doppler shifted 
velocities of [-120; -40] km/s. The good signal/noise ratio allowed to reveal 
clearly, for the first time in VUV observations of hot exoplanets, such details 
of transit curve as early ingress Ehrenreich et al 2015) and extended egress 
(Lavie et al. 2017). The obtained data are of sufficient quality to test quanti-
tatively the existing theoretical concepts and numerical models. 
The aim of the present report is to apply, for the first time, a fully self-con-
sistent 3D gasdynamic model (Shaikhislamov et al. 2016, 2018) to simulate 
the Lyα line absorption features of GJ 436b. Moreover, the applied code is 
multi-fluid and aeronomic, as it includes hydrogen plasma-photo chemistry. 
We not only determine parameters of planetary outflow, stellar XUV flux and 
plasma wind at which a good agreement of synthetic and experimental line 
absorption profiles and transit curves is obtained, but describe also how dif-
ferent physical processes may affect the observations. It should be noted that 
HD/MHD modeling of hot exoplanets is steadily progressing from 1D to 3D 
codes However, so far they had not reached the same level of complexity 
present in the first generation of 1D aeronomy models which allows self-con-
sistent simulating of planetary outflow. We believe that the present model 
is the first one which can be directly compared with involved 1D aeronomy 
simulations of the subject on the one hand, and which is able to calculate 
plasma environment in the whole 3D planet-star system on the other. It 
includes, also for the first time, all the physics present in Monte-Carlo sim-
ulations, such as radiation pressure and charge exchange, so can be directly 
compared with them as well. 
Results
Figure 1 show spatial structure of interaction between planetary and stellar 
winds for simulation with assumed typical parameters: base temperature 
of the planet atmosphere Tbase=750 K, Helium abundance He/H=0.1; GJ436 
ionizing radiation FXUV=0.86 erg cm-2 s-1 at 1 a.u., staller corona temperature 
2·106 K, stellar mass loss rate Msw

/=2.5∙1011 g/s; SW parameters at planet 
orbit Tsw=6∙105 K, Vsw=170 km/s, nsw=4∙103 cm-3. Note that assumed stellar 
radiation and mass loss are about 5–10 times weaker than that of the Sun, 
mostly due to smaller size of GJ436. At those parameters the simulation 
gives for the planetary mass loss rate a value of Mpw

/=2∙109 g/s.
Energetic Neutral atoms (ENAs) are generated. The neutral atoms of plane-
tary origin which come close to ionopause penetrate through the shocked 
region where they become uncoupled from protons and interact with stellar 
protons via charge exchange.
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Fig. 1 Color plot showing distribution of density of hydrogen atoms in the equatorial 
X-Y plane. Black lines show velocity streamlines of atoms, khaki - streamlines of stellar 
protons. Distance is in units of planet radius.
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Plots reveal that SW sweeps away PW and redirects all planetary material 
in the trailing tail. There is compressed layer (shock) in front of the planet 
where
Next figures describe modeled absorption in Lyα. For comparison with obser-
vation, measured data are plotted as well. One can see deep absorption with 
early ingress and long egress, mostly in the blue high velocity part of the line. 
All this features are in good general agreement with observations.
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Planet atmospheric escape induced by high-energy stellar irradiation is a key 
phenomenon shaping the structure and evolution of planetary atmospheres. 
Therefore, the present-day properties of a planetary atmospheres are inti-
mately connected with the amount of stellar flux received by a planet during 
its lifetime, thus with the evolutionary path of its host star. 
Recently we developed the method, where using the analytic approximation 
based on hydrodynamic simulations for atmospheric escape rates, we track 
within a Bayesian framework the evolution of a planet as a function of stel-
lar flux evolution history, constrained by the measured planetary radius [1]. 
We find that the ideal objects for this type of study are close-in sub-Nep-
tune-like planets, as they are highly affected by atmospheric escape, and yet 
retain a significant fraction of their primordial hydrogen-dominated atmo-
spheres. In [1] we tested the method for the wide range of parameters, find-
ing the range of applicability, and then applied it to two real systems, each 
containing one planet appropriate for our analysis (in sense of its parameters 
and observational uncertainties).
Kepler–11 system hosts six closely packed planets of sizes between super-
Earth and sub-Neptune orbiting the Sun-like star [2, 3]. At least five of them 
fall in the range of parameters which allows the use of our approach, except 
the outermost planet where only the upper limit for the mass is known. Using 
the multi-planet approach allows to better constrain the past rotational his-
tory of the star.
Given by initial studies [2, 3], the planets in system have an average densities 
between 0.6 and 1.7, what is very different to the planets in Solar system. 
The later work [4] reanalyses the properties of the star and arriving to higher 
planetary masses and densities, but yet much lower than planets in Solar 
system at the similar orbital distances.
All together, it makes Kepler–11 system particularly interesting for our study. 
We present the method and testing results, and results obtained for Kepler–11 
system.
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While the radial velocity technique (RV) allows to determine only the product 
m·sin i of the mass m of one exoplanet by sin i (i, angle of inclination of orbital 
pole to the observer), when it is applied to a planet already detected while 
transiting its host star, the true mass m is determined, since angle i is near 
90° and sin i ~ 1. Therefore, the mass distribution of transiting exoplanets dis-
covered by photometric observations is of particular interest. However, there 
are some selection effects that distort the true (original) mass distribution 
into the observed mass distribution. We have studied the whole observed 
mass distribution of transiting exoplanets that were discovered from space-
borne and ground-based surveys [1], see Fig. 1. 

Fig. 1. Mass distributions of transit planets with masses measured by the RV method 
as directly obtained from the catalogue [1]. They are biased by observation selec-
tion effects. Gray bars show the distribution of Kepler planets, and a solid line shows 
the dependency smoothed by considering the associated measurement error via 
the KDE with the Gaussian window. Darker bars show the distribution of transit plan-
ets discovered by the ground-based surveys and the CoRoT mission, and a dashed line 
accounts for the inaccuracies in the mass measurements by the KDE.

We have corrected observed mass distributions from some selection 
effects to retrieve a de-biased true mass distribution, see Fig. 2. For 
this, we take into account two factors: the probability of mass deter-
mination and the probability of transit configurations. The first factor 
is a bias introduced by a number of effects inherent to the RV method. 
The bias factor could be estimated by computing the fraction of transit-
ing planets for which the mass was determined from the RV method. 
Photometric surveys for transit detection allow determining the plan-
etary radii, and the bias factor was estimated for various bins of plan-
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etary sizes. The second factor is the transit probability, a geometri-
cal factor which is precisely known for each detected transiting planet 
and therefore easy to account for. The mass distribution of exoplan-
ets corrected for these two factors (de-biased) was analyzed, and it is 
found that this distribution can be well approximated by a power law:  
dN/dm ∝ m-2. The significances of the local minima in the retrieved mass 
distribution have been estimated by the Kolmogorov-Smirnov test.

Fig. 2. Comparison of the mass distributions N(m) of transiting planets obtained by 
different photometric surveys and corrected for the observation selection effects 
(by considering the factor of mass determination). The mass distribution of the Kepler 
planets is shown with gray histogram bars with numbers on the left y-axis, and that 
for transiting planets discovered by ground-based surveys and the CoRoT ST is shown 
with the darker histogram bars (numbers on the right y-axis). Lines show the power 
law approximations specified in the caption box. Error bars are built using the Pois-
son criterion for numbers of planets in each mass bin for ground-based group and 
for Kepler group.

Our de-biased mass distribution was compared to the theoretical model 
of [2], where planetary population synthesis linked a theoretical model of 
planet formation and evolution, and the theoretically derived planet mass 
distribution may be compared to observations, the de-biased planetary mass 
distribution. 
The predicted planetary mass distribution displayed in the Fig. 10 (top left 
panel in [2]) can be described as follows (shape also shown here as a blue 
line on Fig. 3). In the mass domain of 1–30 Earth mass (0.003–0.1 Jupiter 
mass) the distribution follows a power law with a -2 exponent: dN/dm ∝ m-2 
which agrees with our de-biased distribution. In the mass domain of 0.1-5 
Jupiter mass, the predicted mass distribution follows a power law with expo-
nent -1: dN/dm ∝ m-1 (resulting in a plateau in log of mass bins, or even 
a slight increase) , and in the domain above 5 Jupiter mass the exponent 
of the power law approaches -2. 
In Fig. 3 we can compare the de-biased mass distribution of Kepler plan-
ets (discussed above) with result [2]. In panel (a) of Fig.3 we compare the 
de-biased mass distribution without considering the probability of transit 
configurations, in panel (b) when considering the probability of transit 
configurations. For comparison, the scale of mass distribution from [2] 
was normalized to the number of planets and was artificially shifted ver-
tically to be merged with the bins in 0.020 to 0.116 Jupiter mass domain. 
The de-biased mass distribution accounting for the probability of transit 
configuration shows a shape closer to mass distribution from [2], in par-
ticular there is a hint of three consecutive bins around 1 Jupiter mass 
with equal number of planets, reminiscent of the predicted theoretical 
plateau. The slopes are similar, but a plateau present in the model in the 
range 0.3-3 Jupiter mass is absent in the data, possibly due to the lower 
sensitivity of RV and transit method to planets at far distances.
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(a)

(b)

Fig. 3. Mass distribution of Kepler planets (green bars) and distribution predicted by 
[2] (black line). (a) de-biased mass distribution without considering the probability of 
transit configurations, (b) de-biased mass distribution when considering the probabil-
ity of transit configurations.
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The statistics of planetary masses in the Solar System is useful, but not fully 
significant and representative because the number of planets (and dwarf 
planets) in the Solar System is not large. Retrieving the true mass distribution 
of exoplanets allows determining the abundance of planets of various types 
in the Galaxy at host stars of different spectral classes.
The mass distribution of transiting exoplanets corrected for observation 
selection was analyzed and was de-biased, and it is found that this distribu-
tion can be well approximated by a power law: dN/dm ∝ m-2, see Fig. 1. 
Is this distribution widely universal, e.g. if one traces planetary systems 
on the host stars of different spectral classes? K, G, F spectral classes are 
presently considered. However, as is known, the number of giant planets 
increases with increasing mass and with increasing the metallicity of the host 
star [1, 2]. On the contrary, the number of small masses planets, increases 
with decreasing the mass and with decreasing the metallicity of the host 
star [3]. Therefore, the mass distribution of the planets at host stars of vari-
ous spectral classes may be possibly different.... 

Fig. 1. De-biased mass distributions N(m) of transiting planets obtained by different 
photometric surveys and corrected for the observation selection effects. The mass 
distribution of the Kepler planets is shown with gray histogram bars with numbers 
on the left y-axis, and that for transiting planets discovered by ground-based surveys 
and the CoRoT is shown with the darker histogram bars (numbers on the right y-axis). 
Lines show the power law approximations specified in the caption box. Error bars are 
built using the Poisson criterion.

From [4], we organized the Kepler transit planets into three groups depend-
ing on the host star effective temperature, see Fig. 2: 
group K with an effective temperature below 5000 K, 531/33 (531 exoplanets 
mass was measured at 33);
group S – from 5000 to 6200 K (stars from about the spectral class from F8 
to K2 fall into this group), 1856/157; 
group F – with effective temperatures above 6200 K, 177/20. 
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Fig. 2. Distribution by effective temperatures of the host stars of Kepler’s transit plan-
ets with measured mass.

Fig. 3. De-biased mass distributions N(m) of the Kepler planets from the F, K and S 
groups. De-biasing took into account the mass measurement coefficients. Dotted 
lines show power dependencies approximating them with exponents of -1.41 ± 0.10 
(F), -2.08 ± 0.24 (K) and -1.97 ± 0.11 (S).

The Fig. 3 illustrates that the power law exponents in the distributions 
of the Kepler planets from groups K and S are well consistent (within the 
error-bar (not shown here)), then the distribution of planets from group F is 
noticeably different from them. To consider whether this difference is objec-
tive, or whether it is a consequence of observational selection, we examined 
the distribution of Kepler planets from the F, K, and S groups by their radii. 
Comparison of the radii of the distributions of the planets from groups F, K, 
and S demonstrates a clear deficit of small planets in group F in comparison 
with the groups K and S. This may be due to the fact the Kepler incomleteness 
for the F group. Ground-based surveys, do prove this hypothesis (power law 
dependence has exponent -1.84 ± 0.28), Fig. 4. 
In conclusion by the first approximation we do not determine any feasible 
difference in the mass distribution of the planets at host stars of different 
spectral classes considering K, G, F.
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Fig. 4. De-biased mass distributions N(m) of the exoplanets from ground-based sur-
veys for the F group.
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Exoplanets orbiting around M-dwarf-type host stars are now of great interest 
because of their abundance and a planet occurrence in a habitable zone can be 
investigated. Therefore we study the mass distribution of exoplanets discovered 
with the method of measuring the radial velocities (RV) and orbiting around 
M-dwarf type host stars. We take into consideration the observation selection 
factors aiming to regularize initially inhomogeneous data. We use and modify the 
detectability-window method [1] by accounting for the detection probabilities (e. 
g. evaluated in [2]) to form a homogeneous series of exoplanets collected from 
different surveys. We focused to minority of detected exoplanets which orbit 
around M-dwarf host stars. Considered different surveys: HIRES/Keck, PFS/Magel-
lan, HARPS/ESO, and UVES/VLT, Lick Observatory Hamilton Echelle Spectrometer, 
Automated Planet Finder, Anglo-Australian Planet Search, UCLES, Hobby Eberly 
Telescope, CORALIE and ELODIE, HARPS-North, All Sky Automated Survey, they 
all have different sensitivities and completeness. Here a detectability-window 
method [1] is a practical tool, applied to regularize exoplanets data captured by 
different instrumental errors of spectrographs. The method bounds a nearly rect-
angular area: the minimal projective mass, denoted by mp•sin i, along the ver-
tical axis, and the exoplanet orbital period P along the horizontal axis, see Fig. 1. 
The left down boundary of mp•sin i is associated with an instrument detection 
limit, while the right down boundary of P is associated with the host star observ-
ing time. If we set a binary border of a detectability-window of a particular host 
star (i.e. a zero multiplier outside and a unit multiplier inside) as in [1], that pro-
cedure filters the great majority of exoplanets. An alternative way to keep initial 
number of exoplanets being detected is to estimate the probability  accounting 
for observation selection as partial incompleteness of a survey, as made in [2], see 
Fig. 2 of proceeded analysis for M-dwarf type stars.

Fig. 1. Examples of the detectability windows on the plane of the orbital period 
and the projective mass for the planetary systems BD-17 63, HD 12648, and GJ 179. 
The stars show the planets BD-17 63 b, HD 12648 b, and GJ 179 b.

10MS3-EP-09



111-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

Required compilation of the earlier observational programs with a low accu-
racy in the radial-velocity measurements and long observational periods, 
on the one hand, and the relatively recent observational programs with 
a higher measurement accuracy but a shorter duration, on the other hand, 
can be made by a colored detectability-window as having different probabil-
ity of detection. 

Fig. 2. [2]: Detectability window being colored by detection probability denoted 
by the number in cell, the number of planets is denoted in cell middle, exoplanets 
candidates are depictured by red dots and occurrence rate is denoted in cell upper 
number.

Having these data collected we integrated dataset along P axis and obtained 
de-biased mass dependence for M-dwarf host stars exoplanets, while we 
have considered their projective masses.

Fig. 3. De-biased mass distribution of exoplanets orbiting around M-stars. Power-law 
approximations are shown: dN/dm ~ m-1.87±0.38 (solid black line) and dN/dm ~ m-2.10±0.15 
(dashed blue line).

Additionally we studied several randomized models to understand the effect 
of projective mass transformation to the histogram of true masses for sev-
eral a-priory known power laws.
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Finally we compare M dwarf type exoplanets mass histogram obtained by RV 
with K, G, H spectral classes host stars transiting exoplanets. 
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The experimental data on the features of the emission of the KIC-8462852 
star (Boyajian et al., 2016), obtained at the KEPLER mission, have not been 
adequately explained in the past 3 years. Assumptions about the nature of 
the object, like a swarm of cometary bodies, fragments of a catastrophic colli-
sion of asteroids or an exoplanet KIC-8462852b are encountered with serious 
difficulties (Ksanfomality, Tavrov, 2017) and even contradict Kepler’s laws if 
the eclipsing object is considered as a physical body orbiting the central star. 
Another possible hypothesis considering here would be the assumption that 
there is a giant rings system surrounding the KIC-8462852b object.
 Mamajek et al. (2012) reported on exoplanet j1407b (belonging to the star 
1SWASP), which has a giant ring system. It is huge. If the radius of the outer 
ring F of Saturn is 140,000 km, then the radius of the outer ring of j1407b is 
estimated to be 0.6 AU, about 90 million kilometers - 640 times more than 
the outer ring F of Saturn. The unusualness of the 1SWASP J1407b system 
was reviewed by Sucerquia et al., (2018), in “Anomalous lightcurves of young 
tilted exorings” paper. The authors performed numerical simulations and 
showed that in the presence of a third body (an emerging satellite) in exo-
planet’s rings and inclination of rings to its orbit reveal short-term changes in 
shape and orientation of rings, which manifests itself as strong changes in the 
depth and duration of the transit, even between successive orbits. Changes 
in the geometry, density and structure of the rings are observed, which the 
authors explain by the influence of a massive satellite (built into the rings) 
through the Lidov-Kozai mechanism. The authors conclude that motions 
of ring structures can explain the peculiarities and strangeness of the transits 
of light curves of already known exoplanets.
These features could be considered to be properties of the photometry 
curves of assumed transits of the KIC-8462852b object (Boyajian et al., 2016). 
None of the proposed physical explanations of the KIC-8462852 transit curves 
proved to be successful, although some of the data undoubtedly indicates 
some kind of regular phenomenon or event, the nature of which remains 
unclear and even contradictory (Ksanfomality, Tavrov, 2017). It is therefore 
interesting to compare the photometric data of the KIC-8462852 object and 
the photometry curves of the transit model of rings J1407b. The transit direc-
tion can be oriented arbitrarily, as well as its completeness.
The 1SWASP J1407 star has a class K5 IV (orange dwarf) and a magnitude 
12.4. The exoplanet j1407 b has a large semi-axis of the orbit 3.9 ± 1.7 AU 
and a huge mass of 20 ± 6 MJ, exceeding the criterion of 13MJ, therefore, 
more typical for a brown dwarf than for a planet. On the Earth’s orbit, the 
scale of the rings and the orbit would look like that shown in Figure 1. But 
the real semi-axis of the j1407b orbit is 3.9 ±1.7 AU, so the system of giant 
rings j1407b in the sky of the Earth would be visible at an angle of up to 24º, 
48 times larger than the Moon, and, like the Moon, it would remain visible 
during the day .
The ring system J1407b has at least 37 rings, the total mass of which is about 
100 times the mass of the Moon (the mass of the Saturn rings is approxi-
mately 1/1000 of the mass of the Moon). The fragmentary photometry of 
the transit of rings j1407b shown on the website https://www.google.com/
search and is presented in Fig.2.
The model of rings J1407b, built on the basis of observations, was used to 
construct an arbitrarily oriented photometry curve of transit through J1407b 
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rings. It is shown in Fig. 3. It is assumed that the transit, same as in the case 
of KIC-8462852, was non-central. One can see that the curve has a complex 
structure, which hardly permits to suggest in advance that it is namely a sys-
tem of rings in transit.

Fig. 1. Scale of rings of exoplanet j1407b, conditionally placed on Earth’s orbit.

Fig.2. Photometry of transits of J1407b rings, according to https://www.google.com/
search.

It is interesting to compare Fig. 3 with the KIC-8462852b object’s transit 
curves (Fig. 4) obtained by the KEPLER mission. An interval of 98-105% is pre-
sented, and the deepest minimum reaches 78%. A strange result should also 
include a temporary increase in flow up to 102% in the range of 1550–1560 
days. One would assume that a large body is present in a relatively low orbit, 
reflecting the star’s light. But calculation performed rejects this possibility.
In some cases as, for example, details at the mark of 1540, similar as in Fig. 3, 
it is possible to see regular details of the curve. Nevertheless, it is impossible 
to ascribe them with confidence to the transit of rings or some other struc-
ture, keeping in mind, moreover, that there are no measurements after the 
1680 mark.
Thus, in the hypothesis of giant rings, the experimental data on the object KIC-
8462852, obtained in the KEPLER mission, also do not find an adequate expla-
nation. Further observations of the object are needed, performed by terrestrial 
and especially orbital astronomical means. Both long-term MLS-observations 
and the search for transits of the KIC 8462852 are important.

Fig. 3. The model curve of the incomplete transit through the J1407b rings.
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Fig. 4. Hypothetical incomplete transit of KIC 8462852, with a maximum depth 
of the light attenuation up to 22% (interval 98-105%).
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BepiColombo is a joint project between the European Space Agency (ESA) 
and the Japanese Aerospace Exploration Agency (JAXA). The Mission consists 
of two orbiters, the Mercury Planetary Orbiter (MPO) and the Mercury Mag-
netospheric Orbiter (MIO). Both spacecraft has beenlaunched with an ARI-
ANE V in October 2018 for an arrival at Mercury in 2025. From their dedicated 
orbits the two spacecraft will be studying the planet and its environment.
On its route BepiColombo will pass by Earth, two times Venus, and six times 
Mercury before jettisoning its orbiters and putting them into orbit around 
the innermost planet.
Instrumentation on the two orbiters will study and understand the com-
position, geophysics, atmosphere, magnetosphere and history of Mercury, 
the least explored planet in the inner Solar System. In addition, the two sat-
ellites will provide a rare opportunity to collect multi-point measurements 
in a planetary environment. This will be particularly important at Mercury 
because of short temporal and spatial scales in the Mercury’s environ-
ment. The foreseen orbits of the MPO and MIO will allow close encounters 
of the two spacecrafts throughout the mission.
The MPOscientific payload comprises eleven instruments/instrument pack-
ages; The MIO comprises 5 instruments/instrument packages to the study 
of the environment. The Bepi spacecraft will focus on a global characteriza-
tion of Mercury through the investigation of its interior, surface, exosphere 
and magnetosphere. In addition, it will be testing Einstein’s theory of general 
relativity. The MIO spacecraft is more focused on the plasma and particle 
environment around Mercury. Together, the scientific payload of both space-
craft will provide the detailed information necessary to understand Mercury 
and its magnetospheric environment and to find clues to the origin and evo-
lution of a planet close to its parent star. The BepiColombo mission will com-
plement and follow up the work of NASA’s MESSENGER mission by providing 
a highly accurate and comprehensive set of observations of Mercury. The mis-
sion has been named in honor of Giuseppe (Bepi) Colombo (1920–1984), 
who was a brilliant Italian mathematician, who made many significant contri-
butions to planetary research and celestial mechanics.
In this talk on overview about the mission, the launch and the health status 
of the instruments will be given. The observation plans during the flybys will 
be discussed, too.
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MGNS: FIRST DATA EN ROUTE TO MERCURY

A.S. Kozyrev et al.
Space research institute of the RAS

Mercury Gamma-ray and Neutron Spectrometer (MGNS) is the Rus-
sian contributed instrument of ESA BepiColombo project. The main goal 
of the instrument is to measure gamma-ray and neutron emission from the 
surface of the planet for studying the elementary composition of the soil. 
Also, the instrument will record gamma-ray bursts and solar flares. MGNS 
is operating in the cruise flight providing the monitoring data for local radi-
ation background and gamma-ray bursts. These data are useful for instru-
ment in-flight calibrations and for participation in the International Network 
for localization of sources of gamma-ray bursts. 
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Introduction:
The study and exploration of the Moon as a geological object, i.e. of the same 
object as the Earth and other planets, is one of the main tasks of the devel-
opment and formation of a scientific research program at the present stage. 
This determines the basic research methods and, accordingly, the complex 
of scientific equipment and technical means necessary to solve the priority 
scientific problems of geochemistry, geology and geophysics of the Moon.
Priority Research Objectives:
The priority scientific tasks of research and exploration of the Moon at the 
present stage over the past 20 years are quite well developed and agreed 
upon by the international scientific community on the basis of numerous sci-
entific publications and discussions at scientific conferences [1] (Table) and 
ranked by 10 points scale according to importance and priority [2]. Each sci-
entific task is characterized by its own research methods and for its solution 
requires special technical means and a certain set of scientific equipment.
Research methods:
Geological methods include a complex of morphological and structural-geo-
logical studies of the lunar surface at the places of sampling of regolith and 
drilling wells for the purpose of detailed characterization of sampling points 
with accurate cartographic reference and reference to a specific geological 
situation. 
The task of geochemical methods is to study the chemical and mineral com-
position of lunar rocks, the chemical and isotopic composition of volatile 
components and cosmogenic isotopes in lunar regolith, determine the abso-
lute age of rocks and minerals, the age of exposure of individual regolith lay-
ers, the age of formation of large impact basins, etc.
Geophysical studies are aimed at obtaining information about the internal 
structure of the moon, about gravitational and magnetic fields, about the 
internal heat flux, about the temperature distribution in the bowels, about 
the thermophysical and electromagnetic properties of lunar rocks.Geophysi-
cal exploration is also auxiliary to geological and geochemical exploration and 
exploration of lunar resources.
DS(Drilling and Sampling):
The delivery of lunar rock samples to Earth is a necessary and key element 
in the exploration of the Мoon.Only in laboratory conditions is it possible 
to conduct a detailed study of the texture, structure and microstructure 
of rocks and minerals, determine and study the main, accessory and rare 
minerals and inclusions, analyze the chemical composition with any degree 
of accuracy, including basic, subordinate and rare elements, analyze the rela-
tions of any stable and radiogenic isotopes, determination of the absolute 
age of minerals, rocks, and, accordingly, geological structures and the pro-
cesses associated with their formation. These data are the basis of knowl-
edge about the origin, conditions of formation and evolution of local and 
regional structures, the lunar crust and the entire planetary body as a whole.
The location and method of sampling is extremely important. Lunar soil 
has a complex layered structure and its own stratigraphic and geoche mical 
history, which can be traced from the moment of formation of underly-
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ing rocks. The larger the crater, the farther the ejections fly.Accordingly, 
the stratified regolith column provides information on the composition and 
age of the regolith and underlying rocks not only at the drilling site, but also 
within a fairly wide adjacent area.The optimum drilling depth and sampling is 
10–15 m, i.e. the full thickness of the loose layer of regolith to the underlying 
rock. The first LB–9 automatic drilling rig to take a stratified regolith sample 
to a depth of more than 2 m was successfully worked out on board the Soviet 
Luna-24 spacecraft in 1976. A design of a new generation LB–15 drilling rig is 
being developed at the Vernadsky Institute, which will allow sampling a rego-
lith column to a depth of 6 m, and in the long term to a depth of 10–15 m.

Table. 1. Priority Research Objectives and Research Methods*

# ID ScientificTask Rating, 
point Researchmethods

1 mG1 Origin and dynamic history of the Earth 
- Moon system 10 LBN, DS

2 mG10

The study of implanted volatiles in 
the lunar regolith (composition of 
the primary atmosphere of the Earth, 
the formation time of the Earth’s 
magnetosphere, the appearance time 
of biogenic oxygen on the Earth, the 
synchronization time of rotation of the 
Moon)

10 DS

3 mG2
The Global dichotomy,the degree 
of differentiation and the internal 
structure of the Moon

10 LBN

4 mG3 The history of the formation of the 
early crust on the Moon 10 DS,LRG

5 mG4
The structure of the lunar crust and 
the origin of gravitational anomalies - 
mascones

9 LBN

6 mG8 The internal heat flux of the Moon 9 LBN

7 mG9 The origin of the ancient lunar 
magnetic field 9 LBN,DS

8 mG5
Regional lateral heterogeneity of the 
composition of the lunar crust and 
mantle

9 LRG, DS

9 mG6 History of Lunar Magmatism and 
Volcanism 9 LRG, DS

10 mG7 Lunarchronology 9 LRG, DS

11 mG11
The study of weakly coupled and frozen 
volatiles in lunar regolith at Polar 
regions

9 LGP

12 mG12
The presence in the regolith of a rare 
asteroidal and cometary matter and 
relict matter of the young Earth

7 DS

13 mG13

Changes in the activity and 
composition of the solar wind and 
galactic cosmic rays over a period of 4 
billion years or more

6 DS

*Description of research methods and scientific instruments are given in the 
text.
LBN (Lunar Basic Network):
Lunar basic network of automatic scientific stations for long-term monitoring 
of container type. The optimal number of stations on the entire surface of 
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the Moon is 8-10 [3]. This is a fully autonomous container weighing about 
50-70 g, which is installed on the lunar surface and activated from the orbiter 
or from the Earth. In addition to energy and service radio transmitting equip-
ment (a beacon, antennas), the composition of scientific equipment includes 
a seismometer, gravimeter, a three-channel magnetometer, a logging ther-
mal probe self-deepening to a depth of 3 meters, a TV camera (TV-spectrom-
eter), an angular reflector for optical navigation. The operating time of the 
station is at least 10 years.
LRG (Lunokhod“Robot-Geologist”):
The Robot-Geologist (LRG) heavy automatic lunar rover is being developed 
at RTC (Russian State Scientific Center for Robotics and Technical Cybernet-
ics, Saint-Petersburg) at the initiative of the Vernadsky Institute and under the 
supervision of Roscosmos for thematic geological, geochemical and geophysi-
cal survey with soil sampling from the surface and shallow (up to 6 m) drilling of 
several (at least 5) wells along an extended route of about 500 km [4, 5].A set 
of basic and auxiliary scientific equipment is divided into three main com-
plexes: the scientific navigation complex, the geochemical survey complex 
and the geophysical survey complex. The main tool is a drilling rig for sampling 
a stratified regolith column and with a mass spectrometer for simultaneous in 
situ study of weakly bound volatiles in the lunar soil, as well as a manipulator 
for sampling from the surface along the lunar rover route.
LGP (Lunokhod “Geologist-Prospector”):
To carry out exploration work to assess the content, distribution and contour-
ing of weakly bound and frozen volatile deposits in the Polar regions of the 
Мoon, an automatic lunar rover project (Geologist-Prospector) is being 
developed by the initiative of the Vernadsky Institute and under by the 
leadership of Roskosmos. This is an average type of lunar rover with a mass 
of 250-350 kg and a scientific payload with a mass of 50–60 kg. The length 
of the route is up to 50-60 km. There are three main scientific complexes 
on the lunokhod: the scientific navigation complex, the geochemical survey 
complex and the geophysical survey complex. The main tool is an auger drill-
ing rig with a mass-spectrometer, which provides a study of the chemical and 
isotopic composition and concentration of weakly bound and frozen volatiles 
to a depth of 2 m in situ without soil sampling [6].

References:
[1] SlyutaE.N., GalimovE.M., MarovM.Ya. Problems of selenology.In: Basic space 

research,V. 2,Solar System. Moscow,Fizmatlit, 2014. P. 52–97.
[2] Shearer, C., Neal, C., Borg, L., et al. Analysis of Lunar Sample Mass Capability for 

the Lunar Exploration Architecture // Unpublished white paper. 14 p. posted 
May 2007 by the Curation and Analysis Planning Team for Extraterrestrial Mate-
rials (CAPTEM). 2007. http://www.lpi.usra.edu/captem/.

[3] Slyuta E.N., Galimov E.M., MarovM.Ya. Thematic geological survey and prelimi-
nary geological exploration (on the Moon). In: Basic space research, V. 2, Solar 
System. Moscow, Fizmatlit, 2014. P. 103–128. 

[4] Vasiliev A., Dalyaev I., Slyuta E. Design concept of lunar rover for the Moon geo-
logical exploration.28th Daaam International Symposium on Intelligent Manufac-
turing and Automation, Vienna, Austria. 2017. P. 0780-0786. DOI:10.2507/28th.
daaam.proceedings.110.

[5] Slyuta E.N., Vasilev A.V., DalyaevI.Yu. Lunokhod “Robot-Geologist”: Scientific 
tasks and technical configuration. 48th Lunar Planet. Sci. Conf., Houston, 2017. 
ID #1929.

[6] Slyuta. E. Problems of research and mining of gas deposits on the Moon. Mining 
of Mineral Deposits, 2017. V. 11(4). P. 117-125. DOI: 10.15407/mining11.04.117.

10MS3-MN-03



121-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3-MN-04

RETHINKING LUNAR MARE BASALT REGOLITH 
FORMATION: NEW CONCEPTS OF LAVA FLOW 
PROTOLITH AND EVOLUTION OF REGOLITH 
THICKNESS AND INTERNAL STRUCTURE

J. Head1 and L. Wilson2,1

1 Brown Univ., Providence RI, USA;James_Head@brown.edu
2 Lancaster Univ., Lancaster, UK. L.wilson@lancaster.ac.uk

Keywords: 
mare regolith, auto-regolith, lava flows, degassing, vesicle formation, regolith 
protolith, impact cratering.  
Introduction:
Lunar mare regolith is traditionally thought to have initiated its growth from 
impact bombardment of newly emplaced coherent solidified basalt [1]. We 
use new models of the ascent, eruption and emplacement of lunar mare 
basalt magma [2] to map out the characteristics, thicknesses, surface topog-
raphy and internal structure of lava flows, the lunar mare regolith parent 
rock, or protolith. We show that variations in phases and styles of basal-
tic eruptions [3] can produce widely varying initial conditions for regolith 
protolith, including production of 1) “auto-regolith”, a meters-thick surface 
deposit of fragmental material that mimics regolith in physical properties, 
and 2) flows with significant near-surface vesicularity and macro-porosity. 
These factors have important implications for the growth, maturation and 
regional variability of regolith deposits and suggest that the properties and 
thickness of similar-aged regolith may vary widely due to the nature of the 
protolith. While regolith has traditionally been viewed as a blanketing and 
obscuring layer, orbital and surface documentation of regolith characteristics 
may instead provide key insights into the mare basalt protolith and its mode 
of emplacement.  
Updated Lava Flow Emplacement Paradigm: 
Assessment of mare basalt gas release patterns [4] during individual erup-
tions [3] provided the basis for predicting the effect of vesiculation processes 
on the structure and morphology of associated features: typical lunar erup-
tions are subdivided into four phases (Fig. 1): P1, dike penetrates to surface, 
transient gas release phase; P2, dike base still rising, high-flux hawaiian erup-
tive phase; P3, dike equilibration, lower flux hawaiian to strombolian tran-
sition; P4, dike closing, strombolian vesicular flow phase. These four mare 
basalt volatile release phases, together with total dike volumes, initial magma 
volatile content, vent configuration, and magma discharge rate, define the 
wide range of initial mare basalt extrusive products and consequent regolith 
protoliths produced in space and time.  
Mare Basalt Protolith Types and Some Implications for Regolith Evolution: 
1. Traditional Solidified Coherent Mare Basalt:  Magma largely degassed at 
the vent during P2, several 100 km long generally flat smooth-surfaced flows, 
low vesicularity, solidified basalts up to tens of m thick. Traditional regolith 
evolution model. 2. Inflated Flows: Surface topography: P4 causes flow infla-
tion of P2 flows, elevates and distorts pre-existing solidified flow surface, 
introduces irregular topography with several-m scale irregularities to solid-
ified flow. Forms extremely irregular protolith surface. 3. Inflated Flows: 
Vesicularity and meso-macro porosity:  Internal structure of P4 inflated flow 
is very porous at depths of a few meters due to intrusion of very vesicular P3 
magma; creates layers of solidified low-density vesicular basalt of significant 
thickness, and m-scale void spaces from coalescence of vertically migrat-
ing gas pockets. Potential collapse craters, regolith drainage. 4. Inflated 
Flows: Second boiling, vertical volatile migration and extrusion of magmatic 
foam: Further evolution of P4-inflated P2 flows causes in situ generation of 
additional vesicular layers, and active upward migration of foams in pipes 
to deform the lava flow surface, create m-scale shallow void space and per-
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haps extrusion of foams to form RMDSs [5]. Early-stage porous substrate, 
regolith drainage, unusual foam mounds, heterogeneous target. 5. Foam 
flows and “Auto-Regolith” Formation: Very vesicular P4 flows extrude out 
into the surface vacuum and undergo catastrophic fragmentation and disrup-
tion that can destroy the entire meters-thick flow, leading to production of a 
fragmental layer (an auto-regolith); this auto-regolith layer can comprise the 
entire flow unit thickness in a point-source eruption, and a significant amount 
of the flow thickness in fissure flows (Fig. 2). Regolith formation begins with 
meters-scale “auto-regolith”. 6. Foam flows with coherent surfaces: Some P4 
flows develop a coherent upper thermal boundary layer, inhibiting initial cat-
astrophic foam flow disruption and resulting in extremely vesicular, low den-
sity meters-thick flows with a solidified carapace, and perhaps some initial 
collapse pits. Impacts cause surface collapse, regolith drainage. 7. Pyroclastic 
layers: During P2, regions surrounding the vent can accumulate significant 
thicknesses (up to many 10s of m) of pyroclastic beads out to ranges of sev-
eral tens of km (Fig. 2); layers likely to be overlain by (or intercalated with) 
associated lava flow layers. Creates heterogeneous target, pseudo-regolith 
layers.8. Emplacement of anomalous “xenolithic” volcanic glass beads: Ini-
tial minutes of eruption (P1) disperses pyroclasts very widely, well beyond 
the associated subsequent flow deposits (P2-4). Candidate source of “xeno-
lithic” pyroclasts in all regolith deposits. 9. Volcanic Pit Crater Floor Surfaces: 
If P3 occurs in a depression (pit or collapse crater) than P3 activity can con-
centrate strombolian pyroclasts and P4 foamy lavas, resulting in extremely 
high concentration of volatiles and magmatic foams developing below 
a solidified and evolving thermal boundary layer of unusual micro and mac-
rovesicularity; disruption of the layer has been proposed to cause extrusion 
of magmatic foams to form mounds [6]. Produces extremely underdense and 
layered targets; regolith drainage
Summary of New Perspectives on Regolith Protolith Development:
Analysis of the phases of mare basalt eruptions [3] provides a forward-model 
of the formation of regolith protolith and shows that the traditional view of 
a solid basaltic regolith protolith [1] is only one of a wide array of regolith 
protolith outcomes. These results provide predictions, potential new insights 
and an interpretative framework to revisit regolith-forming processes.   
Application of Protolith Concepts to Formation and Evolution of Regolith: 
1) Basal regolith-substrate interfaces: 
The starting conditions for regolith development can vary widely from solid 
basalt to a meters-thick “auto-regolith”; initial topography can vary up to 
tens of meters. 2) Energy partitioning in regolith-forming impacts: Efficiency 
of cratering will vary as a function of the protolith surface and subsurface 
structure. The ratio of rock substrate deformation to ejection will vary in 
space and time. 3) Regolith growth rates: “Auto-regolith” formation can 
provide both an initial meters-thick “regolith” layer and a buffering layer 
influencing regolith growth rates. 4) Regolith thickness with age: Regolith 
thickness/age relationships should take into account the nature of the initial 
substrate topography, structure (vertical and horizontal) and the potential 
presence of an auto-regolith; high thickness variability in space and time 
is likely. 5) Regolith components and maturation rates: Expected diversity 
of initial protolith conditions will map out into the relative proportions of 
components (e.g., indigenous and xenolithic pyroclastic glass, glass shards, 
vesicularity, grain sizes and shapes, mesostastis, etc.) in evolving regolith. 
6) Morphology of superposed impact craters: These should differ widely in 
early protolith bombardment on the basis of energy partitioning in different 
substrates; this will cause sequential morphological differences as regolith 
thickens between and within flows. 7) Degradation of superposed craters 
with time: Energy partitioning in different substrates will yield different initial 
crater morphologies and morphometries, influencing the interpretation of 
crater degradation and lifetime; very porous macrovesicular substrates can 
also produce initial and subsequent collapse craters that can mimic degraded 
primary impacts. 8) Impact crater size-frequency distribution measurements 
and surface ages: Variable protolith characteristics in space and time result 
in variable superposed crater energy partitioning that can influence fresh 
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and degraded impact crater morphology and morphometry, CSFD measure-
ments, and determination of population equilibrium diameters. An extreme 
case of these types of effects is predicted to occur in pit crater floors (P3-4) 
(Irregular Mare Patch mounds and hummocky terrain in Ina [6]). 9) Vertical 
structure of lava flows: Individual lava flow cross-sectional vertical structure 
should vary widely (in both space and time), in contrast to the simple solid 
basalt cooling unit often assumed. Despite this diversity and complexity, 
eruption phase parameter space (Fig. 1) offers promise to unravel the erup-
tion history of individual cross-section exposures of intercalated lava flows 
and regolith layers [7]. 

Fig. 1.  Stages in mare basalt eruptions [3].

Future Work: 
Documentation of these differences in initial flow characteristics and regolith 
protolith can enhance the understanding of the true complexity of regolith 
development and lead in turn to a paradigm for the variation in basaltic lava 
flow surface and internal structure in time and space. Predictions of the for-
ward model of lava flow emplacement [3] can provide specific goals and 
objectives for further exploration of the nature and initial emplacement envi-
ronment of the regolith protolith, and the evolution and current state of the 
resulting regolith. Some promising areas of investigation include: 1) Analysis 
of orbital remote sensing data for their ability to detect and map variations 
in protolith/regolith parameter space (e.g., radiometry, radar, surface rough-
ness, photometry, mineralogy, maturity indices, etc.). 2) Measurements of 
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the vertical structure of lava flows and regolith in order to test and refine 
the protolith/regolith parameter space (e.g., in crater walls and lava pit cra-
ters [7]). 3) Reassessment of assumptions about regolith thickness and inter-
nal structure for seismic, heat flow, radar (surface and orbital GPR) and SEP 
data. 4) Analyzing assumptions about CSFD ages and crater degradation pro-
cesses to take into account potential varying protolith and regolith processes. 
5) Revisiting the Apollo/Luna/Chang’E data on the lunar regolith in the con-
text of this forward-model protolith/regolith growth paradigm.

Fig. 2. Cross-sectional flow sequence in single fissure flow [6].
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Introduction:
On the ground, the Earth ionosphere blocks the low frequency radio signal 
from out space. Open this electron-magnetic wave window is one of the key 
channels for astronomers to uncover the unknown cosmic world. To kick off 
this work, CE-4 lunar project selected monopole antenna systems for both 
of the far-side lander landed in SPK basin and for a relay-satellite flying at 
L2 Earth-Moon Lagrange Point.

Fig. 1. CE-4 Lunar Mission Concept

On the lander, three orthogonal 5-meter mono-pole antennas and a 30-cm cal-
ibration antenna has been used. The data obtained between 100KHz ~ 40MHz 
will be transferred to spectra information and sent back to the Earth via 
the relay satellite. The narrow data rate limited the observation, which makes 
the facility focus on lower band measurement below 2MHz, where the short 
antenna will be a nice tool to remove the near field noise.

Fig. 2. Low Frequency Antenna on CE-4 Lander

On the relay satellite, identical system had been designed by Chinese radio 
astronomers originally. To improve output of the science by means of using top 
level payloads, and to improve the international collaboration of Chinese lunar 
exploration, the relay satellite finally selected a joint Netherlands-China low fre-
quency mission. Also, three orthogonal 5-meter mono-pole antennas are used. 
The data obtained between 80KHz ~ 80MHz will be obtained and sent back 
to the Earth via the relay satellite. The high data rate will be used in the near 
future so as to obtain wideband information during the observation.
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Fig. 3. Initial cross-correlation spectra for NCLE

Coordinating observations will be carried out between above to facilities, 
as well as with ground facilities of same or similar band. A first Earth-Moon 
low frequency VLBI observation may also be carried out, with the Sun or Jupi-
ter, or an artificial object being a possible common radio target source.
The most important output of above missions will be the low frequency 
electron-magnetic emission background in the lunar orbiter, and in the orbit 
of Earth-Moon surround the Sun. This will be the 1st step for the future low 
frequency radio astronomical array in the Earth-Moon space. Additionally, 
the top band which overlaps the FAST low band, can benefit the future radio 
astronomical studies.
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MORPHOLOGIES OF IMPACT-SIMULATED 
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Introduction: 
Processing of silicates during hypervelocity collisions is a fundamental pro-
cess which affects the evolution of solid material in the universe and in the 
Solar system as well. Impacts on planetary surfaces proceed at velocities in 
excess of 10 km/s and provide partial or complete vaporization of colliding 
material. Subsequent expansion and cooling of impact-generated vapor 
plumes produce condensed particles with nanometer to micron sizes. Inves-
tigation of trends of differentiation of silicate material during impact-induced 
vaporization is important for understanding of early evolution of planetary 
bodies. Laboratory simulation of impact-induced vaporization - condensation 
processes is limited to a few millimeter scales. It is important to know the rel-
evance of laboratory produced condensates to that produced in nature 
during real impacts. We tried to compare laboratory produced condensates 
with that found on Luna regolith samples based on their morphology and 
chemical structure.
Simulation of lunar condensates: The Moon has preserved impact-produced con-
densates which can be found  urfaces of lunar rocks and glasses. These conden-
sates have composition noticeably different from melts [e.g. 1, 2] that shows deep 
differentiation of silicate material during high-temperature pulse processing.
The goal of our work was to produce experimentally impact-simulated con-
densates with different elemental composition and compare their morphol-
ogy with that of lunar condensates. Simulation of impact-generated conden-
sates was done using laser pulse technology [3]. We used diverse samples 
representing terrestrial rocks and minerals, meteorites, and volatile-rich mix-
tures to simulate cometary impacts. 
We have discovered several types of condensates many of which have twins among 
lunar condensates (e.g. Fig. 1 and 2). Histograms indicate that both lunar con-
densed particles and that from experiments have the main mode about 30–50 nm.
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Fig.1. Condensed particles on a surface of 
Apollo-17 glass spherule.

Fig. 2. Condensed nano-globules on 
surface of a melted droplet from exper-
iment with carbonaceous chondrite 
(CM2) Murchison.
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TARGETING LUNAR VOLATILES WITH ESA’S 
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Introduction:
The Package for Resource Observation and in-Situ Prospecting for Explora-
tion, Commercial exploitation and Transportation (PROSPECT) is a payload in 
development by ESA for use at the lunar surface. Development is in progress 
for its flight on Roscosmos’ Luna-Resource (Luna 27) lander mission, which 
will target the south polar region of the Moon. PROSPECT is designed to per-
form an assessment of the volatile inventory in near surface regolith (down to 
~1 m), and elemental and isotopic analyses to determine the abundance and 
origin of any volatiles discovered. Lunar polar volatiles present compelling 
science and exploration objectives for PROSPECT, but solar wind-implanted 
volatiles and oxygen in lunar minerals (extracted via ISRU techniques) con-
stitute potential science return anywhere on the Moon, independently 
of a polar landing site. PROSPECT is comprised of the ProSEED drill module 
and ProSPA analytical laboratory [1] (Fig. 1). In ensemble, PROSPECT has a 
number of sensors and instruments (ion-trap and magnetic sector mass spec-
trometers, cameras, and sensors for temperature, pressure, permittivity and 
torque) that form the basis for a range of science investigations [2]. These 
investigations are led by the PROSPECT Science Team (appointed in 2019).

Fig. 1. Renderings — Left: PROSPECT mounted on Luna 27, including ProSEED drill 
module (left), Solids Inlet System [SIS] (green circle), and analytical lab. drawer (yel-
low box) containing ProSPA gas processing system and instruments.Upper right: Pro-
SPA analysis packagecontaining magnetic sector and ion-trap mass spectrometers. 
Lower right: Solids Inlet System to receive samples from drill sampling mechanism, 
with sample camera assembly (Sam-Cam) and carousel of ovens for volatile extraction 
from regolith samples.

Development Status and Current Activities:
Tests of the PROSPECT Drill Module, ProSEED, in 2019 are intended to 
demonstrate drilling and sampling functionality in ambient, cold and thermal 
vacuum (TV) laboratory conditions. Drill development model tests comprise 
drilling into, and sampling from, lunar regolith simulant, which comprised 
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of NU-LHT-2M, supplied by Zybek Advanced Products (grain sizes <1 mm), 
mixed with chips of anorthosite representing coarser size fractions supplied 
by the Sample Analogue Curation Facility (SACF) at ESA/ECSAT, UK [3]. Rego-
lith density-depth profiles and grain size distributions in test materials are 
selected to cover plausible ranges expected for lunar regolith, informed by 
parameters measured from Apollo cores and retrieved from thermal infra-
red orbital observations [e.g. 4]. Most relevant to polar regions, material 
for tests in TV is prepared with water content representative of regolith that 
ranges from ‘dry’ to ‘saturated’ (0 – ~10 wt. %). In addition, both completed 
work [5] and on-going efforts seek to better quantify the potential effect of 
possible volatile loss during sampling, including the effect on measured D/H 
of sublimation of lunar water ice.
Access to subsurface volatiles:
There is currently focus on the abundant evidence for water ice on the lunar 
surface and in the sub-surface (visible to far–IR [e.g. 6, 7], morphology [8], 
radar, neutrons, LCROSS [9]), but there remain questions about the precise 
spatial distribution and abundance of volatiles in the lunar polar sub-surface 
at spatial scales relevant to landed missions. Work by [10] identified regions 
of volatile stability, where temperatures never exceed a volatility threshold 
(~ 110K, but dependent on diffusion rates of water molecules in regolith) 
such that sublimation to vacuum results in loss rates <1 kg m-2 Ga-1 (Fig. 2). 
Many locations at the lunar south pole show such zones, and many zones 
extend to the surface in PSRs (lightest blue in Fig. 2).

Fig. 2. Lunar south polar region; Zones of thermal stability in the sub-surface permit-
ting the presence of water-ice, data from [9]. Candidate sites identified by IKI/Roscos-
mos and Permanently Shadowed Regions (PSRs) [11] are also marked. The Luna 27 
lander will not operate in PSRs.

The majority of zones of water-ice stability have upper boundaries shallower 
than 1m (Fig. 3). Thus, where water ice exists and is stable in the lunar polar 
sub-surface, it is likely to be accessible in the top few 10s of cm. This result 
introduces a trade-space where competing requirements are opposite-
ly-sensed for solar-powered spacecraft, such that solar illumination must be 
maximised for the purposes of power and thermal operational constraints, 
but simultaneously minimised such as to target areas where illumination is 
not so high that volatile stability criteria are not met in the shallow subsur-
face. Indeed, for missions targeting subsurface volatiles it is clear that careful 
landing site selection, precision landing and consideration of locally and sea-
sonally-timed illumination conditions are of high importance.
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The delivery function for lunar water is not well constrained over geologic 
time, and convolved with that uncertainty is another introduced by seasonal 
variation of insolation [12]. Moreover, Gyr-scale variations in lunar orbit and 
obliquity probably modified the available cold-trapping area over time [13].

 
Fig. 3. Left: For locations where the water ice stability criterion is met in [8] (Fig. 2), 
distribution of depth to stability. Right: Distribution of depth to thermal volatile sta-
bility [8] as a function of mean sunlit time, as determined by [9].

The relative importance of scattering and shadowing to the lunar thermal 
environment increases at high latitudes, which has led to [14] combining a 
1D heat-flow parameterisation [4] and ray-tracing models [10, 15] in order 
to better constrain subsurface thermal environments in lunar polar regions. 
This type of work will be crucial for lunar polar mission planning.

Acknowledgements:
The PROSPECT Industrial Consortium and development of ProSEED is led by Leonardo 
(Italy). The development of ProSPA is led by the Open University (UK).

References:
[1] Barber, S. et al., (2018), Euro. Lunar Symp. Abstract #099.
[2] Sefton-Nash, E. et al., (2018), Euro. Lunar Symp., Abstract 114.
[3] Martin,D. and Duvet, L. (2019) 50th LPSC, LPI Contrib. No. 2132, Abstract #2663.
[4] Hayne, P. et al. (2017), J. Geophy. Res., 10.1002/2017JE005387.
[5] Mortimer, J. et al., (2018), Plan. Space Sci. 158, p. 25-33.
[6] Li, S. et al., (2018), PNAS, 115 (36), p. 8907-8912.
[7] Sefton-Nash, E. et al., (2019), Icarus 332, p. 1-13.
[8] Rubanenko, L. et al. (2019), Nature Geoscience 12, p. 597-601.
[9] Colaprete, A. et al., (2010), Science 330, p. 463-468.
[10] Paige, D. A. et al. (2010), Science, 330, p. 479.
[11] Mazarico, I., et al., (2011), Icarus 211, p. 1066-1081.
[12] Williams, J.-P. et al. (2019), 50th LPSC, LPI Contrib. No. 2132, Abstract #2852.
[13] Seigler, M. A. et al. (2015), Icarus 255, p. 78-87.
[14] Vasavada, A. et al. (1999) J. Geophys. Res. 141, p. 179-193.
[15] Warren, T. et al., (2019) 50th LPSC, LPI Contrib. No. 2132, Abstract #2040.

10MS3-MN-07



132-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

LUNAR LAVA TUBES REPRESENT 
VAST POTENTIAL  

R. Sharma, A.A. Mardon, C.C. Mardon
Antarctic Institute of Canada (#303 – 11919 – 82 Street, Edmonton, Alberta, 
Canada T5B 2W4), 

According to Wikipedia, a lava tube is “a natural conduit formed by flowing 
lava which moves beneath the hardened surface of a lava flow”. These tubes 
exist on the Earth and various celestial bodies, including the moon. The tube 
forms when the lava drains and leaves a hardened crust.
NASA scientists are studying lava tubes on Earth in order to learn about those 
on the moon. As potential sites for future lunar colonies, they offer protec-
tion from surface radiation and the wide temperature swings (over 250°C) 
on the moon’s surface. The interior of the tubes are still quite cold, however, 
sitting at about 100°C.
The aforementioned scientists map terrestrial lava tubes from the surface 
using portable instruments such as ground penetrating radar, a magnetome-
ter, and a gravimeter. The data from these instruments combine to provide a 
detailed picture of each tube. This is vital in knowing the depth of the tubes, 
any obstructions therein, etc. “Until you explore it, it’s just a pit”, says Kelsey 
Young, a geologist at NASA.
Since humans first landed on the moon, they have not remained continu-
ously for more than 3 days at a stretch. Space suits are a short term solution 
for the moon’s harsh environment. 

Fig. 1.

Fig. 2.
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If gravity analyses are correct, there is a lava tube https://twistedsifter.
com/2012/08/pictures-of-lava-tubes-around-the-world/on the moon big 
enough to house the city of Philadelphia.
On October 5/2017, U.S Vice – President Mikhttps://www.space.com/41921-
exploring-lava-tubes-for-moon-landings.htmle Pence stated that “the moon 
will be a stepping stone, a training ground, a venue to strengthen our com-
mercial and international partnerships, as we re-focus America’s space pro-
gram towards human space exploration”.
Furthermore, NASA’s Lunar Reconnaissance Orbiter (LRO) has provided 
images that suggest that a network of lava tubes beneath the moon’s surface 
could provide astronauts with easy access to water. These would alleviate the 
need to excavate the surface.
Certain peaks on the moon provide potential opportunities for the installation 
of solar arrays. These would provide electricity to potential lunar colonies.
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Introduction:  
From the end of the 18th century, starting with Laplace’s research, it has been 
known that the Moon’s tidal bulge is abnormally large. It is larger than
that predicted from the hydrostatic theory for the present-day lunar rotational 
and orbital states. Recent measurements by the Gravity Recovery and Interior 
Laboratory (GRAIL) mission showed that the (normalized) spherical harmonic 
coefficients |С20| and С22 of the Moon’s gravitational field, which characterize 
the size of the bulges, are 203.2×10–6 and 22.4×10–6, respectively [1]. This is 
about 22 and eight times larger than their corresponding hydrostatic values [2]. 
After correcting for the effects from large sea basins (basalts) and displacement 
of the axis of rotation, the coefficients |С20| and С22 are reduced to values of 
156×10–6 and 38.8×10–6, respectively, which remains approximately 17 and 14 
times their corresponding hydrostatic values.
At present, the prevailing hypothesis for the Moon’s excess bulge is a “fro-
zen in” fossil bulge, which remained from the early Moon when the Moon 
was closer to the Earth, spun faster, and experienced larger tidal forces from 
the Earth than at present [3]. As the Moon subsequently receded from the 
Earth due to Earth’s tidal dissipation and cooled, the formed strong outer 
layer (lithosphere) was partially or fully retained against the hydrostatic com-
pensation of the planet’s shape [4]. From the geophysical and geochemical 
points of view, the development of the tidal bulge of the Moon
is a continuous dynamic process, closely associated with the formation 
of the crust and mantle. In this paper we analyze the initial phase of the devel-
opment of the tidal bulge using the semi-analytical method and modern sele-
nodetic data, and obtain, by its refined dimensions, restrictions on the orbital 
parameters and the density distribution of the early Moon.
Analytical procedure:  
The tidal–rotational influence on the formation of the early crust and mantle 
of the Moon depends on its rotational rate and orbital state. In [5] it was 
shown that the bulge could not have been formed in an orbit with a large 
eccentricity due to the large elastic deformations that occurred. In this work, 
we also assume that at the beginning of the formation of the tidal bulge, 
the Moon was in a circular and synchronous orbit with respect to the Earth; 
i.e., tidal capture had already occurred. In the Cartesian coordinate system 
with the origin placed at the center of inertia of the Moon and the X axis 
directed to the Earth, the internal tidal potential takes the following form:

2
3 2 2

1 1
2 2

E
t

GM
V x

D y z

 -
= ⋅ - - 

 
 (1)

where G is the gravitational constant, ME is the mass of the Earth, and D is 
the lunar orbital semimajor axis. The centrifugal potential inside the Moon is 
determined by the expression
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where ω = 2π/T is the angular velocity and T is the period of rotation of the 
Moon. The synchronous rotation of the Moon on a circular orbit leads to
GME/D3 = ω2 (Kepler’s third law), and then, the total potential can be written 
as

2 2
2

1
3

2tV V x zω  + = - ⋅ - ω
, (3) 

10MS3-MN-09



135-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3-MN-09

Since at the initial stage the elastic lithosphere of the Moon had not yet 
formed, the primary crust, which does not have significant viscosity, should 
take the form of an equipotential surface in the form of a three-axial ellip-
soid, eliminating shear stresses. For the homogeneous case, the internal 
gravitational potential of the Moon will be determined by the expression

2 2 2
0g a b cV G abc U U x U y U z = πρ⋅ ⋅ - + + +   (4)

where a, b, and с are the principal semiaxes of the ellipsoid (a > 
b > c), and  ρ  is the mean density,

0 ,
ds

U =
D∫  

( )( )( )
1

2 2 2 2a s b s c s D = + + +    (5)

( )2a
ds

U
a s

=
+ ⋅D∫

, ( )2b
ds

U
b s

=
π + D∫

, ( )2c
ds

U
c s

=
+ D∫

and integrals are taken from 0 to ∞. In what follows, we will use the dimen-
sionless analogs of expressions (5) using the semiaxis relations T1 = (b/a)2 и T2 
= (c/a)2; the equatorial (E1) and polar (E2)  eccentricities of the outer surface 
are equal: E1 = 1-T1 and  E2 = 1-T2, respectively. Since the eccentricities are 
small, a linear approximation for the components of the gravitational poten-
tial can be used with good accuracy:
Ua ≈2/3+1/5*(E1 + E2), Ub ≈1/5*(3E1+E2) + 2/3, Uc ≈1/5*(E1+3E2) + 2/3  
The resulting force acting on the substance inside the Moon will be deter-
mined by the expression
F grad V= - ⋅ , t gV V V Vω= + +   (6)
In the case of a completely homogeneous, isotropic and isothermal early 
Moon, the hydrostatic theory of a planet with a mantle substance in the form 
of a viscous fluid without an elastic lithosphere (to maintain long-term shear 
stresses) predicts a figure in the form of a three-axial ellipsoid with a fixed 
eccentricity ratio: E1 ≈ 3/4E2 and their absolute values depending on d=D/RE

 ( ) ( )1 2 1 1 2 1 2 3
2 1

, , E
a bU T T T U T T T T

d
⋅ρ

- ≈ ⋅   ρ
  

(7)

For example, for d=D/RE = 20, the difference of the main semiaxes will be a – 
b ≈ 1.35 km and a – c ≈1.81 km. At the same time, the current values of the
average density of the Earth – 5520 kg/m3 and the density of the Moon -3345 
kg/m3 are taken. In the homogeneous model, the ratio of the coefficients 
|С20|/С22 is constant and equal to 3.3, which significantly differs from the 
range of values of the observed relations: |С20|/С22 from 9.2 to 4 (after cor-
rection), a –b ≈ 1 km and a – c ≈ 2 km. Variations of the orbit parameter d=D/
RE from 10 to 40 do not allow us to approach the observed ratios of the dif-
ferences of the semiaxes of the body. Therefore, it is necessary to take into 
account the heterogeneity of the internal structure of the early Moon.
Model of the magma “Mantle–Crust” ocean:  
Geochemical data on lunar rocks collected by the Soviet automatic interplan-
etary stations Luna–16, –20, and –24 and Apollo missions 11–17  indicate a 
melted magmatic ocean that covered the entire surface of the early Moon 
at least 200 million years after its formation. Light smelting, predominantly 
of anorthozite composition with a density of ≈ 2600–2700 kg/m3, formed 
the primary crust with a thickness of about 70 km, and denser basalts with a 
high content of iron and titanium of density ≈3300–3800 kg/m3 formed the 
primary mantle. A semi-analytical approach using equipotential surfaces for 
layers of different densities (see Fig.1) allows us to make the necessary esti-
mates of the functional relationship of their eccentricities.
If we neglect in our calculations the ellipsoidal shape of the inner layer, then 
its contribution to the total gravitational potential Vg = V(1)

g + V(0)
g can be 

described by an expression simpler than (7)
( )1 , ,g

G M
V x y z

r
D

= , 2 2 2 2r x y z= + + , 0M M M= + D , 1 M Crustρ = ρ -ρ  (8)
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Fig. 1. Two-layer model of the early Moon.

With a good approximation, the outer surface can be represented 
by a three-axial ellipsoid, the principal semiaxes of which are a, b, and c 
(or the eccentricities E1 and E2) that are determined by the relations for the 
total potential (6)
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respectively. Their comparison allows us to eliminate the unknown factor 
ω (d) and determine the heterogeneity of the early Moon: ∆M/M0 = 0.711, 
taking E1 = 1.196*10-3 and E2 = 2.495*10-3 according to the observed value 
of the fossil tidal bulge. Taking into account the found inhomogeneity value,  
one can determine d: d = D/RE ≈ 31.5Considering that ∆M/M0 = M/M0  – 1

0

0
1

B
M

M

ρ
ρ =

D
+

, 0 19565Crustρ = ρ =  kg/m3 

With the above estimates of heterogeneity, we get more agreement with the 
observed data for the fossil tidal bulge than for the homogeneous model [6]:

 20

22
6.11

C
C

=

The simple two-layer model of the early Moon considered by us reproduces 
quite well the main observable characteristics of the fossil tidal bulge under 
the assumption that the early Moon was at a distance of d = D/RE ≈ 31.5 and 
the density of the upper layer of the MO was 1956 kg/m3 before solidification.
Later, when the volatile remains were degassed, the Moon’s crust had appar-
ently thickened and acquired its present-day values
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Introduction:
On Earth, low frequencyobservations below ~30 MHz are hard to achieve 
because the peak plasma frequency of Earth ionosphere is 5–10 MHz. Space-
craft of lunar orbit and lunar farside will reveal a new window for low fre-
quency radio-astronomy. Last year, Chang’E-4 relay satellite, lander and 
rover were launched successfully. Both the relay satellite and the lander 
of Chang’E-4 have very low frequency detection payloads: Low Frequency 
Spectrometer [1] for the lander and Netherlands-China Low-Frequency 
Explorer (NCLE) for CE-4R. These payloads provide an opportunity to under-
stand the variation of Earth AKR radiation and Jupiter radio burst. In this 
report, we review the research status of Earth AKR radiation and Jupiter radio 
burst, then discuss the possible contribution of both LFS and NCLE in AKR and 
Jupiter radio burst detection.
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Introduction:
Laser-induced breakdown spectroscopy (LIBS) is a type of atomic emission 
spectroscopy for the elemental analysis at a sub millimeter scale [1]. LIBS 
permits rapid in-situ multi-elemental analysis without sample preparation 
and only optical access over distances of up to several meters, making it par-
ticularly interesting as a scientific payload for robotic missions. The LIBS 
technique has already been proven very useful for in-situ geochemical 
analysis on the martian surface [2–4] and is discussed for future missions 
to explore also other bodies of the Solar System. It was proposed as pay-
load for the exploration of bodies with thin or no atmospheres like aster-
oids and the Moon [e.g., 5],but also for high pressure environments such 
as on Venus [6]. The DLR Institute of Optical Sensor Systemsdevelops LIBS 
for future robotic in-situ  exploration of extraterrestrial environments.
LIBS:
LIBS relies on ablating material from the sample by focusing a pulsed laser 
onto its surface [1]. This produces an  expanding plasma of atoms, ions, and 
electrons. The emitted photons, which feature characteristic wavelengths 
of the elements composing the sample, are collected and analyzed spectro-
scopically. It was shown that LIBS is suitable even with a low-energy laser 
in ultra-high vacuum environments [7]. LIBS data obtained during a mission 
will probably mostly be a time and spatially integrated signal. The LIBS plasma 
is, however, not a homogeneously emitting uniform source but complex 
with different distributions of particles inside that change over time. Time- 
and spatially-resolved LIBS data opens up a way to study the transient inho-
mogeneous LIBS plasma and its characteristics and is investigated at the DLR 
Institute of Optical Sensor Systems with focus on low-pressure environments.
Laboratory Works:
Our laboratory LIBS setups are constructed especially for the purpose 
of testing and developing LIBS for applications in planetary science. 
The setups allow for the exchange and coupling of different components 
to enable testing and studying of single components and prototypes. Since 
both the pressure and composition of the ambient atmosphere have great 
influence on the characteristics of the laser-induced plasma, the setups 
are combined with dedicated experimental chambers for the simulation 
of planetary conditions (atmospheric composition, pressure, temperature) 
to test the performance and suitability of LIBS for different applications 
in planetary science. Recent activities of the group focused on applications 
on Mars and on bodies without atmospheres such as the Moon. In partic-
ular, a Vacuum-UV LIBS is currently being developed, since this wavelength 
range allows for an improved detection of volatile elements such as sulfur, 
chlorine, and phosphorous [8]. 
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Miniaturized components and prototypes are developed and tested 
in the facilities of the DLR. Together with partners (von Hoerner&Sulgar 
and Laserzentrum Hannover e.V.), a very compact and light-weight low-en-
ergy LIBS laser was developed for ESA’s ExoMars rover when LIBS was 
still a part of the intended payload. A small echelle type spectrometer allow-
ing for the detection of highly resolved LIBS spectra from 230-780 nm was 
developed together with the ISAS (Leibniz Institutfür Analytische Wissens 
chaften) and von Hoerner & Sulgar. Miniaturized Czerny-Turner spectrom-
eters are tested as well for different applications. Depending on the goal 
of the mission, different configurations can be considered for the LIBS instru-
ment to maximize the scientific return.
At the DLR Institute of Optical Sensor Systems, a setup for time-resolved 
plasma imaging was recently implemented and combined with a simulation 
chamber to experimentally simulate different low-pressure environments [9]. 
The goal is to provide a better understanding of the particular characteris-
tics of extraterrestrial LIBS plasmas, their dynamics, and their typical spatial 
and temporal evolution. The results are used to give input for instrument 
designs, and for data analysis and interpretation of real mission data such 
as from Mars.
Combination of LIBS and Raman spectroscopy
Besides LIBS we also investigate and develop Raman spectroscopy for robotic 
missions. Together with partners from Spain and Japan (INTA, JAXA), a small 
Raman spectrometer is currently being developed for the DLR/CNES Martian 
Moon eXploration MMX rover [10, 11] to investigate the surface of Phobos.
The combination of LIBS and Raman spectroscopy is particularly promising 
for in-situ surface analysis in robotic missions since the data are complemen-
tary [12, 13] and hardware components can be shared. The DLR is working 
on combining both techniques into a single instrument to provide informa-
tion about the elemental composition together with the molecular or lattice 
structure. 
LIBS on robotic platforms:
The DLR is currently working on implementing a LIBS module into a mobile 
DLR robot in the framework of the Helmholtz ARCHES project [14]. The Light-
weight Rover Unit (LRU) is equipped with a versatile robotic arm to which dif-
ferent modular instruments can be connected. A demonstration of the LRU 
performing LIBS in an environment similar to extraterrestrial surfaces 
is scheduled for next year (2020) on the hillside of the volcano Etna on Sicily. 
DLR is moreover involved in an EU Horizon 2020 project, developing a LIBS 
instrument for the LUVMI-X rover under the lead of Space Applications 
Belgium (https://www.h2020-luvmi-x.eu/about/). The lightweight rover 
and its payload will be designed to explore the polar regions of the Moon 
and to search there in particular for water and other volatiles.
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Introduction
The study of surface processes on airless bodies, in particular on the 
Moon, is an important task today and in the future. Most remote sensing 
data is obtained from the surface layer of such bodies. This loose surface 
layer is called regolith. It is the result of the interaction of the surface 
of airless bodies with outer space. One such interaction is the microme-
teorite bombardment. In this work we will show simulating of such pro-
cess in laboratory by laser. We use two targets - basalt with crystalline 
structure (further - crystalline basalt) and basalt glass. It will be shown 
that basalt glass undergoes evaporation differentiation to a greater 
extent than crystalline basalt. About 90% of the glass spherules from 
basalt glass underwent evaporation differentiation, whereas in crystal-
line basalt only 25%.
Investigation of the initial sample
The target in the experiment was a sample of basalt, similar in composi-
tion to the basalts of the mare regions of the Moon and basalt glass of 
a similar composition. This sample was studied before the experiment, 
with such techniques as: micro-X-ray analysis, X-ray diffraction analysis 
and X-ray fluorescence analysis (in %: LOI-2,12, Na2О-2,03, MgО-6,54, 
Al2О3-14,01, SiО2-48,71, P2O5-0,12, K2О-0,26, CaО-11,54, TiO2-1,05, MnО-
0,20, Fe2O3-13,0). 
Experimental technique
We use millisecond Nd-glass pulse laser with a laser radiation wavelength 
of 1.06 μm, pulse duration of 10–3 s, and pulse energy of ~600–700 J. The 
energy flux density was ~106–107 W/cm2. The temperature created in 
the vaporized cloud was about 4000–5000 K, which corresponded to the 
temperature of vaporization upon hypervelocity impact processes with 
collision velocities of about 10–15 km/s The target—a slice of basalt in a 
seal—was placed into a hermetic ~500 cm3 volume chamber with an opti-
cal window of fused silica. The chamber was purged with the model gas 
mixture at atmospheric pressure with a volume flow rate of 300–400 cm3/
min. After the purging, the gas mixture supply was decreased to ~5 cm3 
without closing it completely to avoid ingress of the atmospheric air into 
the chamber. [1]. 

 
Fig. 1. Ratio SiO2/Al2O3 against Al2O3 in the glass beads that have been analyzed by 
SEM. Beads below line at 1,18 correspond to the process of evaporative differenti-
ation.
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Fig. 2. Triangular diagram, in the corners of which are located oxides of different vol-
atility. The arrows show approximate displacements of the compositions of the initial 
minerals during melting and evaporation.

Fig. 3. Histograms that shows difference between two experiments. Red bars are 
responsible for the experiment with crystalline basalt, while blue bars are respon-
sible for basalt glass. The arrow indicates the average content of the initial sample 
(according to XRF).

Fig. 4. The craters obtained by laser impacts. A – Crystal Basalt Crater. It has a diame-
ter of about 6 mm, and a depth of 0.6 mm. B – Part of the crater obtained from basalt 
glass. Here we can see nanophase iron (npFe0).
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Results
After the laser “impact”, the ejection products from the craters and the cra-
ters itself were analyzed by various methods. Melt and condensation beads 
were analyzed by scanning electron microscope. It is shown that some of the 
beads have undergone of evaporative differentiation, and correspond to the 
high-aluminous HASP glasses found on the Moon (Al2O3> 34 wt%, SiO2 <32%) 
(fig.1). On this figure it can be seen that about 25% of glass beads in the case 
of crystalline basalt and 90% in the case of basalt glass undergoes of evap-
oration differentiation. The value of 1,18 (and line with it) shows minimal 
ratio of SiO2/Al2O3 in anorthite, so dots below this line correspond to the pro-
cess of evaporative differentiation [2, 3]. One of the important conclusions in 
the paper is the wide heterogeneity of the compositions of the melt glasses 
(fig. 2b) for the experiment with crystalline basalt. This is the result of mixing 
melts in various proportions obtained by melting the original minerals (the 
black dots on the figure 2b) of the target. This is shown by blue arrows. Gen-
esis upon impact of such glasses is shown on partially melted grains of miner-
als in the crater (fig. 4a). On the other hand, almost all (90%) glass beads that 
one which was measured in the experiment with basalt glass is undergone 
of evaporation differentiation. It is possible indicates that fact tha in the glass 
condition almost all binds in crystal structure was already broken and thus 
the components (oxides) evaporated more easily (fig. 2a). Another important 
conclusion is that the evaporative differentiation gone much further in the 
experiment with basalt glass (fig. 3.). For example, in the experiment with 
basalt glass Al2O3 has a minimum at about 14.5 wt.%, maximum – at 60 wt.%, 
average – at 40 wt.%; SiO2 has minimum at about 0.8 wt.%, max - at 53 wt.%, 
avg. - at 17.7 wt.%; FeO min – 0.01 wt.%, max – 12.1 wt.%, avg. – 3.7 wt.%. 
The same for experiment with crystalline basalt is: Al2O3 has a minimum at 
about 3.3 wt.%, maximum – at 53 wt.%, average – at 22 wt.%; SiO2 has min-
imum at about 9 wt.%, max - at 61 wt.%, avg. - at 38.5 wt.%; FeO min – 
1.1 wt.%, max – 52 wt.%, avg. – 9.29 wt. % (fig. 3). In both experiments easily 
volatile oxides was evaporated and the average chemical composition of the 
glass beads shifts toward the refractory region (fig. 2.). 
The craters obtained after the laser impacts were analyzed by SEM. In case 
of crystalline basalt, it revealed traces (or roots) of those formations that 
were found in the ejected material or, in other words, traces of the flows 
(schlieren) (fig. 4a). In case of basalt glass, nanophase iron (npFe0) was found 
here in crater (fig.4.b). 
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Introduction:  
Olivine is a common mineral of the lunar rocks and the only rock-forming 
mineral which can concentrate incompatible element phosphorus. Rocks 
with P-bearing olivine were found in lunar meteorites Dhofar 1442, 287, 961, 
025 and in “Apollo — 14” (lunar sample 14321), “Luna — 16, 20 and 24” lunar 
samples. Analysis of the lithological composition of both the landing sites 
regolith from known locality and meteorites obtained by occasional sam-
pling of the lunar crust constrains P-bearing olivine sources distribution areas 
on the lunar surface and may shed some light to the connection with other 
lunar rocks.
Results:  
Mg-rich olivines containing up to 0.4 wt% P2O5 (type 1) were found 
in the highland anorthositic-noritic (gabbro-noritic)–troctolitic (ANT) rock 
series enriched in phosphorus and other incompatible elements. Fe-rich vari-
eties (type 2) are present in a late-stage products of low-Ti basalts crystalli-
zation (table 1). The rocks are not related to typical KREEP rocks commonly 
free of olivine.

Table. 1. Abundance of rock fragments with P-bearing olivines in lunar samples 
and meteorites 

Type Olivine Rock fragments L16 L20 L24 A14 Dho 
1442

Dho 
287

Dho 
961

1 Fo51-88 
(<0.4 wt % 
P2O5)

Anorthosite –  
norite (gabbronorites) – 
(spinel) troctolites. 

10 14 3 1 0 0 1

2 Fo2-52 
(<0.4 wt % 
P2O5)

Low-Ti basalts 1 0 2 0 2 1 0

A link of type 1 olivines with HMS rocks has been recently established based 
on its chemical composition [1], but impact-induced mixing and melting could 
significantly affect the composition of the rocks. In spite of the abundance 
of the highland ANT suite in the lunar crust and the occurrence of P-bearing 
olivine in many meteorites and “Luna” and “Apollo” landing sites, this phase 
is extremely rare. In the highland Dho 733, 1436 and group Dho 302 meteor-
ites with a remarkably diverse rock series (including the HMS suite) P-bear-
ing olivine was not found. Its absence in the olivine-bearing rocks in source 
areas of these meteorites indicates either a localized distribution of sources 
of P-bearing olivines in the lunar highlands, or their limited abundance.
Mare basalts represent another potential source of the P-bearing oliv-
ine, but its content in them should not be significant. Modeling fractional 
crystallization of compositions of some “Luna — 16, 24” basalts showed 
that the normative content of ferroan olivine (type 2) in the rocks does 
not exceed 1 % [2].
The sources of P-bearing olivines could assimilate KREEP material, which 
is considered to be related to the giant Mare Imbrium impact basin. Indeed, 
the “Apollo — 14” mission, delivered rock samples of the Fra Mauro For-
mation, thought to be lithified material ejected from the Mare Imbrium 
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crater basin [e.g. 3]. The Dho 1442 and 961 meteorites contain a KREEP 
component, but they are not definitely ejected from the Mare Imbrium. 
However, the “Luna” landing sites were located far from the Mare Imbrium, 
and “Luna — 16, 20 and 24” samples are practically devoid of KREEP, nev-
ertheless with rare evidence for the presence of the component enriched 
in incompatible elements [4, 5]. The “Luna — 16, 20 and 24” samples taken 
both from the highland area between the Mare Fecunditatis and Mare 
Crisium (L-20), as well as from the Mare Fecunditatis (L-16) and Mare Cri-
sium (L-24), have significantly different amounts of the highland compo-
nent [6–8]. It is believed that the highland material in “Luna — 16” samples 
was obtained from the highland domain 70–80 km north of the Langren 
Crater, 300 km southeast of the sampling site [6]. The closest highland area 
is located 40 km from the “Luna — 24” drill core site [9]. The largest num-
ber of rock fragments with P-bearing olivine was found in the “Luna — 20” 
samples, which also contain rocks with possibly primary igneous texture. 
The content of these rocks is lower in the “Luna — 16” samples and even 
lower in the “Luna — 24” samples (table 1). Only one “Luna — 16” rock frag-
ment with P-bearing olivine has an primary igneous texture, while others are 
represented by breccias and agglutinates. If the studied sampling is repre-
sentative, this may reflect the amount of highland component in samples 
of these areas or indicate that the “Luna — 20” landing site is located most 
closely to a source of P-bearing olivines. The characteristic feature of this 
source could be enrichment of olivine-normative melts in Cr [1, 10]. This fea-
ture differs them from primary highland HMS rocks, but is typical of some 
olivines from mare basalts and is also predicted for the deep-seated early 
lunar magma ocean cumulates [11]. So, at least one source of P-bearing oliv-
ines should be located in the eastern part of the lunar nearside. This area 
likely contains a previously unknown type of olivine-bearing highland rocks 
enriched in incompatible elements.
The “Luna” and “Apollo — 14” landing sites are characterized by the develop-
ment of low-Ti or very low-Ti mare basalts. The Dho 961, 1442, and 025 mete-
orites, in addition to the widespread highland material, contain single clasts 
of basaltic rocks too. This indicates that a source of P-bearing olivines may 
be confined to the mare-highland boundary. 
It is remarkable the presence of single fragments of evolved rocks found 
in 14321 lunar sample [12] and Dho 1442, 961 meteorites [13, 14]. According 
to the orbital data, rare granitic domes are localized in the area of the Gru-
ithuisen, Hansteen, Aristarchus, Lassell, Mairan, Compton and Belkovich 
craters [15, 16, 17]. Most of these areas are confined to the Oceanus Pro-
cellarum, except for the Compton–Belkovich area located on the dark side 
of the Moon. These rocks are interpreted to be derived through a deep dif-
ferentiation of silicate melts, or partial melting of a source enriched in incom-
patible elements or through liquid immiscibility of these melts [e.g. 17]. 
It is known that during immiscible splitting of the melt into ferrobasaltic 
and granitic liquids, phosphorus is accumulated in the ferrobasaltic melt, 
where its solubility could reach a few percents [18]. Addition of such a melt 
to the HMS source could significantly affect source composition, in particu-
lar, lead to its enrichment in phosphorus and other incompatible elements. 
Noteworthy is the recently discovered exposure of magnesian rocks (contain-
ing Mg spinel) in the silica-rich setting of the Hansteen Alpha [19]. However, 
the contribution of such melts should not be significant, since experimen-
tal studies demonstrated a strong influence of phosphorus on the crystal-
lization sequence of basic melts up to the disappearance of olivine [20]. 
Thus, the potential distribution area of these olivines could be some domains 
of the Oceanus Procellarum.
Conclusions:  
Analysis of the lithological components of both the landing site regolith 
and the meteorites suggests that sources of P-bearing olivines are restricted 
to the lunar nearside. The association with mare basalts likely indicates 
their confinement to the mare-highland boundary. The presence of frag-
ments of evolved rocks in the studied breccias suggests that some olivine 
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sources are linked with the recently described occurrences of felsic rocks 
in the Oceanus Procellarum and Compton–Belkovich area on the dark side 
of the Moon. However, it is possible that the “Luna” landing site contains 
a previously unknown type of olivine-bearing highland rocks, which are 
enriched not only in incompatible elements, but also in chromium.
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Introduction:
Shallow crustal country rock on the Moon is demonstrably more fractured 
and porous than deeper crustal bedrock, and GRAIL gravity data have shown 
that deeper crustal bedrock is more porous than previously thought.  This 
raises the question of how crustal porosity and permeability will influence 
the nature of magmatic dike and sill intrusions in terms of: 1) the ability of 
ascending magma to intrude and occupy this pore space (magmatic per-
colation), and 2) the influence of the intruded magma on annealing of this 
porosity and permeability (thermal annealing), thus densifying the country 
rock [1]. We analyze quantitatively the emplacement of basaltic dikes and 
sills on the Moon and assess these two factors in the context of the most 
recent data on micro- and macro-scale porosity of lunar crustal materials. We 
then assess the influence of these two densification processes in contribut-
ing to gravity signals associated with these intrusions.
Processes:
1) Magmatic Percolation: 
Magma injection into pre-existing fractures: We model fractures of various 
mean widths W and inject lunar magma under a pressure gradient of the 
same order as buoyancy,  where  m-3. Lunar magmas have low viscosities in 
comparison with terrestrial basalts and may initially move in a turbulent fash-
ion even when injected into narrow fractures. This results in efficient heat 
transfer to the walls of the fracture, rapid cooling, the progressive formation 
of crystals, and the onset of non-Newtonian rheology. We therefore assume 
that in general the magma being injected has a yield strength that depends 
on the current crystal volume fraction [2]. The crystal fraction is assumed 
to increase linearly as the temperature decreases from the liquidus to the 
solidus. The temperature-dependent viscosity of crystal-free lunar basalt is 
well-approximated by a power law [3]; we use the viscosity data for a low-Ti 
mare basalt [4]. The bulk viscosity is then related to the liquid viscosity via a 
correction factor that is again a function of the crystal content [5].
Standard fluid mechanics formulae [e.g., 6] then give the flow speed of the 
magma in laminar or turbulent flow. An initially turbulent fluid will make the 
transition to laminar motion when its Reynolds number decreases below 
some critical value determined by the current value of the Hedstrom num-
ber, a function of both the yield strength and bulk viscosity. While motion is 
turbulent, heat is transferred from the magma to the walls of the fracture 
at a rate per unit area that can be obtained from industrial data on heat 
exchangers [3]. The heat loss causes a decrease in the lava temperature as 
the lava advances. Cooling leads to increases in the yield strength, the viscos-
ity, the Hedstrom number and the critical Reynolds number. The increases 
in viscosity and yield strength cause the flow speed to decrease, and so the 
initially high Reynolds number decreases until it intersects the increasing 
critical Reynolds number and the motion becomes laminar. We note the 
distance that the magma has travelled when this occurs, Zl. From this point 
onward, thermal boundary layers grow against the walls of the fracture, and 
motion stops when the two boundary layers meet in the center of the flow. 
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This criterion is the basis of the Grätznumber treatment for the maximum 
travel distances of laminar lava flows [7], and adapting it to flow in a pla-
nar fracture we find the maximum additional distance that the magma can 
advance, Zl. The maximum penetration distance of magma into the fracture 
is then Zm = Zt + Zl. Figure 1 shows the values of Zt, Zl and Zm for magma injec-
tions into fractures with widths, W, from 1 cm to one meter. The penetra-
tion distance increases dramatically for fractures more than a few tens of cm 
wide. However, there is little evidence that such wide fractures will exist in 
the lunar crust. Fractures are extremely common at the 10-20 microns scale 
in impact-modified rocks [8] but exposures at the Vredefort impact struc-
ture [9] suggest that at larger scales the commonest fracture width is in the 
range 1–3 cm. We conclude that lunar magmas driven by the pressure gradi-
ents expected for volcanic intrusions would penetrate less than one meter in 
such cracks. Thus, magmatic percolation should not be common at distances 
greater than about a meter from the edge of an intruding dike or sill, and 
since the majority of cracks are predicted to be in the 10–20 micron range, 
where significant intrusion is unlikely, the cumulative effect ofmagmatic per-
colation on the density structure should be negligible.  
2) Thermal Annealing: 
Consequences of dike and sill intrusions:Wieczorek et al. [10] called on vis-
cous deformation due to elevated temperatures with depth in the crust to 
decrease porosity and increase density (thermal annealing). The strong tem-
perature dependence of viscosity causes this effect to occur over a narrow 
depth interval (<5 km) and [10] used representative lunar historical tem-
perature gradients to find that (depending on the heat fluxes and rheolo-
gies assumed) the minimum depth where this transition would take place 
is ~40 km.  On the other hand, penetration of dikes to the shallow crust and 
surface and potential intrusion of shallow sills (as in the case proposed by [1]) 
should be accompanied by thermal annealing as well. We now consider such 
a case to assess the importance of thermal annealing and its role in offsetting 
the density of the intruded basaltic sill.  
The thermal consequences of the abrupt injection of a sill into much cooler 
rocks can be modelled analytically using treatments by Carslaw and Jae-
ger [11; article 2.4.i]. For the present case the most useful approximation 
is a horizontal sheet of magma at temperature Tm emplaced rapidly into an 
infinitely extensive body of host rock at temperature Ta. For cases where 
the top of the sill is at a depth less than or comparable to the thickness of the 
sill an alternative analytical solution approximating to the geometry would 
be that in article 2.4.iv [11], in which the top of the sill would be exactly 
at the planetary surface. In practice that both treatments yield essentially the 
same results for the penetration of heat from the sill into the country rocks. 
A number of simple relationships emerge. First, the interface between the sill 
and the host rocks almost instantly reaches a temperature that is the average 
of the temperatures of the magma and host. The highest liquidus tempera-
ture for a lunar magma reported by [4] is 1440 °C, i.e., 1713 K, for a low-Ti 
basalt. A representative thermal conductivity for lunar crustal rocks is ~1.3 W 
m-1 K-1 [12] and the lunar geothermal heat flow is ~3×10-2 W m-2 [13]. With an 
average surface ambient temperature of ~250 K, the temperature at a depth 
of ~10 km in the Moon will be ~480 K; injection of the above magma will lead 
to an interface temperature of 1097 K, i.e., 824 °C. [1] quotes data from [14] 
and [15] showing that lunar rocks experienced significant annealing if held 
at >800 °C for the order of a year. Heat transfer from a sill to its host rocks 
will occur on a much longer time scale, but the peak temperature experi-
enced by the host rocks will decrease approximately exponentially with dis-
tance from the sill margin, and a given temperature will be experienced for 
a duration that increases as the square of the sill thickness. In our model we 
conservatively assume that a temperature of 700 °C is needed for efficient 
annealing.  The gravity models of [1] imply that sills up to 6 km in thickness 
might be needed to explain the gravity data he analyzed. Using this extreme 
sill thickness in our model, we find that the 700 °C isotherm extends for 
600 m into the host rock for a period of ~250,000 years. If this results in com-
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plete elimination of, say, 30% pore space in these host rocks, both above and 
below the sill, the crust overlying the area of the sill intrusion would subside 
by ~360 m, 6% of the sill thickness. For a 3 km thick sill the corresponding 
values have the 700 °C isotherm extending for 300 m into the host rock for a 
period of ~30,000 years and again producing subsidence equal to 6% of the 
sill thickness. It is of course the case that greater volumes of crust are heated 
to lower temperatures than 700°C for longer times but, given that we have 
used the highest plausible magma temperature and a conservative annealing 
temperature, we cannot see a situation where annealing would eliminate 
more than a small fraction of the topographic signature of the intrusion.
Conclusions:
For the range of plausible micro/macro-scale porosity and permeability 
(microns to cm) and open crack lateral continuity (mm to tens of cm), we 
find 1) that rapid conductive cooling of injected magma due to the very large 
surface area to volume ratio restricts magmatic percolation to very limited 
areas (maximum several tens of cm) adjacent to the ascending dike, even in 
the upper several hundred meters of the lunar crust; 2) that the conductive 
heat loss from intruded dikes and sills results in a thermal wave decay rate 
that is predicted to limit the effects of intrusion-adjacent thermal annealing 
to less than ~6% of the thickness of the intruded body.  The extremely rapid 
rise rate of magma in dikes derived from sources in the lunar mantle disfavors 
the lateral migration of dikes to form sills in the crust, except in specific shal-
low crustal environments influenced by impact crater-related environments 
(e.g., floor-fractured craters).  We conclude that magmatic percolation and 
thermal annealing in association with lunar mare basalt magmatic dike and 
sill emplacement should be taken into consideration in interpreting gravity 
signatures, but that the effects are likely to be minor, compared with the 
density contrast of the solidified magmatic intrusion itself.

 
Fig. 1. Variation of the maximum distance that magma can penetrate into a fracture 
before cooling halts its progress shown as a function of the fracture width. Note that 
the vast majority of cracks are at the 10–20 microns scale in impact-modified rocks, 
and that fractures and pore space in the crust are at the mm to cm scale; thus the 
penetration distance of apophyses (small intrusive features adjacent to and emanat-
ing from the sill margins) is typically well below a meter. 
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Introduction:
Due to the near constant solar illumination and the potential presence 
of water ice in the regolith,polar areas of the Moon are candidates for con-
struction of a lunar base [e.g., 1, 2]. The mountain Mons Malapert (MM) near 
the South Pole of the Moon (a massif that is part of the outer ring of the South 
Pole Aitken basin) is a key candidate for the location of such a base [e.g., 3, 
4, 5]. MM is an ~ 30×50 km mountain elongated in a WNW-ESE direction 
with a NNE extension (Fig. 1). Its summit stands ~5 km above the 1838 km 
datum, has constant visibility from Earth and long periods of sunlight (87 to 
91% of the year). 

Fig. 1. Mons Malapert (arrow) seen in the LROC WAC mosaic P900S0000_032P 
of the lunar South Pole region (NASA/ASU).

In this analysis we consider the topographic, geologic and trafficability char-
acteristics of Mons Malapert, which need to be taken into account in the fur-
ther consideration of MM as a lunar base location. Potential landing sites 
for a lunar base in the Mons Malapertarea are discussed in [6]. 
Topography and Geology:
The topography and its derivatives of MM were studied using LROC WAC 
images and the LOLA-based DTM. South of MM lie the ~50-km craters 
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Haworth and Shoemaker whose floors are in permanent shadow and show 
a neutron spectrometric signature of high water-ice content [7] that may 
be a source of water for the base. The geology of the MM region is defined 
by its position on the rim of the South-Pole-Aitken basin, the largest and 
most ancient impact basin on the Moon [8]. The ancient age of this area is 
confirmed by crater spatial density which shows ages of ~4.2 Ga [9]. The MM 
slopes are mostly rather steep: from ~20 to 30o, while slopes on its summit 
and base are more gentle (Fig. 2). 

Fig. 2. Left — Topographic map of Mons Malapert based on the LOLA-based DTM 
LDEM80S20M_a1  alculated values of slope steepness shown. Right — Dependence 
of slip ratio (β) on steepness (α) of the slope on which the rover is climbing. 1 and 
2 — Lunokhod 1 measurements on the Moon and on Earth analogs, correspondingly 
[10]. 3 — the Apollo Lunar Rover Vehicle measurements on terrestrial analogs [11].

LROC NAC images of this area show that while the summit and base of MM are 
covered by numerous small craters, its steep slopes show a deficit of craters and 
are complicated by low ridges approximately perpendicular to the downslope 
direction. These characteristics of the steep slopes suggest effective downslope 
movement of the regolith material that, in turn, suggests that the mechanical 
properties of the surface layer here are relatively weak. 
Trafficability
The siting, building and operation of a lunar base implies activity not only 
at the base and in close proximity, but also traverses to other distant sites 
of interest for resources and scientific investigations. So planning the Mons 
Malapert base requires the detailed analysis of the trafficability of the region. 
To consider this issue we return to experience gained by the operations 
of Soviet Lunokhod 1, 2 and the US Apollo Lunar Roving Vehicles (LRV) [10, 
11]. On the basis of new and evolving technology, rovers designed for the MM 
lunar base may significantly differ from earlier rovers, but consideration of 
trafficability of the earlier rovers is important for future planning. Our analy-
sis shows that neither Lunokhods nor the Apollo LRV could successfully climb 
most of the slopes of Mons Malapert. The acceptable trafficability appears to 
be only possible along the WNW crest of the mountain. For emergency cases 
wheel-walking rovers may be considered. Mons Malapert seems to be a good 
locality for the lunar base but more studies are needed [12].
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Introduction:  
Several previously unrecognized pre-Nectarian impact basins and other pre-
viously suspected basins have been verified by Clementine laser altimeter 
data [1]. The GRAIL inventory of lunar basins improves upon earlier lists that 
differed in their totals by more than a factor of 2. The size-frequency distri-
butions of basins on the near side and far side hemispheres of the Moon 
differ substantially [2]. The book “The Moon’s Largest craters and basins” [3], 
which incorporates information collected by the Kaguya, Lunar Reconnais-
sance Orbiter and GRAIL missions, also contains the Catalog of 72 impact 
features more than 200 km in diameters. The sequence numbers have been 
established as embodiment of several lines of evidence of relative ages of 
the 72 lunar impact features in this Catalog. The numbers of features from 
1 to 44 refer to Pre-Nectarian period, from 45 to 64 — to Nectarian period, 
from 66 to 69 — to Early Imbrian period, and, finally, numbers from 70 to 72 
correspond to Late Imbrian period [3]. The study of such parameters of large 
basins and maria profiles as absolute elevations of their bottoms and rims 
heights was performed in our abstract. Correlation of the Byrne’s sequence 
numbers with the measured parameters was fulfilled.
Methods:  
The profiles in western-eastern and north-south directions of 36 lunar maria 
and large basins were compiled using global digital elevation model (DEM) 
with a resolution of 118 m/pixel [4]. Figure 1 shows an example of profiles 
for Mare Orientale.

a)

b)

Fig. 1. Profiles of Mare Orientale: a) in W-E direction; b) in N-S direction.

The Table 1 shows the next parameters: the name of feature (Name), lati-
tude (Lat.), longitude (Long.), diameter in kilometers (Dkm), absolute height 
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of bottom ( Hbot), Bouguer anomaly contrast (Anom.), sequence numbers 
(SN), range of heights (Hr), rim’s maximum height (hmax), rim’s minimum 
height (hmin), difference between rim’s heights (^h).

Table 1. Example of table structure for lunar maria and large basins parameters

Name Lat. Long. Dkm Hbot Anom. SN Hr hmax hmin ^h
Orientale -20 -95 960 -2.5 720 69 8.5 7.2 3.1 4.1

Discussion and Conclusion:  
We analyzed the correlations between the features diameters and Bouguer’s 
Anomalies. There is dependence between them. But we have not found the 
connection with Byrne Sequence Numbers (Fig. 2).

Fig. 2. Byrne Sequence Numbers shown on our Lunar map [5].

Our study shows that it is possible to compile three groups of large basins 
and maria in dependence of the difference of rim’s heights (^h): 1 – rim’s 
heights from 6 km till 2.9 km; 2 – from 2.2 km till 1.5 km; 3 – rim’s heights are 
less than 1.2 km.
Figure 3 below shows the dependence of the parameters on latitudes and 
longitudes. Blue points are on near side, red ones – far side.
The absolute heights of the maria and basins’s bottoms on the near hemi-
sphere of the Moon are less than on the far hemisphere. The dependence of 
the studied formations’ depths on the longitude is traced. On the far hemi-
sphere, the elevation differences of the formations (range heights) under 
study are substantially greater than on the near hemisphere.



156-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

Fig. 3. Dependence of absolute H bottom and Range heights from latitudes and lon-
gitudes
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Introduction:
The landing site selection method primarily developed by our team for Luna–
25 mission allowed us to identify several areas suitable for landingand surface 
operations in the South Polar Region of the Moon. These areas can beconsid-
ered as possible landing sites for future lunar missions such as Luna–27, and 
their size depends on the landing precision of the mission. For example, the 
landing precision of 1 kmgives an opportunity to explore quite an extensive 
area close to the South Pole. The features of this area will be discussed.
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Introduction:
The Russian lunar exploration program is implementing now as a sequence 
of lunar robotic missions Luna – 25,26,27 and Luna – 28. The last one in this 
row is the lunar polar sample return (LPSR) mission.Its primary science and 
technology goals,and implementation capabilities are under discussion now 
and will be reviewed at the stage of technical proposal by the end of 2019.
It is being considered that this type of the mission should not be only limited 
by short living polar lander supplied with ascent module to deliver lunar sam-
ples to the Earth. The one of the prioritized mission scenarios proposes small 
or middle size lunar rover that can substantially expand mission capabilities 
during sample acquisition as well as after launch of ascending rocket with 
samples. The following potential tasks for such a rover could be proposed: 
To help with sample collection: some samples could be delivered to the 
lander from the vicinity area (stones, regolith samples).
To install some instruments in the vicinity of lander: seismic instrumenta-
tions, some regolith probes.
To help with remote sampling: To bring samples cashed onboard Luna – 27.
To conduct surveys: Photos of lander operations, survey of landing area after 
launch of ascending rocket.
Long living operations: geological survey after launch of ascending rocket at 
distances up to 30 km. 
In this study we would like to present our vision ofthis scenario, to discuss 
science goals, required technologies, design, capabilities of the rover and 
propose science instrumentation that should be installed onboard rover.   
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THE CONCEPT OF LUNA-28 MISSION 
FOR POLAR SOIL RETURN

I.G. Mitrofanov et al.
Space Research Institute, Russia, Moscow, 117997, Profsouznaya str. 84/32, 
litvak@mx.iki,rssi.ru

The concept of the project “Luna-Grunt” is presented. The main goal 
of the mission is to return the samples of frozen regolith from the area at the 
vicinity of south pole of the Moon. Scenario of mission implementation 
is presented and science payload is described.
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RESULT FROM JUNO 
ON THE ORIGIN OF JUPITER

S.J. Bolton 1, J. Connerney 2, S. Levin 3
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3 Jet Propulsion Laboratory and the Juno Science Team

Juno’s investigation into the origin of Jupiter is focused on the study of Jupi-
ter’s gravity and magnetic fields combined with the study of Jupiter’s atmo-
sphere.  The interior structure, and in particular constraints on the core 
of heavy elements deep within Jupiter discriminate among formation the-
ories.  We know Jupiter is composed primarily of hydrogen and helium and 
hence must have formed early while the protoplanetary nebula was still 
present. How this happened, however, remains unclear after many decades 
of modeling. A primary goal of the Juno mission is to constrain properties 
of Jupiter that are diagnostic of how giant planets form. Two possible mech-
anisms are generally considered: (i) direct instability of the disk itself and 
(ii) accretion of a solid core inducing local collapse of gas around it. Differ-
ences between these scenarios are profound, particularly in terms of the 
mass of a heavy element core.  Juno’s gravity field investigation suggests that 
the concentration of heavy elements deep down is larger than expected and 
diffuse.  The magnetic field indicates large asymmetries similar to the grav-
ity field indicates as well as can be seen in the atmospheric wind profiles. 
The oxygen abundance within Jupiter—also a key goal of the Juno mission —
indicates water potentially above solar abundance at the equatorial region. 
Results from these three investigations will be presented from the first half 
of the mission in the context of progress on the origin of Jupiter.  
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Introduction:
The Juno spacecraft, orbiting Jupiter since July 4, 2016, maps Jupiter’s magnetic 
and gravitational potential fields and probes its deep atmosphere in search 
of clues to the planet’s formation and evolution [1]. From its unique vantage 
point of a high inclination, 53–day polar orbit, Juno also conductsan in-depth 
exploration of the polar magnetosphere and auroral phenomena [2]. 
Juno’smagnetometer investigation (MAG) is equipped with two magnetom-
eter 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 an accurate 
(100 ppm absolute vector accuracy) fluxgate magnetometer (FGM) sensor 
and a pair of co-located non-magnetic star tracker camera heads. The co-lo-
cated star cameras monitor the attitude of the magnetometer sensors con-
tinuously (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 corrected, would otherwise com-
promise measurement vector accuracy.
Juno’s highly elliptical 53.5-day orbit carries her science payload from pole 
to pole in ~2 hours, with a closest approach to within ~1.05 Rj of the cen-
ter of the planet (one Rj = 71,492 km, Jupiter’s equatorial radius). Repeated 
periapsis passes will eventually encircle the planet with a dense net of obser-
vations 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 sharp focus. Nev-
ertheless, a dramatically detailed 10 degree and order model (“JRM09”, 
for Juno Reference Model after 9 orbits) was extracted from a partial solu-
tion to a 20 degree/ordermodel representation, providing the first new 
information about Jupiter’s magnetic field in decades. Having passed the 
midpoint of Juno’s baseline mapping mission, now with orbits separated 
by ~22.5 degrees of longitude, a model (“JRM17”) with increased spatial res-
olution of the main field is obtained. The new model extends to degree and 
order 12 to 14 (with limited parameter resolution) and evidences more com-
pact source geometry, as one might expect with increasing spatial resolution.
Jupiter’s internal magnetic field exhibits a dramatic hemispheric asymmetry, 
with a very non-dipolar northern hemisphere contrasting a southern hemi-
sphere that appears very dipolar [4, 5]. An equatorial belt of positive radial flux 
is interrupted by an isolated reverse-polarity patch situated near the equator 
at about 90 degrees system III west longitude. Comparison with earlier mag-
netic field models is suggestive of secular variation [6, 7] but inconsistencies 
among prior analyses call for caution in interpretation. A thorough retrospec-
tive analysis [8] of Voyager, Pioneer, and Ulysses observations obtained sev-
eral decades ago provides the first unambiguous evidence of Jovimagnetic 
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secular variation and relates the variation to the penetration of zonal winds 
into the electrically conducting interior. 
The evolution of Juno’s orbit now brings the spacecraft through the mag-
netodisc in the inner magnetosphere (Figure 1), affording an opportunity 
to improve magnetodisc models [9, 10, 11] and provide a measure of magne-
tospheric activity during Juno’s mission. 

Fig. 1. Evolution of Juno’s orbit illustrated in magnetic equatorial coordinates. 
Spacecraft trajectory in this coordinate system (black) oscillates due to the ~10 tilt 
of the Jovidipole. The equatorial azimuthal magnetodisc currents (shaded region) 
draw magnetic field lines (purple) outward along the equator, where field magnitudes 
(blue contours) are reduced.

Observations of the Jovian magnetosphere obtained throughout Juno’s first 
18 orbits have been used to optimize the geometric parameters of an azi-
muthally symmetric magnetodisc model, facilitating studies of time vari-
ability (parameterized via time-dependent current density). Combined with 
a model of radial currents providing torque to outflowing plasma, we obtain 
a measure of the time variability of the magnetodisc. The radial current 
system evidences significant time variability (~50%) whereas the magneto-
disc currents thus far prove remarkably stable (~6% variability). We present 
an overview of the magnetometer observations obtained during Juno’s first 
two years in orbit [12, 13] in context with prior observations.
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The Jovian InfraRed Auroral Mapper (JIRAM) [1] on board the Juno [2, 3] 
spacecraft, is equipped with an infrared camera and a spectrometer working 
in the spectral range 2–5 μm. JIRAM was built to study the infrared aurora 
of Jupiter as well as the Jupiter’s atmosphere. The infrared camera is able 
to image auroral H3+ emissions and the thermal emission from the plan-
et’s atmosphere. The instrument is on board of the NASA mission Juno and 
it used for studying atmospheric morphological and dynamical structures and 
for investigating the abundance of some chemical species that have impor-
tance in the atmosphere’s chemistry, microphysics and dynamics.
The spacecraft was inserted in the Jupiter’s orbit in August of 2016.  Since then, 
and with the exception of orbits 2 and 3, JIRAM has performed several obser-
vations from the equator to poles. Juno orbital design allows the spacecraft 
to fly over the planet’s polar regions. This fact permitted unprecedented views 
of the polar atmospheric structures that have been acquired for the first time 
during orbit 4 [4]. Other observations permit to study the baroclinic waves 
extending for significant longitudinal span in the Northern Equatorial Belt [5] 
and over the polar structures. Spectral measurements provided the oppor-
tunity to measure abundances of water, ammonia, phosphine, germane and 
arsine at all latitudes down to pressures of 4–5 bars. Limb observations at 
the low latitudes permit to profile abundances of methane and trihydrogen 
cation in the stratosphere and the thermosphere of the planet.
We present results from the most significant atmospheric observations per-
formed by the instrument since the start of the mission.
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Introduction:
The Juno spacecraft has, since its arrival at Jupiter on July 5, 2016, observed 
Jovian polar magnetosphere and atmosphere from its unique polar orbit [1]. 
In concert with insitu particle and field measurements [2–4] and the remote 
ultraviolet spectrometer and imager [5], the Waves instrument wasdesigned 
to observe the electric component of waves from 50 Hz to 41 MHz and the 
magnetic component of waves from 50 Hz to 20 kHz [6]. In the polar cap 
region, upward-moving whistler-mode hisshas been frequently observed con-
currently with upward-moving energetic electrons [7]. According to theoretical 
studies [8, 9], the whistler-mode waves originate from upward-moving, field-
aligned electron beams via a beam-plasma instability and contribute to pitch 
angle scattering and energization of the electrons. Over the main auroral oval 
region, Waves has recorded downward-moving intense broadband whis-
tler-mode waves [10] correlated with broadband energetic precipitating elec-
trons. This correlation may imply that the whistler-mode waves are involved 
in the stochastic acceleration of the electrons. Juno has also passed through 
magnetic field lines connected to Io’s footprint tails for several cases [11]. 
For most of these cases, the broadband whistler-mode waves were accom-
panied by both downward-and upward-movingelectrons precipitating along 
the common field lines. Some examples clearly showd istinctive whistler-mode 
saucer-like waves near the field line connecting to the footprint tail. Hence, 
whistler-mode waves appear to play an essential role in Jupiter’s auroras.
At radio frequencies, Jovian auroral radio emissions are regularly observed 
with Waves both remotely and in situ [12–20]. The nonthermal radio sources 
are distributed along auroral magnetic field lines at emission frequencies 
very close to the local cyclotron frequency via the electron cyclotron maser 
instability (CMI). Juno’s wave, particle,and field observations indicate that 
unstable electron distributions thatdrive CMI are either loss-cone or conic 
type, with the latter being 5–10 times more efficient for the CMI growth 
rate than the former [18, 19].The auroral radio emissions can be divided into 
decametric (DAM), hectometric (HOM), and broadband kilometric (bKOM) 
radio components depending on their spectral shapes. The first concurrent 
radio-ultraviolet aurora observations from Juno, using the  RM09 internal 
magnetic field and washer-shaped current sheet models [21, 22], revealed 
that bKOM radio sources are tied to the main auroral oval [20].
Juno’s close perijove passes provide a unique opportunity to monitor 
Jovian lightning in the atmosphere [23–26]. Waves has recorded two kinds 
of low-frequency electromagnetic waves related to the lightning. The first 
is comprised of Jovian low-dispersion whistlers observed at frequencies 
below 20 kHz [24, 25]. These whistlers may possibly propagate up to several 
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thousand km horizontally away from lightning strokes below the ionosphere 
before ultimately escaping the inner magnetosphere [25]. Initial whistler 
observations show that the lightning flash rate is 3–30 flashes/year/km2at 
midlatitudes, with greater rates in the northern hemisphere than the south-
ern hemisphere [24]. The second kind is comprised of dispersed millisec-
ond pulses called Jupiter dispersed pulses (JDPs), observed at frequencies 
below 150 kHz. JDPs propagate directly from lightning strokes but can leak 
into the inner magnetosphere only where the ionospheric density is suffi-
ciently low, either in localized holes or over the night side [26]. Therefore, 
the synoptic observations of lightning-induced whistlers and JDPs improve 
our understanding of the physical process of lightning discharges in Jupiter’s 
atmosphere. In this talk, we present the recent observations of radio and 
plasma waves at Jupiter from Juno Waves investigation, and compare them 
with some theoretical considerations including the wave-particle interac-
tions and radio wave propagation.
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NASA’s Juno mission has been observing the Jovian aurorae since 2016 
from a polar, highly elliptical orbit [1, 2, 3]. From this very favourable posi-
tion above the poles, Juno obtained unprecedented in-situ measurements 
of Jupiter magnetosphere, and unique, remote-sensing views of the auro-
ral regions both in the infrared and the ultra-violet ranges. Direct excitation 
of molecular hydrogen in the ionosphere by precipitating electrons results in 
Lyman and Werner bands in the UV; the same electron precipitation also pro-
duces, indirectly, H3+ thermal emission in the IR range. Images of aurorae in 
these two ranges are collected, respectively, by the Ultra Violet camera (UVS) 
and the Jovian InfraRedAuroral Mapper (JIRAM) [4], at each Juno perijove 
pass. In the main oval, the field aligned electric currents have very low den-
sities, less than what was previously assumed to explain the intense auroral 
emissions. Juno observed the high energy (>100 keV) auroral electron, but 
also a lower energy component (~1 keV), which plays a substantial role. Inside 
the main oval, persistent upward broadband high-energy (~1 MeV) electron 
are observed. Also, intense auroral emissions are observed in regions where 
little or no precipitating electron flux is detected, possibly indicating exci-
tation from strong ionospheric electric currents. The different mechanisms 
leading to H2 and H3+ emission explain the relations between the energy 
of precipitating electrons and the variability of the relative UV/IR intensities. 
Juno also revealed a puzzling structure in the electromagnetic interactions 
between Jupiter and its moons [5], whose signature is the presence of auro-
ral footprints. These are a peculiar series of emission features extending 
downstream of the leading one, and look like a repeating pattern of swirling 
vortices. These multiple features have a very small scale (~100 km), which 
is not compatible with the simple paradigm of multiple Alfven wave reflec-
tions. Observations of Io’s footprint well downstream of the leading fea-
ture reveal a pair of closely spaced parallel arcs where previously only one 
was resolved. Both of Ganymede’s footprints (main and secondary) appear 
as a pair of emission features that provide a remote measure of Ganymede’s 
magnetosphere.
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Introduction:
The New Horizons flyby of Pluto [1, 2, 8] along with the ALMA [5] and VLT/
CRIRES [4] high-resolution spectroscopy and the recent stellar occultations 
resulted in significant progress in Pluto’s atmosphere. These new data require 
updated photochemical modelling. The model by Wong et al. [7] includes 
detailed neutral chemistry at 40 levels up to 1300 km. To fit the observa-
tions, the authors adopted saturated vapor densities of C2H4 and C2H6 equal 
to those of C2H2, though they differ by orders of magnitude. Here we pres-
ent a model that does not require the revision of the laboratory data on the 
saturated vapor densities and involves ion chemistry that affects the neutral 
composition and is missing in Wong et al. [7].
Model
The model by Krasnopolsky [3] that reproduces fairy well the observed prop-
erties of Titan’s atmosphere and ionosphere is adjusted to the conditions 
of Pluto during the New Horizons flyby. It involves 83 neutrals and 35 ions and 
extends up to the exobase at 1600 km. Thermal escape of neutrals and dif-
fusion of ions are the upper boundary conditions. Condensation on the haze 
and surface are the lower boundary conditions.

Fig. 1. The observed temperature and calculated N2 density profiles

Model results
The adopted eddy diffusion K = 3×104 cm2 s-1 facilitates transport and con-
densation of C2H6 on the surface (Fig. 2) and does not require the revision 
of the laboratory data on the saturated vapor densities. The CH4homopause 
is at 90 km for this K, and the CH4 profile is mostly controlled by molecular 
diffusion and agrees with the observations (Fig. 2).
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Fig. 2. Observed (dashed curves) and calculated (solid curves) profiles of the main 
hydrocarbons

Major production and loss processes of the observed species are briefly dis-
cussed. Ion chemistry significantly contributes to those. The most abundant 
C3, C4 hydrocarbons and benzene are shown in Fig. 3a, b. Diacetylene C4H2 
is effective in polymerization with C6H and C3N. Sticking coefficients for 
condensation of hydrocarbons and nitriles are adopted at 0.002 and 0.01, 
respectively.

Fig. 3. Vertical profiles of C3 hydrocarbons (a), C4 hydrocarbons and benzene (b), 
nitriles, H, and H2 (c), and oxygen species (d)

Some nitriles and H2 are depicted in Fig. 3c. The HCN abundance agrees with 
the ALMA [5] observations. The HC3N warm layer below 150 km constitutes 
90% of its column abundance and is weakly sensitive to the adopted sticking 
and slightly exceeds the observed upper limit.
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H and H2 are formed by photolysis of hydrocarbons. 60% of the production 
of H escape, and the remaining 40% react with radicals and form H2, Almost all 
H2 escapes. Its mole fraction increases up to 400 km due to diffusive separa-
tion. Further increase reflects a balance between the production and escape.
Oxygen chemistry (Fig. 3d) is stimulated by CO and the meteorite H2O that is 
very weak, according to the interplanetary dust dynamic model [6].

Fig. 4. The most abundant hydrocarbon (a) and nitrogen-bearing (b) ions

Ionosphere is formed by the solar EUV ionization and the galactic cosmic 
rays that dominate below 300 km (Fig. 4). The ionospheric peak is at 750 and 
850 km with emax = 800 and 300 cm-3 on the day side and near the termina-
tor, respectively. It agrees with the New Horizons upper limit of 1000 cm-3. 
The heavy ion C9H11+ is the most abundant below 650 km (Fig. 4a). The main 
ions above 650 km are HCNH+, C2H5+, and C3H5+. The predicted ion densi-
ties are well within the range of the Cassini Ion-Neutral Mass Spectrometer.
Evolution: The calculated annual mean rates are 150 g cm-2 Byr-1 for escape 
of CH4 + CH3 and H2 + H, 150 and 50 g cm-2 Byr-1 for precipitation of hydrocar-
bons and nitriles, respectively. The surface is young, and the surface mixing 
is significant.
Pluto and Triton:  The great differences (by orders of magnitude) between 
the atmospheres and ionospheres of Pluto and Triton are caused by the 
methane abundances. Transition from Triton’s conditions observed in the 
Voyager flyby to Pluto’s conditions in the New Horizons flyby is expected near 
CH4 ≈ 0.05%. Both Triton and Pluto undergo these transitions during their 
annual cycles.
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Introduction:
Juno was placed in an elliptic polar orbit about Jupiter on July 4th 2016 to study 
the formation and structure of the gas giant, its atmosphere and polar magne-
tosphere. The orbit was chosen to give optimum spatial coverage of the plan-
ets potential fields, while avoiding excessive radiation exposure. Juno orbits 
every 53 days, diving under the main radiation belts at periapsis and distribut-
ing longitudes at closest approach for optimal gravity and magnetic mapping.
The magnetic mapping experiment consist of two vector field magnetome-
ters placed on a boom near the tip of one of the spacecraft’s solar arrays, at 
10m and 12m, well away from any artificial disturbance fields [1]. Each vec-
tor magnetometer is supported by two star tracker units collocated with the 
magnetic sensors to provide accurate attitude information and eliminate any 
thermal or mechanical biases. Because of the proximity to the vector mag-
netometer sensors, and to eliminate any potential magnetic disturbances, 
the star trackers are equipped with limited radiation shielding. As a conse-
quence, high energy particles can penetrate to the focal array sensor (CCD), 
leaving an ionization charge which is measured and recorded. The star tracker 
shielding will stop electrons with an energy less than 20MeV and protons with 
an energy less than 100 MeV, but particles with higher energy will penetrate. 
Each passing particle will deposit a local charge, which is recorded, providing 
a measure of the high energy flux at Juno’s position. Using this technique, the 
Juno high energy particle environment is continuously monitored [2].

Fig. 1, The Juno orbit of the 20th perijove passage, in magnetic coordinates. The col-
ors, blue to red, show the measured particle flux (mainly >20MeV electrons). Mag-
netic field lines are shown in black. In this orbit, field lines connecting to the Gany-
mede orbit, are crossed 5 times inbound (upper wiggle) and once outbound.
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The gravity field from the fast rotating, oblate, Jupiter, forces the line of apsi-
des of the elliptic Juno orbit to drift, from its initial position near the equa-
torial plane, towards an ever more southerly position of the apoaxis. While 
this motion offers a unique profiling of the Jovian high energy particle environ-
ment, it also causes Juno to pass through magnetic field lines that intersect the 
orbit of Jovian satellites. Most often such crossings appear through field lines 
leading or lagging the actual moon in longitude, but sometimes the Juno orbit 
happens to pass through the field lines connecting directly to a moon. In all 
cases, a profound effect on the measured radiation flux is observed, as a direct 
consequence of the moon’s interaction with the trapped high energy flux.
We present particle signatures from passages of the field lines thus connect-
ing to Callisto, Ganymede, Europa, Io, Amalthea, Metis and the gossamer 
rings. We also present an interpretation for the highly variable signatures 
from satellite to satellite and whether the passage is of field lines in front, on, 
or behind the moon.
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Introduction:
The icy satellites of the outer solar system are a compelling class of bodies 
to study for their complicated and diverse geology as well as their astrobio-
logical potential. Many icy satellites have or have had oceans, some of which 
are likely not to exist in a thermal equilibrium and may be freezing [1–5]. 
Above these oceans, ice shells are covered by extensional features and frac-
tures [6, 7]. Although there are many processes that contribute to the exten-
sional stresses affecting the evolution and surface features of icy satellites, 
we focus on the stresses associated with the expansion of water upon freez-
ing [8]. In the present study, we investigate the role of water-icephase change 
on surface expressions such as fractures using a combinationof analog exper-
iments and numerical simulations.
Physical Model:
We solve the mass and energy conservation equations numerically, tracking 
the evolution of the ice shell thickness and the pressure in liquid (Eq. 1–2).
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Here, T is the temperature, t is the time,  is the thermal diffusivity, r is a radial 
coordinate, L is the latent heat of solidification, cwis the specific heat of water, 
f  is the melt fraction, βwis the bulk modulus, p is the pressure in the water 
between fracture events, R is the radius of the liquid, ρiis the density of the 
ice, and ρwis the density of the water. 
Experimental Methods:
Experiments are performed with non-degassed and degassed pure 
deionized water. Degassing is achieved by boiling the water under reflux 
for one hour with vigorous stirring and then chilling the water in an ice 
bath under vacuum for four hours with ultrasound pulsing for thirty min-
utes. Water is injected in a spherical acrylic mold (7cm or 10cm diameter)  
(Fig. 1A), which is placed within a freezing chamber that uses vaporized 
nitrogen to control ambient temperatures from -15°C to -70°C.When the ice 
shell freezes to a thickness of 5mm, as determined in calibration experi-
ments, the acrylic mold is removed to ensure the mold has limited influ-
ence over subsequent fracture formation (Fig. 1B). The sphere continues to 
freeze and fracture until a critical fracture leads to the failure of the sphere 
(Fig. 1C–D).
Throughout the experiment, three webcams record video and audio data, 
four thermocouples monitor freezing chamber temperature, and a Kulite-
miniature pressure transducer records the pressure evolution of the liq-
uid within the sphere. Measurements of ice shell thickness are taken upon 
the conclusion of the experiment (Fig. 1D).
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Fig. 1. Snapshots from left camera at different stages of the experiment: A. after filling 
mold with water, B. after mold removal with a 5 mm thick ice shell, C. during further 
freezing, D. at the moment of final fracture.

Results:
Experiments with degassed and non-degassed water were conducted for 
7 cm and 10 cm spheres at freezing temperatures in the range -20°C to -60°C 
in 10°C intervals. Additional degassed experiments were conducted at 5°C 
intervals and experiments for 14 cm spheres are in progress. 
Dissolved gas.
Several observations from degassed and non-degassed waterexperiments:
1) Degassed water spheres experience a critical fracture later than non-de-

gassed spheres and have a thicker final ice shell.
2) Peak water pressure is higher for degassed than non-degassed experi-

ments. Peak pressure is higher at warmer freezing temperatures.
3) The interfracture time is shorter for degassed than non-degassed water 

spheres and thus more fractures are formed over an experiment for 
degassed water (Fig. 2).

4) For degassed water spheres, a dramatic change in interfracture time is 
observed before final fracture.

5) The estimated ice fracture toughness is similar for degassed and non-de-
gassed experiments.

Fig. 2. Comparison of final crack coverage for 10 cm and 7 cm spheres of degassed 
and non-degassed water.

Sphere size.
When normalized by sphere radius, the final ice shell thickness and time 
freezing until final fracture are temperature independent for experiments 
with 7 cm and 10 cm spheres (Fig. 3). The calculated final hoop stress and 
fracture toughness are also similar for both sphere sizes.
Discussion:
The effects of gas on the compressibility of the water can explain the observed 
differences in the evolution of freezing spheres of degassed or non-degassed 
water. Since the ice shell fracture toughness is consistent between both 
water types, the sudden change in interfracture time for degassed water 
spheres can be explained by the exsolution of gas into the liquid during the 
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freezing process, resulting in an abrupt change in compressibility of the liq-
uid phase. This hypothesis is supported by estimation of the time required to 
reach the abrupt interfracture regime change which compares well to exper-
imental results. Future work will further assess scaling of results between all 
sphere sizes and investigate the effects of curvature, particularly for under-
standing the mechanism of the final critical fracture.

Fig. 3. Final ice shell thickness normalized as a percentage of total sphere radius.
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Introduction:
Titan is the only satellite in the solar system with a significant nitrogen atmo-
sphere. Its origin, however, is yet a matter of debate. Within this presen-
tation we will present simulations of thermal atmospheric nitrogen escape 
at Titan through time and discuss its implications for the origin and evolution 
of the atmosphere of Saturn’s biggest moon.
Atmosphere structure and thermal escape:
For the simulation of nitrogen loss at Titan we applied a time-dependent 1-D 
hydrodynamic upper atmosphere model that solves the system of the fluid 
equations for mass, momentum, and energy conservation (see [1]). An import-
ant input into this model is the evolution of the solar EUV-flux over time which 
is strongly depending on the rotational evolution of the Sun [2]. The simulated 
total thermal escape of nitrogen from Titan therefore strongly varies in depen-
dence of the initial rotation rate of the Sun, i.e. from ~0.3 (slow rotator) to 
~1.1 (moderate) and up to ~11 times the present-day atmospheric mass for a 
fast rotator. The main fraction of the thermal escape takes place early in the 
solar system at a time whenthe EUV flux of the young Sun was significantly 
higher than at present-day. Other escape processes such as sputtering or pho-
tochemical loss of nitrogen are less important during this early phase. 
The origin and evolution of the atmosphere:
An insight into the origin and evolution of Titan’s nitrogen atmosphere can 
be gained by the isotopic fractionation of 14N/15N which can be signifi-
cantly modified by atmospheric loss, since escape preferentially removes the 
lighter isotope from the atmosphere. Cassini measured Titan’s present-day 
atmospheric 14N/15N ratio to be at about 168 [3] which is in the range of 
cometary ammonia [4, 5]. This might suggest NH3 to be a potential source 
of Titan’s nitrogen. If escape, however, modified the 14N/15N ratio over 
time, the origin of its atmospheric N2 might be a different one such asthe 
solar nebula, chondrites or refractory organics.
Our simulations show that atmospheric escape does not alter14N/15N sig-
nificantly over time. Taking into account fractionation by thermal escape, 
sputtering and photochemistry, the original fractionation in Titan’s atmo-
sphere could not have been higher than ~165 for a slow, ~171 for a mod-
erate and ~194 for a fast rotating Sun, indicating that the origin of Titan’s 
atmosphere might have been indeed protosolar ammonia which is in agree-
ment with a recent study by Mandt et al. [6]. Moreover, if Titan’s atmosphere 
originated endogenically through decomposition of NH3 and subsequent 
outgassing as N2 [7], then our study further suggests that either for a moder-
ate to fast rotating young Sun Titan’s atmosphere could not have originated 
before ~4.3 billion years ago or the Sun was a slow to moderate rotating 
young G-type star.
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Introduction:
In the Earth’s magnetosphere the contribution of the ring current generated 
by the magnetospheric plasma is essential only during a magnetic storm, 
while in a quiet time this contribution is less or of the order of the other mag-
netospheric current systems field (see [1]). In the case of Jupiter the magne-
tospheric magnetic field is mainly determined by the equatorial current disk 
(see [2]), formed by the magnetospheric plasma obtained after ionization of 
volcanic eruptions of the Io. In the inner magnetosphere (<20 Rj), the dipole 
field prevails, however, the contribution of the disk magnetic field (about 
-100 nT) is almost 100 times greater than the contribution of the other global 
magnetospheric current systems (see, [3, 4]). In the outer magnetosphere, 
the disk field is 2.5–3 times higher than the dipole field of Jupiter [3] and 
is of the same order of the magnetopause currents field, which is approx-
imately equal to 1.44 multiplied by the disk field. Therefore, the dynamics 
of the external magnetosphere, in particular the magnetic flux in the tail 
lobes of the magnetosphere of Jupiter, is determined by the disk parameters. 
Magnetospheric dynamics:
The dimensions of the magnetosphere and the projection of its equatorial 
plane onto ionospheric heights are mainly determined by the dynamics 
of the equatorial current disk. For this reason, many models of the Jupiter’s 
magnetosphere are limited to considering only the internal field and the disk 
field ([4] and references therein). These models are sufficient for determina-
tion of the field on the surface of Jupiter and for calculation of the position 
of auroral spots from the Galilean satellites of Jupiter. If we confine ourselves 
to the Ganymede orbit and not interested in the area inside the main polar 
oval, we can ignore the other global magnetospheric current systems [5], but 
to understand the global magnetospheric dynamics and to forecast the polar 
cap aurora dynamics we should take into account the model of the outer 
magnetospheric current systems. 
Based on the parameters of the equatorial disk obtained in [4] during the first 
9 revolutions of Juno, we find the character dimension of the magnetosphere 
(the distance to the subsolar point), the magnetic field in the tail lobes, and 
magnetic flux in the open field lines bundle. The dynamics of the outer mag-
netosphere is compared with the dynamics of the aurora observed during 
the flight of Juno in Jupiter’s magnetosphere.
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The investigation of the dynamical evolution of planetary systems is one of 
the important problems of celestial mechanics. The most vital feature of any 
planetary system, includingour Solar system, is its stability. From the time 
of Laplace and Lagrangeto modern researchers it has been shown that 
the Solar system is stable over cosmogonic time scales.But the question about 
the stability of arbitrary planetary systems remains open.Any researches 
of the dynamical evolution of planetary systems over so long-time intervals 
require the using of averaged methods. The essence of any averaged method 
is the elimination from the Hamiltonian of the planetary system all terms 
corresponding to short-periodic perturbations in planet-planet interactions. 
Consequently, it becomes possible to increase the time step of the integra-
tion and sufficiently reduce whole integration time.
After the averaging process, denominators, which are represented by linear 
combinations of mean longitudes of the planets, appear in thetermsof the 
averaged Hamiltonian of the second order and higher. If the planetary sys-
tem is close to a resonance of mean motions of the planets, some denom-
inators can become small quantities, which lead to the extreme growth 
of corresponding terms. Thus classical averaging methods are not applicable 
to the resonant or near-resonant planetary systems. In this case for the inves-
tigation of the dynamical evolution of resonant planetary systems, it is nec-
essary to introduce a new resonant variable, which is slowly changing in the 
vicinity of the resonance [1]. Usually, it is the linear combination correspond-
ing to the mean motion resonance.
The resonances of mean motions of the planets play an important role in 
dynamical evolution both the Solar system and extrasolar planetary systems. 
There are two well-known examples. The first is “the great inequality” – the 
closeness of mean motions of Jupiter and Saturn to resonance 2:5. The sec-
ond is mean motion resonance 2:3 of Neptune and Pluto, which prevents 
both planets from colliding. Moreover, some planetsin extrasolar systems 
are, also, in mean motion resonance.Thelong term dynamical evolution of 
such resonant planetary systems requires study.
In this work, the resonant averaged semi-analytical motion theory is 
constructed up to the second order of planetary masses. The Ham-
iltonian of the planetary problem is written in Jacobi coordinates and 
it is expanded into the Poisson series in the small parameter and ele-
ments of the second system of Poincare. The ratio of the sum of plane-
tary masses to the mass of the star plays the role of the small parameter. 
The way to introduce additional resonant variable and its canonically con-
jugated oneis shown. After that, theaveragingprocess of the Hamiltoni an 
isper formed by Hori–Deprit method [2]. The equations of motion are 
constructed up to the second degree of the small parameter and the fifth 
degree of eccentric and oblique Poincare elements. The transformations 
between osculating and averaged elements are provided by the functions 
for the change of variables. All analytical transformations with series are 
performed by using of computer algebra system Piranha [3], which is ech-
eloned Poisson series processor.
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This work is a direct continuation of previous research of authors [4] 
for the non-resonant case of the planetary problem. The resonant variable 
is introduced as the linear combination of mean motions of Jupiter and Saturn, 
corresponding to resonance 2:5. Then the constructed equations of motion 
for giant-planets of the Solar system areintegrated over time interval 10 billion 
years.
In the future, this resonant theory can be applied to the investigation of extra-
solar planetary systems.
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Spin periods of Jupiter, Saturn, Uranus and Neptune are specified by the anal-
ysis of the resonant motion of their large satellites: 0.445(2), 0.448(1), 
0.673(9) and 0.561(7) days, respectively. They are near-commensurate with 
the period P0 ≈ 0.111 days of the cosmic oscillation, discovered first in the 
Sun, then in other variable objects of the Universe. The like analysis of spin 
rates of the total set of the largest and fastest rotators of the Solar system 
(planets, asteroids, satellites) resulted in the best commensurable, or «syn-
chronizing», timescale of 0.111 days, coinciding well with P0 too (a probabil-
ity the two timescales could agree by chance, is less than 10-5). True origin 
of this odd resonance of our planetary system is unknown, but it is supposed 
the phenomenon reflects the P0 oscillations of gravity operating within 
the Solar system. 
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Jupiter is the dominant planet in the Solar System: gathering just by itself 76% 
of the total mass of planets and small bodies, it nearly forms a “binary system” 
with the Sun. To properly answer our key scientific questions about the Solar Sys-
tem as a whole, and even more generally about Planetary Systems(how do they 
form, how do they evolve and give birth to the diversity of their objects and of 
their architectures, how do they work, do they harbor habitable worlds and can 
we find life there), one must apply these questions to the Jupiter System and find 
answers there using the power of in situ planetary exploration. Three of these 
key questions should be addressed in priority beyond the horizon of the missions 
currently in operation (Juno) or in preparation (JUICE, Europa Clipper):
A-How did the Jupiter System form? One can read answers to this question by 
studying the objects that have been left basically unaltered since this forma-
tion occurred, about four billion years ago: Callisto,  the outermost of the Gal-
ilean satellites, seems to have been only partly differentiated; its bulk compo-
sition, interior and surface terrains still bears the records of its early eons and 
can tell us the story of the formation of the Galilean satellites; the 77 or so 
irregular satellites which are wandering, mostly on retrograde orbits, far out 
of the region occupied by the Galilean satellites, are likely unique and precious 
remnants of the populations of planetesimals which orbited the outer Solar 
System, beyond the ice line, at the time of the formation of Jupiter.

Fig. 1. This synthetic picture of the Jupiter System shows that it has to be studied 
at different spatial scales, from the large scale (whole solar system) at which one 
can encompass the Trojan Asteroids orbiting the L4 and L5 Lagrangian points of the 
Sun-Jupiter system, through the intermediate scale of the irregular satellites, to the 
Galilean satellites and finally to Jupiter itself. Among the Galilean moons, Io must 
focus our attention to better understand how the Jupiter System globally works; Cal-
listo, on the other hand, has likely best preserved the memories of the times of the 
formation of the Jupiter system, and should be the priority of a mission to unravel the 
mysteries of its Origins. 
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B-How does it work? One can best address this question by studying and 
understanding the great chain of energy transfer operating today in the Jupi-
ter System: how is gravitational energy from Jupiter transferred to Io’s inte-
rior via tidal heat dissipation to feed its unique volcanic activity? How does 
this activity in turn store energy into the Io plasma torus to drive the whole 
magnetosphere into motion? How does the interplay between the Io torus 
and the solar wind finally dump energy into heating of Jupiter’s upper atmo-
sphere, or release it into the tail and interplanetary space?
China is currently designing an exploration mission that will fly to Jupiter 
in the 2030’s. This mission will capitalize on the legacy of previous missions 
to Jupiter and to develop unique international collaborations with other mis-
sions in flight (NASA’s Juno mission) or in preparation (ESA’s JUICE and NASA’s 
Europa Clipper). 
The exciting science goals of this mission, which we will call Gan De, can be 
reached thanks to a dual-platform architecture combined with an innovative 
design of its instrument suitebased on four standard instrument packages 
to be used as elementary bricks for the science operations of its different 
flight elements. 

Fig. 2. This logical chart of the proposed JEM Science Plan shows the three successive 
scales investigated by JEM, from bottom upwards: (1) the global Europa, a complex 
system responding to the two main types of Jovian forcing, tidal forcing and magneto-
spheric forcing; (2) the scale of Europa’s potential biosphere (median figure), at which 
we will more particularly characterize the ocean and ice sheet and (3) finally the local 
scale at which we will perform life detection experiments. 

C- Does the Jupiter system bear life? Here the main target for our investiga-
tions is Europa, whose habitability will be studied by NASA’s Europa Clipper 
mission. Europa, together with Enceladus, is the best possible destination 
to search for and possibly find life in the outer solar system. Strong indica-
tions that Europa may indeed be inhabited come from recent key discoveries: 
the Galileo discovery of a sub-surface ocean in contact with a silicate floor that 
could be a source of the key chemical species for biomolecules, the many indi-
cations that the icy crust is active and may be partly permeable to the trans-
fer of materials, including elementary forms of life, and the identification 
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of candidate thermal and chemical energy sources necessary to drive a met-
abolic activity. To understand how the Europa system works and whether it 
may have developed a biosphere under the effect of its proper evolution and 
of forcing by the other components of the Jupiter System we need to design 
and fly to this Ocean World a multi-scale, multi-platform, interdisciplinary 
mission that will perform combined orbiter and lander science investigations. 
We will summarize the science and technology strategy of this proposed Joint 
Europa Mission (JEM), based on the combination of an astrobiology lander 
concept and of an orbital platform which will carry and deliver the lander 
to its destination, relay its data back to Earth and will finally perform science 
operations on a Europan orbit for about three months. While the orbiter will 
perform an in-depth investigation of Europa’s geophysics, ocean and habit-
ability, investigations by the Europa lander will be focused on the search for 
bio-signatures in solid and liquid samples. 
We will emphasize the key role that international cooperation between 
the major space-faring nations should play in implementing this ambitious 
program. 
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Introduction:
The International Phobos/Deimos Data Working Group (PDDWG) was created 
by European Space Agency (ESA), Japanese Aerospace Exploration Agency 
(JAXA), National Aeronautics and Space Administration (NASA) and Russian 
Space Agency (Roscosmos) personnel and scientists to: 1) derive higher level 
datasets to support sample site selection, and proximity and sample collec-
tion operation for the JAXA Martian Moon Exploration (MMX) mission and 
evolving ESA. NASA and Roscosmos Phobos/Deimos missions; 2) encourage 
existing Mars missions to continue or implement new observations to sup-
port 1); 3) develop searchable data catalogs covering MEX, Viking, Phobos 
88, etc. archives to allow the international science community to identify 
datasets for their use in deriving datasets for 1); develop PDS4-compliant cat-
alog and derived data standards / recommendations to insure international 
operability with evolving GIS tools; and 5) keep the science community and 
public informed and involved. 

Fig. 1. Phobos surface coverage of 3 ODYSSEY THEMIS IR observation sequences

Fig. 2. Phobos surface temperatures from the 3 ODY THEMIS IR sequences
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An international Advisory Committee and Charter have been created. ESA 
MEX and NASA ODY have agreed to continue / make new and unique obser-
vations of the Martian moons.  Draft PDS4-compliant catalog and derived 
data standards have been completed and the initial validation with the PDS 
started.  Draft catalog and derived data have been produced for evaluation 
and validation. The PDDWG is working through NASA Planetary Science Divi-
sion  Small Bodies Advisory Group and presenting at international confer-
ences to involve the science community and public. Initial efforts are concen-
trating on completing the validation of PDS4 compliant catalog and derived 
data standards and produce archival catalog and derived registered and map 
projected datasets from many thousands of MEX HRSC/SRC/OMEGA, Viking 
Orbiter Imaging, Phobos 88 Imaging, new THEMIS IR and VIS Imaging [1], 
etc., datasetsfor international archive and distribution.
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Introduction:
Earth’s ocean water and its D/H ratio could be the result of mixing water from 
several exogenous and endogenous sources with high and low D/H ratios. 
Endogenous water sources could include direct hydrogen adsorption from 
nebular gas to magma melts followed by H2 reaction with FeO, which could 
increase the D/H ratio in the Earth’s oceans by 2–9 times  and water accu-
mulation by particles of the protoplanetary disk before the start of gas dis-
sipation in the inner part of the early Solar System. The exogenous sources 
included the migration of bodies from the outer part of the main asteroid 
belt and the migration of planetesimalsfrom beyond the orbit of Jupiter. In a 
number of papers,the outer asteroid belt was considered as the main source 
of water on the Earth. Earlier, we studied the migration of bodies with initial 
orbits close to the orbits of known Jupiter family comets (e.g., [1–3]), and 
the migration of planetesimals with initial values of semi-major axes of their 
orbits from 4.5 to 12 AU [4]. Below we consider the migration of planetesi-
mals from different (from 2.5 to 40 AU) distances from the Sun and the prob-
ability of collisions of such planetesimals with the terrestrial planets and the 
Moon.In addition to our previous studies [5] of migration of bodies from dif-
ferent distances from the Sun to the terrestrial planets and the Moon, below 
we consider a greater number of calculations. For example, besides initial 
eccentricities eo of planetesimals equaled to 0.3, we also consider eo=0.05.
The model and initial data used for calculations:
For our calculations of the migration of planetesimals from different dis-
tances from the Sun to the terrestrial planets and the Moon, we used the 
symplectic code from the Swift integration package [6]. The gravitational 
influence of 7 planets (from Venus to Neptune) or of 5 planets (from Venus 
to Saturn) was taken into account. Initial semi-major axes ao of planetesimals 
varied from amin to amax with a number of initial planetesimals with ao propor-
tional to ao

1/2. In our calculations amax=amin+2.5 AU and amin varied with a step 
of 2.5 AU from 2.5 to 40 AU. Initial eccentricities eo of planetesimals equaled 
to 0.05 or 0.3. Initial inclinations ioequaled to eo/2 rad. The mean eccentric-
ities equaled to 0.3 could be reached due to mutual gravitational influence 
of planetesimals during evolution of a disk of planetesimals in the feed-
ing zone of the giant planets [7]. Integration was done until planetesimals 
reached 2000 AU from the Sun or collideded with the Sun. Nevertheless, 
some calculations with a large value of amin were stopped after several tens 
or hundreds of millions of years), if the probabilities of collisions of planetesi-
mals with the Earth had not changed for some long time, and a small number 
of planetesimals was left in the disk. Each calculation was made for 250 initial 
planetesimals with different orientations of their initial orbits. Several runs 
were made for the same amin. The orbital elements of migrated planetesimals 
were recorded in computer memory with a step of 500 years. Based on these 
arrays of the orbital elements, similar to the calculations presented in [1–4], 
we calculated the probabilities of collisions of planetesimals with the terres-
trial planets, the Moon, and their embryos.
Delivery of water to the terrestrial planets from beyond the Jupiter’s orbit:  
In our calculations [4]with amin=4.5 AU and amax=12 AU the probability pE of a 
collision of a planets imal during its dynamic lifetimewith the Earth was about 
2×10-6. For recent calculations, the values ofpE at npl=7are presented in Table 1 
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for eo=0.05 and eo=0.3 at several values of amin (pE is the average value for sev-
eral calculations, each with 250 planetesimals). Due to several planetesimals 
with much higher probabilities pEthan for other planetesimals, two values 
of pE (pE=3.8×10-4 at amin=7.5 AU and eo=0.3, and pE=3×10-5 at amin=10 AU and 
eo=0.05) in Table 1 are much greater than other values of pEwith 5≤amin≤10 
AU. For amin≤10 AU the values of pEin Table 1 were not less than 2×10-6. When 
considering thousands of planetesimals with 5≤amin≤10 AU the average value 
of pE may be greater than 2×10-6 at least by a factor of several. This means 
that if most of the total mass of planetesimals in the feeding zone of Jupi-
ter and Saturn was in a large number of relatively small planetesimals, then, 
for large embryos of Uranus and Neptune, the values of pE could be greater 
than 10-5. On average, for the distance from the Sun between 20 and 40 AU,pE 
can be about 10-6. This area could also play an important role in the migration 
of ice bodies to the Earth. For npl=5 and eo=0.3, a tamin equal to 5, 7.5 and 
10 AU, the average (for 750 planetesimals) value of pEwas close to 2×10-6, 
2×10-6 and 1.2×10-6, respectively. For npl=5, the value of pE(calculated for 750 
planetesimals at each value of amin) was smaller than that for npl=7, but for 
different runs with 250 planetesimals pE could also vary by more than a factor 
of 10.

Table 1. Probabilities pE of a collision of one planetesimal during its dynamical lifetime 
with the Earth at npl=7 (pEis the mean value for several calculations, each of which was 
with 250 planetesimals). 

amin, AU
eo=0.3  

eo=0.05

2.5
5·10-5

2·10-2

5.
4·10-6

6·10-6

7.5
3.8·10-4

2·10-6

10
2·10-6

3·10-5

amin, AU
eo=0.3  

eo=0.05

15
1·10-6

1·10-6

20
6·10-7

2·10-6

30
6·10-7

6·10-7

40
1·10-6

8·10-7

The ratio of probabilities of collisions with the Earth and the Moon of plan-
etesimals migrated from beyond the Jupiter’s orbit estimated to be about 
16–17. The mass of water in the planetesimalsmigrated from beyond the 
orbit of Jupiter collided with the Moon could be not more than 20 times 
smaller than that for the Earth. Due to a smaller mass of the Moon, the frac-
tion of the material evaporated and ejected from the Moon at collisions 
of planetesimals with the Moon was greater than that at collisions with the 
Earth.
For Mars, the ratio of the mass of water in planetesimals delivered from 
beyond the orbit of Jupiter to a planet to the mass of the planet was approxi-
mately two to three times greater than that for the Earth. In absolute values, 
the mass of water delivered to Mars was 3 to 5 times smaller than the mass 
of water delivered to the Earth [4]. The mass of water delivered to Mercury 
or Venus, calculated per unit mass of the planet, was a little greater than that 
for the Earth. These mass fractions would result in relatively large ancient 
oceans on Mars and Venus [8]. 
Most of the planetesimals from the Jupiter’s feeding zone were ejected 
into hyperbolic orbits in a few Myr. Most of collisions with the Earth of bod-
ies initially located in the zone at 5–30 AU from the Sun took place in less 
than 20 Myr. This testifies in favor of that the planetesimals from beyond 
the Jupiter’s orbit could fall onto the Earth and the Moon in the process 
of their growth, and the matter, including water and volatiles, delivered 
from beyond the orbit of Jupiter was incorporated into the internal layers 
of the Earth and the Moon. The delivery of matter to the Earth and the Moon 
from the zone of Uranus and Neptune depended on when these giant plan-
ets acquired large masses and began to move in orbits close to their present 
orbits. After the formation of the giant planets, the typical time until the 
collisions of the planetesimals with the Earth and the Moon often did not 
exceed 20 Myr, but a small fraction of the planetesimals could fall onto the 
Earth during hundreds of Myr. 
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Conclusions:
The amount of material delivered from beyond the Jupiter’s orbit to the Earth 
could exceed the mass of Earth’s oceans. Some fraction (may be 1/3) of this 
material was composed of water and volatiles. The total mass of planets imals 
migrated from beyond the Jupiter’s orbit and collided with the Moon was by 
a factor of 16 or 17 smaller than that for the Earth. The mass of the material 
delivered to a planet to the mass of the planet for Mars was about two times 
greater than that for the Earth, and such ratios for Mercury and Venus were a 
little greater than that for the Earth. Some material from beyond the Jupiter’s 
orbit was delivered to the forming Earth. 
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Introduction:
Fragmentation of dust aggregates in the protoplanetary disk through evap-
oration of ice is important to define position of the planetesimals formation 
on the snowline. The process involves the ratio of sizes and/or densities 
of aggregates before and after evaporation of ice and allows us to determine 
whether they would accumulate near by the snowline or move to smaller 
radial distances of inner planets formation [1, 2]. 
The effect of icy dust aggregates structure near the snowline was evaluated 
in the earlier studies [3] but how the structure of icy aggregate affects the 
parameters of fragments and planetesimals formation was not clarified. 
The problem is addressed in this study.
The structure, composition, size, and density of ice containing dust aggre-
gates was constrained using the cometary nucleus data available includ-
ing those of 67P/Churyumov-Gerasimenko comet revealed by the Rosetta 
mission [4], as well from several Kuiper Belt objects (see [5] and refer-
ences therein). In particular, a high refractory-to-ice mass ratio inside 
the nucleus (δ> 3) was derived [5]. The cometary nucleus is composed 
of fairly dense pebbles consisting mainly (~ 90%) of silicates, sulphides 
and a large fraction of organic matter, and only ~ 10% of water ice [4]. 
The mass ratio of pebbles is up to ~ 99% and only ~ 1% amounts to fluffy 
dust particles. Experiments with collisions of small particles of fractal 
structure showed that initially fractal dimension growths resulting in 
sticking fractal clusters and then it is replaced by bouncing when aggre-
gate sizes reach ~ 1 cm for stony and at least tenfold larger icy aggregates 
(see [4] and references therein). This is confirmed by the results of mod-
eling [8].
Input parameters and method:
With regard to these data, we consider a pebble-sized icy aggregate near 
the snowline having various fractal dimension meaning its variable poros-
ity. It was suggested that a spherical aggregate consists of two smaller sets 
of spherical particles (pebbles) of different size and density due to their 
different composition/origin. One type of particles is assumed to consist 
mostly of ice evaporating completely at the snowline, a minor fraction 
of refractory grains inside being neglected. The other type of particles are 
refractories, which consists mainly of silicates, sulphides and organics while 
a minor fraction of water ice inside is ignored. These particles are assumed 
to fully preserve when crossing the snowline. In our model we vary size and 
density of both types of particles thus simulating the porosity and compo-
sition of the medium. The fractal icy assembly approach and the modified 
permeable particle method [9–11] were used. For the both types of parti-
cles a selected size range and the inversed power-law size distribution with 
variable exponent was accepted. Following the data available on the peb-
ble sizes achievable in the protoplanetary disc, the aggregate diameter var-
ied in the range from 1 to 10 cm. The smallest diameter of each type parti-
cles inside the aggregate was at least one two-hundredth of the aggregate’s 
diameter due to computational limits. 
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Results and discussion:
The results of our modeling was obtained for the following set of parameters: 
Diameter of the aggregate is 10 cm; fractal dimension is 2.75; diameters of 
refractory particles are varied from 0.05 to 0.1 cm; diameters of ice particles 
are varied from 0.5 cm to 1 cm, i.e. ten times larger; exponent in the inverse 
power-law size distribution is equal to 3.5 (similar to interstellar dust particles 
and crater sizes), which yields the average diameters ~ 0.06 cm and 0.6 cm, 
respectively; density of refractory particles is taken equal to 1.2 g cm-3; den-
sity of ice particles is assumed to be 0.1 g cm-3 corresponding to rather high 
porosity ~ 0.9. The total mass of the aggregate was obtained to be 60.1 g, the 
masses of refractory and ice components are 54.2 and 5.9 g, respectively; 
their ratio is similar to that in the 67P nucleus.

 
Fig. 1. Left: The dust aggregate with diameter of 10 cm and total number of particles 
N = 306336 before evaporation of ice at the snowline. Blue balls are ice particles, 
yellow are the chains of refractory particles. Right: The largest refractory fragment 
resulting from evaporation of ice; number of particles N1 = 107487, that is 35% 
of the total number; the maximum size L = 7.7 cm.

Mass of the largest fragment (shown in Fig. 1) is ~ 32% of the total mass 
of aggregate before the ice evaporation; size of this fragment is ~ 77 % 
of the aggregate diameter. Mass of the second large fragment is 7.5 times 
less. In the option with greater ice mass fraction and higher density of ice par-
ticles, similar result of massive large fragments was derived. Such large frag-
ments drift from the snowline with rather high velocity into the inner planet 
formation zone [2]. However, in the case of smaller ice particles than refrac-
tory ones our modeling yields very small fragments of only several particles 
left. In such a case they will be slow down by the gas drag and accumulate in 
the asteroid formation zone.
It is aware that the results of modeling is to be analyzed in the whole range 
of the input parameters possible variations, which would allow us to estimate 
characteristics of the resulting fragments at the inner side of the snowline. 
Another goal is to assess the rate of sticking and aggregation of fragments 
at the snowline, jointly with their radial drift and influence of turbulent dif-
fusion in the disk gas. Providing the aggregation of fragments was efficient, it 
would drastically affect the radial motion and distribution of dust aggregates 
implying significant impact on the formation of planetesimals.
This work was supported by the Russian Foundation for Basic Research (Project 
17-02-00507).
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Initial data and the model of calculations:
In previous papers (e.g. [1]) the studies of fractions of planetesimals, ini-
tially located at different distances from the Sun, collided with different 
terrestrial planets were based on computer simulations of the evolution of 
disks of gravitating bodies combined at their collisions.Recently [2] I used 
another approach for estimates of such fractions. I made computer simu-
lations of migration of planetesimals, initially located in a ring, under the 
gravitational influence of planets or their embryos. Based on the arrays of 
orbital elements of migrated planetesimals, I calculated the probabilities 
of collisions of planetesimals with the planets or their embryos. In this inte-
gration, the collisions of planetesimals with planets were not simulated, 
but the planetesimals were excluded from integration when they collided 
with the Sun, or their distances from the Sun exceeded 2000 AU. In the 
series MeN of runs, the migration of planetesimals, originally located in 
a relatively narrow ring, is studied under the gravitational influence of all 
planets (from Mercury to Neptune). In the series Me01S of calculations, I 
considered the embryos of the terrestrial planets with masses equal to 0.1 
of the present masses, moving in present orbits of the planets, and also 
Jupiter and Saturn with their present masses and their present orbits (Ura-
nus and Neptune were excluded). ForseriesMe03N,masses of the embryos 
of the terrestrial planets equaled to 0.3 of the present masses of the plan-
ets, and all giant planets were considered. The influence of gas was not 
taken into account. The orbital elements of the migrated planetesimals 
were recorded in the computer memory with a step of 500 years. Based 
on these arrays, similar to the calculations presented in [3–4], for the con-
sidered time interval T, the probabilities of collisions of planetesimals with 
planets and the Moon and with their embryos were calculated.
250 initial planetesimals were consideredin each variant of calculations,. 
The semimajor axes ao of the initial orbits of the planetesimals changed 
from aomin to aomin+da AU, and the number of planetesimals with ao was 
proportional to ao

1/2. The values of aomin varied with a step of 0.2 AU from 
0.3 to 1.5 AU for different runs. da=0.5 AU for aomin=1.5 AU. For all other 
runs da=0.2 AU. In some variants of the MeN calculations, initial eccen-
tricities eo of orbits equaled to 0.05, and in other runs they were 0.3. 
For Me01Sand Me03Ncalculations I considered only eo=0.05. The initial 
inclinations io were equal to eo/2 rad. The probabilities of collisions of 
planetesimals during considered time interval T (equaled to 1, 2, 5,10, 
20 or 50Myr) with the Earth, Venus, Mars, Mercury, Jupiter, Saturn, the 
Moon and the Sun are denoted by pE, pV, pMa, pMe, pJ, pS, pMandpSun, respec-
tively. The probabilities of collisions of planetesimals with embryos of the 
Earth, Venus, Mars, Mercury, and Moon with masses equal to 0.1 of their 
present masses are denoted by pE01, pV01, pMa01, pMe01, and pMo01, respec-
tively. The tables with the values of the above probabilities for different 
calculations were presented in [2]. The considered model doesn’t take 
into account the mutual gravitational influence of planetesimals, which 
increased their eccentricities and mixing of planetesimals in the zone of 
the terrestrial planets.



196-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

Probabilities of collisions of planetesimals with forming terrestrial planets: 
For Me01S runs, at each considered ring, planetesimals collided mainly only 
with one embryo, and probabilities of collisions of planetesimals with other 
embryos were zero or were much smaller than those for that embryo. So 
inner layers of a terrestrial planet were formed by accumulation mainly 
of material from the neighbourhood of the planetary orbit. It was shown 
that Venus and the Earth, starting from 0.1 of their masses, could accumu-
late most of the planetesimals from the zone at 0.7–1.1 AU in less than 5 
Myr, and Venus could accumulate most of the planetesimals from the zone 
at 0.5–0.7 AU in not more than 10 Myr. The embryos of the Earth and Venus 
grew faster than the embryos of Mercury and Mars. For Me01S runs and 
the zone at 0.3–0.5 AU, pMe01 equaled to 0.03 at T=5 Myr. For the total mass 
Mb of planetesimals in the zone equaled to 0.1mE (wheremE is the Earth’s 
mass),MbpMe01=0.03mE is about a half of the mass of Mercury (0.055mE). 
Therefore, Mercury could accumulate a considerable fraction of its mass 
from neighbourhood of its orbit.For Me01S runs and the zone at 1.3-1.5 AU, 
pMa01 equaled to 0.011 and 0.035 at T equaled to 5 and 20 Myr, respectively. 
For the total mass of planetesimals in the zone Mb=0.2mEand pMa01 equaled 
to 0.011 and 0.035, we have MbpMa01=0.02mE and MbpMa01=0.07mE, respec-
tively. For Me01S runs and the zone at 1.5-2.0 AU, pMa01 equaled to 0.0075 
and 0.032 at T equaled to 5 and 20 Myr, respectively. So compared to other 
terrestrial planets, Mars (with its present mass of 0.107mE) could acquire a 
smaller fraction of its mass during the considered 5 Myr. However, at T=20 
Myr and the mass of material in the zone at 1.3–2.0 AU greater than 0.3mE, 
Mars could acquire most of its mass from this zone. 
Probabilities of collisions of planetesimals with the terrestrial planets: 
Analysis of Me03N runs showed that probabilities of collisions of the planetes-
imals, originally located at distances from 0.7 to 0.9 AU from the Sun, with the 
embryos of the Earth and Venus with masses equal to 0.3 from the masses 
of the present planets, differed for these embryos by no more than a factor 
of 2. The estimates based on MeN calculations correspond to the last stages 
of the formation of the planets. The ratio pV/pE of the probabilities of colli-
sions of planetesimals with Venus and the Earth was in the range from 0.5 to 
1.9 for aomin in the range from 0.7 to 1.1 AU. For aomin=1.3 AU, the ratio was 
also close to this interval (0.5, 1.9), e.g., at T=5 Myr it was 0.48 and 0.38 for 
eo=0.05 and eo=0.3, respectively (pV/pE=0.78 at T=20 Myr and eo=0.3). There-
fore, the amounts of material from different parts of the zone from 0.7 to 1.5 
AU from the Sun, which entered into almost formed the Earth and Venus, dif-
fered, probably, by no more than a factor of 2. For initial planetesimals with 
ao<0.7 AU, the fraction of planetesimals that fell onto Venus was at least sev-
eral times higher than the fraction of planetesimals that fell onto the Earth. 
The ratio pMa/pE exceeded 0.1 in the majority of calculations for aomin≥1.1 AU, 
and for aomin≤0.9 AU in two calculations it reached 0.045 and 0.087. The pMe/
pE ratio was close to 100 at aomin=0.3 AU, and pMe≈0.5 for aomin=0.3 AU, eo=0.05, 
and T=5 Myr. In other variants, pMe/pE was significantly smaller, although it 
reached 0.07 for aomin=0.7 AU, eo=0.3 and T=20 Myr. The results of the MeN 
calculations testify in favor of the accumulation by almost formed terrestrial 
planets and the Moon of the matter originally located near other planets. 
In some runs with aomin equaled to 0.3, 1.1, 1.3, and 1.5 AU, more than 10% 
of planets imals could fall onto the Sun. The ejection of matter into hyper-
bolic orbits and the probabilities of collisions of planetesimals with the giant 
planets were insignificant. 
The Earth and Venus could acquire more than a half of their mass in 5 million 
years. The ejection of the matter at collisions of planetesimals with planets, 
that was not taken into account in the considered model, can increase the 
time of accumulation of the planets. At a small mass of the Mars’s embryo, 
the embryo grew slowly. The formation of a Mars’s embryo with a mass that 
was several times smaller than that of Mars, as a result of the compression 
of a rarefied condensation, can explain the relatively rapid growth (not more 
than 10 Myr; such estimates were based on the Martian mantle Hf/W ratio) 
of the main mass of Mars. We can also suppose [2] the formation of Mercu-
ry’s embryo with a mass of 0.02 of the Earth’s mass by similar compression. 
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The features of the formation of the terrestrial planets can be explained with 
a relatively smooth decrease of the semi-major axis of Jupiter caused by its 
ejection of planetesimals into hyperbolic orbits, without considering Jupiter’s 
migration to Mars’s orbit and back (the Grand Tack model) and without sharp 
changes in orbits of the giant planets for the Nice model. 
Probabilities of collisions of planetesimals with the Moon:
At the ratio of the masses of the embryos of the Earth and the Moon equaled 
to 81 (the ratio of the masses of the Earth and the Moon), the ratio of proba-
bilities of planetesimals collided with the embryos of the Earth and the Moon 
in the considered calculations did not exceed 54 and was maximum at the 
masses of embryos about three times smaller than the present masses of the 
Earth and the Moon. The ratio of the total mass of the planetesimals that fell 
onto the Earth to the mass of the planetesimals that fell onto the Moon, in the 
considered MeN variants of calculations ranged from 16.9 (for aomin=1.1 AU 
and eo=0.3) to 35.6 (for aomin=0.9 AU and eo=0.05). 
Conclusions: 
The embryos of the terrestrial planets with masses which were not more than 
0.1 of masses of the planets accumulated mainly material from neighbour-
hoods of their orbits. The amount of material from different parts of the zone 
from 0.7 to 1.5 AU from the Sun, which collided with almost formed the Earth 
and Venus, differed for these planets, probably, by no more than a factor 
of two. Inner layers of each terrestrial planet could be accumulated mainly 
from planetesimals from the neighbourhood of the orbit of this planet. The 
outer layers of the Earth and Venus could accumulate similar planetesimals 
from different regions of the feeding zone of the terrestrial planets.At the 
ratio of the masses of the embryos of the Earth and the Moon equaled to 81 
(the ratio of the masses of the Earth and the Moon), the ratio of probabili-
ties of planetesimals collided with the embryos of the Earth and the Moon 
in the considered calculations did not exceed 54.
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Lidov-Kozai cycles — long-term periodic synchronous variations of an object’s 
eccentricity e, inclination i, and argument of periapsisω – are a key concept 
for describing secular evolutionof the orbit. They are also instrumental in 
understanding dynamical structure of planetary systems as well as debris 
disks and belts.
We study seculardynamics of Kuiper belt objects (KBOs) in mean motion res-
onance (MMR) within restricted three-body problem (R3BP). For a “Sun-plan-
et-KBO”system MMR (p+q):pcan be defined as an orbital configuration in which 
the KBO completes p+q rotations around the Sun in the same time the planet 
completes p rotations (p and q are integer numbers). Special attention is paid 
to theexterior first order MMRs (q=-1).In Kuiper belt these resonances are rep-
resented by large populations such as twotinos and plutinos, which are the 
objects in 1:2 (p=2) and 2:3 (p=3) MMRs with Neptune, respectively.

Fig. 1. Secular evolution of twotinos: model(left) vs numerical simulation of the entire 
solar system (right). Objects 1997SZ10 and 1998SM165 are in Lidov-Kozai resonances 
with ω librating about the values that are neither 0°, 90°, 180°, nor 270°.

A key feature that distinguishes our model from the prior art, is itsapplicabil-
ity to orbits with arbitrary values of eccentricity and inclination. It became 
possible owing to a combination of the approach developed by Wisdom [1] 
with semi-analytical methods based on numerical averaging of disturbing 
function. Thus, the complete survey of secular dynamics in first-order MMR 
within R3BP is carried out, revealing a broad variety of Lidov-Kozai cycles. 
Many specific cases of secular evolutionare illustrated by examples from 
dynamics of actualKBOs (Fig. 1). Some of the described Lidov-Kozai cycles are 
well-known and exist outside of MMR as well [2, 3], some were previously 
encountered only in numerical simulations involving fictitious particles [4], 
while some appear to be new and unique (Fig. 1) and are not replicated by 
low-order models of the resonance [5].
Furthermore, our model allows revising the results of [6] and discussing 
the role of giant planets (other than Neptune) in secular dynamics of reso-
nant KBOs.
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Introduction:
Pinnacles, which are local promontories of various shapes including spires with 
pointed tops, are known in several geologic environments on Earth [e.g., 1]. 
They mostly represent erosional remnants created by a loss of material sur-
rounding spots of the more-erosion-resistant material. On comet nuclei they 
were first briefly described on the nucleus of comet Wild 2 [2] and then dis-
cussed along with other surface features by [3] and [4]. In the case of comet 
nuclei, the pinnacle-forming erosion is most probably sublimational loss of sur-
face material to coma and further to open space. Such mechanism of pinna-
cle formation suggests that their maximum heights on the nucleus represent 
a measure of minimum depth of the surface erosion and their number and 
sizes provide information on degree of inhomogeneity of the nucleus material. 
On the nucleus of comet 67P/Churyumov-Gerasimenko, pinnacles (Figure 1) 
were first identified and described in its northern part by [5]. The current paper 
briefly discuss progress in studying of the 67P pinnacles achieved through 
the comprehensive analysis of the OSIRIS camera [6] images and high-resolu-
tion shape model SHAP7 [7] of the total nucleus surface.
Analysis of pinnacles on the surface of 67P
Inhomogeneity of a nucleus structure can be observed on different size levels. 
The highest level of inner inhomogeneity forms are regional ridges and depres-
sions. These ridges have about a hundred meters in width and a few hundreds 
of meters length. Lower level of the material inhomogeneity can be observed 
in the surface structure of individual boulders and finer. In the current work, 
medium size of inhomogeneity (pinnacles) is considered (fig.1).

Fig. 1. Fragment of OSIRIS NAC image (left) and image with superposed color-coded 
values of the slope steepness (90°—vertical, 0° — horizontal) (right) with pinnacle 
Anuket-1 in the Anuket region (OSIRIS image N20160127T232331219ID30F41).

Using the mentioned high-resolution data, 166 pinnacles were identified 
on the surface of the nucleus. For these pinnacles, morphometric measure-
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ments were made — one of them is measuring of the interval in the base 
of pinnacle in smaller (d) and bigger (D) planimetric directions. The pinna-
cles were divided into two types: 1) those with rounded planimetric shape 
(d/D>0.7) and 2) local ridges (d/D ≤0.7). 54 rounded pinnacles with heights 
from 10 to 93 meters, with mean ratio of high (h) to smaller axes (d) ~0.4 and 
112 ridges with heights from 9 to 137 meters with mean dependence of h/d 
~0.6, were observed (fig.2).
In lateral views, pinnacles are typically asymmetric and have both gentle and 
steep slopes with the average slopes’ angle to be ~60°. Pinnacles typically 
deviate from plumb line suggesting that their shapes almost do not con-
trolled by gravitational forces. Inclination of pinnacles from plumb line is 
sufficiently high. Mean deviation from the plumb line is ~34° with standard 
deviation ±20° (±1σ) and statistical dispersion near 90°.

Fig. 2. Global map of the pinnacle distribution with separation them in the rounded 
ones (violet) and local ridges (orange).

Analysis of the OSIRIS images of the 67P nucleus shows that pinnacles repre-
sent outcrops of consolidated material with knobby texture, similar to con-
solidated material outside of pinnacles. In the south hemisphere of the 67P 
nucleus at the base of pinnacles’ boulders were observed. Frequently, 
in the northern regions, pinnacles are usually surrounded by both smooth 
material and boulders. It is assumed that boulders around pinnacles are frag-
ments of pinnacle material.
The observed heights of pinnacles vary on regional scale, which makes it pos-
sible to estimate a minimum thickness of lost material in different regions. 
The average height of 10 highest pinnacles were calculated for regions mainly 
with solid material (generally in south hemisphere) was found to be 80±8 m 
thickness and, for regions with smooth material, (generally in northern hemi-
sphere) -98±13 m. So, estimates of minimum thickness of the erosionally 
lost material in the nucleus south and north are practically the same. Using 
a thickness of lost material, a time period needed for these processes can 
be calculated.
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Introduction:
101955 Bennu is one of the near-Earth asteroids (NEAs) of taxonomic type B 
with the most primitive mineralogy, similar to CI and CM carbonaceous chon-
drites with a predominance of hydrated compounds [1]. Using the OSIRIS-
REx spacecraft studying the asteroid at the present time, it was first discov-
ered dust activity of Bennu [2]. This process is explained by the formation 
of ice dust particles during cracking and drying of hydrosilicates, which make 
up a significant proportion of Bennu’s substance, during stay of the asteroid 
at elevated subsolar temperatures [3].
Problem formulation and results:  
As follows from the experiments, the heating of CI-CM carbonaceous chon-
drites to temperatures of ~ 1000° C leads to the release of up to 30 wt. % 
bound water [4]. At the same time, estimates show that although the tem-
perature increase on the surface of Bennu near perihelion (the eccentricity 
of its orbit e = 0.203745) can reach several hundred degrees, at the depth 
of only a few centimeters, the temperature decreases by 100 degrees [5]. 
Therefore, another mechanism of dust activity of such primitive asteroids 
deserves attention − sublimation of ice (mainly H2O), located in the near-sur-
face or deeper layers of such bodies, where the “heat wave” reaches when 
the temperature on the surface increases. A similar variant of the activity 
of primitive-type NEAs was considered by us on the example of the asteroid 
162173 Ryugu, which has a taxonomic type close to Bennu, using an analyti-
cal model based on the assumption of the presence of water ice in interiors of 
the body (at least at the beginning of its stay in the near-Earth space) [6]. Aim 
of the work is a computer simulation of the temperature regime of Bennu 
and searching areas where the presence of water ice is possible under its 
surface.
Assumptions and modeling.  
To calculate the temperature distribution on Bennu and into its interiors, 
we used a model obtained from observations of the asteroid using ground-
based radar at a wavelength of 12.6 cm (band S), which includes 49152 
surface elements [7, 8]. Variations in near-surface properties and rego-
lith structure of asteroids are currently not well determined and radar is 
a useful tool for investigations of NEAs [9]. Given the low average density 
of the asteroid [10], as well as its belonging to the low-temperature type B, 
we assumed that its composition is a mixture of silicates, hydrosilicates and 
water ice. We also assumed that the asteroid is covered by a layer of regolith, 
the thickness of which is minimal at the poles (~1 m) and increases linearly 
to the equator, reaching 4 m. According to our model, the shares of different 
compounds in the depths of the asteroid are: water ice – 15%, and hydro-
silicates and silicates – 45 and 40%, respectively. Porosity of the upper layer 
of regolith (within 0–0.5 of its total thickness), consisting mainly of smaller 
and more packed particles, was assumed to be 0.35, and of the lower layer, 
presumably consisting of larger blocks, — to be 0.54. The average density 
of denser high-temperature minerals and oxides (olivines, pyroxenes, magne-
tite, etc.) and of low-temperature hydrosilicates and hydroxides we adopted 
equal to 3.5 g/cm3 and 2.4 g/cm3, respectively, where the last value is close 
to the density of carbonaceous chondrites of CI-group [11]. Thus, density 
of the upper layer of regolith according to our model was 1.638 g/cm3, 
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the density of the lower regolith layer — 1.170 g/cm3, and the average den-
sity of Bennu turned out to be 1.190 g/cm3, which is in good agreement with 
an estimate from [10].
The temperature regime of the asteroid is determined by the solution 
of the heat equation
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where z is the depth in m, c(T) is the heat capacity of the considered asteroid 
soil layer, for which we used the expression from [12], k(z,T) is the coeffi-
cient of thermal conductivity of the soil, ρ(z) is the density of the soil sub-
stance; T0 is the initial temperature distribution in the soil; L is the pene-
tration depth of the heat wave; F0(M) is the flux of radiation from the Sun 
falling on a given area of the surface, M is the true anomaly determining 
the position of the asteroid in orbit, ε is the radiation coefficient (in this work 
it is assumed to be 0.95 similar to the coefficient for the Moon and Mercury), 
pv is the average Bennu’s surface albedo to be equal to 0.044 [13]; σ is the 
Stefan-Boltzmann constant. The heat flux from the interior of the asteroid is 
assumed to be 0. The heat equation (1) was solved for each of the mentioned 
49152 surface elements. 

Fig. 1. The temperatures below the limit of the diurnal oscillations on Bennu after 
10,000 years of its stay in the near-Earth space. 

Figure 1 shows the temperatures below the penetration depth of the diurnal 
temperature oscillation. Using these results, we investigated the possibility 
of water ice existence in the composition of Bennu. The duration of the exis-
tence of volatile compounds deposits (in this case, water ice) is determined 
by the rate of their sublimation [12]:

2
P

E
kT

a
=

π m
, (2)

where α is the condensation coefficient, k is the Boltzmann constant, P is the 
pressure of saturated water vapor, T is the temperature, μ is the mass of H2O 
molecule. According to our calculations, in the area of the asteroid poles 
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there are small areas (with a total area of about 300 m2) in which water ice 
can exist on the surface of the asteroid for a long time. In addition, we inves-
tigated the possibility of existence of water ice in the body of Bennu under 
a layer of “dry” (i.e., not containing volatile compounds) regolith. To do this, 
we modeled the regolith consisting of two layers: the upper layer was a soil 
without water ice and the lower one was taken consisting of a mixture of 
water ice (15%) and dry regolith (85%). Different thermophysical parameters 
of the lower layer, such as density, thermal conductivity and heat capacity 
of the mixture were calculated as

N=Nregolith γ+ Nwater (1-γ) (3)

where Ni water — a parameter of water ice, Nregolith — a parameter of regolith, 
γ — a share of regolith, (1-γ) — a share of water ice in the matter.
The change in the proportion of volatile compounds (in this case water) 
in the soil is characterized by the flow of the particles through the soil layer 
to the surface. For a soil layer of Δz thickness, this value is defined as [12]

2
IE

J
z

m
=

D
 (4)

where l is the size of the soil granules, Δz is the thickness of the soil layer, E 
is the evaporation rate of volatile compounds.

Fig. 2. Areas where water ice can be stable against evaporation up to the center of 
Bennu for 10,000 years.

Conclusions:
According to the results obtained by solving one-dimensional equation (1) 
(in the vertical direction), the existence of water ice on Bennu is impossible 
at any depth in the near-equatorial zone (φ < ± 45°) after its revolution around 
the Sun in the near-Earth space. For 10,000 years of the asteroid movement 
in the present orbit, water ice is possible only in the area closer to the poles 
(φ ≥ ± 45°) (Fig.2).
However, in this paper we neglected the lateral energy transfer between 
adjacent elements of the asteroid. But the presence of water ice in the rego-
lith significantly affects the thermophysical parameters of the soil. In par-
ticular, the thermal conductivity of the soil significantly increases, and for 
correct calculation of the temperature distribution in the asteroid, it is nec-
essary to take into account the horizontal heat transfer. Perhaps this will 
explain the activity of the asteroid near the aphelion of its orbit (it was 
just the case considered by us previously for asteroid 162173 Ryugu [6]). 
This will be the subject of our further investigations.
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Comets are among the most primitive bodies of our solar system. Follow-
ing classical dynamical scenarios, comets were formed during the early 
stages of the solar system, 4.5 billion years ago, and have since been stored 
far from the Sun in a very cold environment. Thus, they hold clues to con-
strain the formation and evolution of our solar system, including insights on 
prebiotic molecular chemistry and the origin of life on Earth. Composed of 
minerals, organics, and ices (mainly H2O, CO2, and CO ice) comets become 
active, when approaching the Sun: ices sublimate and comets erode by losing 
gas and dust, forming their well-known and characteristic coma and tail that 
can extend over millions of kilometers. Cometary activity has been observed 
since the Antiquity, but only understood as resulting from ice sublimation 
in the 50’s (Whipple’s model). While this overall picture is still valid today, 
the details are far from being understood and we still do not have a compre-
hensive view of cometary activity.
Our physical understanding of cometary activity really started in the 50’s 
with the comet nucleus model of the “dirty snowball” developed by Whip-
ple, which demonstrated the key role of water ice sublimation. Following this 
initial model, progress has been made using different methods: i) Observa-
tions of comae with Earthbased telescopes, with a breakthrough in cometary 
composition, ii) Theoretical numerical models, iii) Laboratory experiments, 
mainly since the early90’s starting  with the KOSI experiments, and, finally, 
iv) In-situ observations of comae and nuclei by dedicated space missions; 
six comets have been visited by spacecraft since the 80’s, which cumulated 
with the two year continuous observation of comet 67P by Rosetta in 2014-
2016. From all these remote or in-situ observations, laboratory experiments 
and theoretical models, emerges a picture of activity driven by ices, which 
sublimate when the comet approaches the Sun, dragging dust in the coma 
as Whipple had envisaged but with many questions still remaining concern-
ing the details.. 
Looking at the numerous and fundamental discoveries made in space, 
there remains a lag in  the theoretical field in some areas: our understand-
ing of the microphysical processes responsible for the transfer of energy 
and mass in the cometary nucleus (which determine cometary activity) has 
hardly improved significantly. We still do not understand the most basic (fun-
damental) things: 1) we cannot explain how the activity changes depending 
on the heliocentric distance; 2) we do not understand what serves as a driver 
of dust activity (how dust is released). These two questions set the boundar-
ies of the problem: we need new models applicable for the analysis of both 
macro- and microscopic problems. 
Since the beginning of the Rosetta mission, it was clear that theoretical 
models claiming to describe cometary activity should explicitly take into 
account the fact that volatile sublimation does not occur from the surface 
of the nucleus, but from under a porous dusty crust. Such model was first 
proposed by [3] and later applied in [2, 4, 5]. In these thermophysical mod-
els, the explicit two-layer model of the near-surface region was applied with 
varying degrees of rigor. The authors focused on various specific features 
of the transfer processes (weakening of the efficiency of sublimation, radia-
tive heat transfer, porosity and bulk ice/dust ratio). However, in all published 
theoretical models, without exception, it was assumed that the properties 
remain unchanged both with a change in the heliocentric distance and for dif-
ferent regions of the nuclear surface. This used basic model assumption can 
be called an assumption of a static dust layer. Here it is important to explain 
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one nontrivial detail: the concept of static does not mean that the layer 
does not change, quite the opposite, in these models it is assumed implicitly 
that the dust particles on the upper boundary of the layer are constantly car-
ried away by the gas flow, and this ablation is exactly offset by the addition 
of new particles on the lower boundary of the layer (so we have at the same 
time a fixed layer thickness and non-zero dust production). 
It seems obvious that this assumption is artificial and non-physical. However, 
today we do not have more adequate models. It is not surprising, there-
fore, that none of the models mentioned can explain two very important 
observable effects: an accelerated increase in gas production near perihe-
lion and a shift in maximum gas production. At the same time, it was shown 
in [1, 4] that these effects are well explained by the hypothesis of variabil-
ity in activity. Unfortunately, in the proposed form, this hypothesis is essen-
tially just a model parametrization. It does not contain a consistent micro-
physical model describing the observed changes (this task was not posed 
by the authors). Nevertheless, it gives us important clues about what micro-
physical processes should be included in future models. We can expect that 
the changeable activity may be due to the activation of previously inactive 
(or weakly active) areas. The main question arises: How can we significantly 
increase activity in a microphysical model built on first principles?
We will present the recent results of modeling heat transfer in a cometary 
nucleus at different spatial scales: micro, meso and macro. Problems aris-
ing from the use of simplifying assumptions about the constant structure 
of the dust layer will be analyzed.
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Introduction:  
It was assumed that barrage of comets and asteroids produced many young 
lunar basins (craters over 300 km in diameter) during an impact spike 
at ~ 3.7 Ga (Late Heavy Bombardment, LHB). Many authors assume the LHB 
ended about 3.7 to 3.8 billion years (Gyr) ago with the formation of Orien-
tale basin, but recent analysis of the possible 40 Ar diffusion in Apollo sam-
ples make this assumption questionable [1]. Evidence for LHB sized blasts 
on Earth extend into the Archaean and early Proterozoic eons, in the form 
of global ejecta layers of impact spherule beds. At least seven spherule beds, 
formed between 3.23 and 3.47 Gyr ago, have been found, four between 
2.49 and 2.63 Gyr ago, and one between 1.7 and 2.1 Gyr ago [SM]. Recently, 
in the geological time scale, late Eocene impact clusters were formed: the Mt 
Ashmore structural dome at Timor sea (D ~ 90 km, 35.4 ± 0.1 Ma), Popigai 
in East Siberia (D ~ 100 km, 35.7 ± 0.2 Ma) and the Chesapeake Bay in North 
America (D ~ 85 km, 35.3 ± 0.1 Ma). The formation event could have been 
a rupture of a huge asteroid with a size of 30-40 km into pieces under 10 km.  
New data on the east Antarctic gravity field from the Gravity Recovery and Cli-
mate Experiment (GRACE) mission revealed a prominent positive free-air 
gravity anomaly over ca. 500 km diameter subglacial basin centered on (70ºS, 
120ºE) in north central Wilkes Land [2]. The inferred impact crater is nearly 
three times the size of the Chicxulub crater (D ~ 180 km, 65 ± 0.2 Ma) and pre-
sumably formed at the beginning of the greatest extinction of life on Earth at 
ca. 260 Ma. The Siberian Traps were antipodal to it. Potential sources of such 
uninvited guests are near-Earth asteroids families — Apollons, Atons, etc. 
Theirs debris regularly cross the Earth’s orbit and, once in a hundred years, 
the fall of a body with size ~ 10 m occurs. The probability of significantly 
larger falling fragments, at a size of ~ 1 km, is much smaller, with a recurrence 
of a few million years. Nevertheless, disastrous consequences for the entire 
Earth’s biosphere makes detailed studies of their strength and rate of decay 
under the action of tidal forces an active subject
Failure model:  

Fig. 1. Meteorite Chelyabinsk’ LL5 fragment:  a) pristine ordinary chondrite; b) impact 
melt. Breccias size ~ 35×25×15 cm, mass ~ 4 kg, mean density ~ 3.2 g/cm3.
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At present, the geological composition of small bodies of the Solar system 
is better known from a number of spacecraft missions to asteroids and com-
ets (Hayabusa, NEAR-Shoemaker, Rosetta etc.). They are mainly consolidated 
bodies, made of rocks, metal compounds and ice, with dramatic surface 
structures full of large craters and/or system of cracks which should dis-
appear in the case of full fragmentation and subsequent re-accumulation. 
A detailed study of the meteorite Chelyabinsk (LL5 S3 W0 ordinary chondrite, 
fall 15 February, 2013) revealed that its parent body’s composition was brec-
cias of pristine chondrite material and crystallized impact melts with hard 
coupling with each other. One of its main rest’ fragment is shown on Fig. 1 
and thoroughly done measurements provided the mechanical strength 
of underlying surface rocks [3]. 
Apparently, melting and subsequent solidification are common processes fol-
lowing shock wave propagation on asteroids and comets after impact events. 
Therefore, to consider small bodies’ failure states of stress, we need a failure 
model, as used in rock mechanics.
The Grady & Kipp [4] dynamic fragmentation model treats the fracturing 
material as if it were a continuum. The average effect of many individual frac-
tures is incorporated into a scalar parameter called damage, D. The parameter 
D is defined such that D = 0 corresponds to intact, undamaged rock, and D = 1 
means the material is completely fragmented and unable to transmit tensile 
stress — i.e. the body is a collection of separate fragments. In this model, 
the yield strength, Y, is given by 

(1 ) i dY Y Y= - ⋅ + ⋅D D , (1)
where Yi and Yd are the yield strengths of intact and shock-damaged rock, 
respectively. The yield strength Yd is well established and is known as the Cou-
lomb friction law,

d coh damY Y P= +m ⋅ ,  (2)
where Ycoh, μdam and P are the cohesion, internal friction and pressure, 
respectively. The Yd is limited by the von Mises plastic limit, which is typically 
1–5 GPa under strong compression. The maximum value of μdam ~ 0.6 is typi-
cal for rocky granular media.
Recent observations have indicated that rubble pile asteroids (D = 1) may 
have a small, but finite, level of tensile strength allowing them to have rota-
tion rates above their spin deformation limit [5]. Estimation of maximum 
possible tensile strength provides only value ~ 10 KPa. Popova et al. [PO] 
assembled data on 13 cases of meteoritic falls and estimated the bulk 
strength of the objects corresponding to their earliest observed fragmen-
tation in the high atmosphere. In all 13 cases, the strengths were much 
less than the compressive or tensile strength reported for that class 
of stony meteorites. Bulk compressive strengths upon atmospheric entry 
of these bodies were shown to be very low: 0.1 – 1 MPa on first breakups 
and 1 – 10 MPa on final breakups. 
From the [6] we can see that pre-entry, 10–100 meter scale interplane-
tary meteoroids are typically highly fractured (0.5 < D < 0.8) and can break 
up under tensile stresses of 0.03 + 1 MPa. The exception is the fall (Septem-
ber 15, 2007) of the Carancas stony meteorite at Peru which caused the for-
mation of a 13 m wide impact crater. It was classified as an ordinary chon-
drite H4–5 with an estimated initial size ~ 0.9 + 1.7 m, a compressive strength 
~ 20 + 40 MPa and a tensile strength ~ 1.2 + 2.4 MPa, depending of the trajec-
tory. So, the Carancas meteorite is a rare example of a monolithic meteoroid 
that was almost free of internal cracks (0 < D < 0.2). 
Results: 
One of the most important questions in this context is at what distance 
from a large planet such a body may split, and how this distance depends 
on the physical properties of the body. This has been under debate ever since 
Edouard Roche, calculating his famous expression for the splitting distance, 
D, as

10MS3- SB-09



211-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

11
33 0

0
2.45 2.45p

p
p p

D
D R or

R

 ρ  ρ
= ⋅ ⋅ δ = =    ρ ρ   

,
 

(3)

where Rp and ρp are the radius and density of the planet, and ρ0 is the density 
of the small body. Roche used a homogeneous, self-gravitating liquid satellite 
on a circular orbit around a solid planet, no reference to any other property 
of the body than its density.
Let us consider the stability of a rotating prolate body during a close encoun-
ter with Earth, in a general scaling form. As we know from the detailed anal-
ysis [7], the tensile (positive) stress, σxx, appears first on the surface equator 
at the point x = z = 0, y = c, for some distance Dc (“down” case). The parame-
ter Dc could be defined as
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(see [SV] for details about functions T(k,t), etc.). Therefore, δc is defined by 
the condition ( ) ( ), , 0e

xx cD vs ⋅ ε = :
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This scaling form, connecting the dimensionless variables
 

1
3

0

p p

D
R

 ρ
δ =   ρ 

 and 

0g

I
I
ω ωρχ = =

ρ
, 

2G Tω
π

ρ =
⋅

, allows to analyze the critical distance for any pos-

sible combination of physical parameters of asteroid and planet. For a sphere 
ε = 0, δc takes the simplest form 
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v

v v v v

⋅ -
δ =

 + - -χ ⋅ ⋅ - - ⋅ 

 (6)

In the future, it is planned a further development of the Griffiths theory 
to study the conditions of cracks growth at small bodies’ environments.
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Introduction:
The Martian Moons eXploration (MMX) missionto be launched 2024 
by  the Japan Aerospace Exploration Agency (JAXA) will conduct remote sens-
ing observations of both Mars moons, Phobos and Deimos, and will as well 
carry out in-situ observations on and return samples from the surface of Pho-
bos [1] back to Earth. A rover provided by DLR/CNES will be delivered to Pho-
bos and perform scientific measurements on the surface including Raman 
spectroscopy with an instrument developed byDLR/INTA/JAXA.
Raman spectroscopy for mineral phase identification on Phobos.
Phobos occupies a unique position in the exploration of the Solar System. 
It is a low-gravity object inside the gravity well of Mars. The origins of both, 
Phobos and Deimos, are uncertain and studying both provides insights into 
the formation of the inner Solar System, including the terrestrial planets [2]. 
Gaining knowledge about the origin, evolution, and formation of Solar Sys-
tem bodies is the main objective of MMX and the accompanying rover mis-
sion. For this purpose information about Phobos’ mineralogical and geo-
chemical composition will be obtained in-situ using Raman spectroscopy [3]. 
The investigation of returned samples in laboratories on Earthallows more 
detailed analyses and provides the most unambiguous means to distinguish 
among the different hypotheses about the moons’ origin.
RAX (Raman spectrometer for MMX) is a compact, low-mass Raman instru-
ment witha volume of approximately 81×98×125 mm³ and a mass of less 
than 1.4 kg developed by DLR, INTA/UVA and JAXA/UTOPS/Rikkyo. It will per-
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form spectroscopic measurements to identify the mineralogy ofthe Phobos 
surface. The RAX data will support the characterization of a potential land-
ing site for the MMX space craft and the selection of samples for the return 
to Earth. The RAX measurements will be compared with Raman measure-
ments obtained from the RLS instrument during the ExoMars 2020 mission, 
to provide evidence for the Martian or non-Martian origin of the surface min-
erals of Phobos.
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Introduction:
The dynamical evolution of asteroids pairs on close orbits has been studied 
for more than 10 years. Such asteroid pairs may be of a common origin. They 
can be formed as a result of the ejection of fragments of the large asteroids 
substance during non-catastrophic collisions of these asteroids with other 
small bodies. Asteroid pairs also can be formed in the process of crushing 
an asteroid under the action of the YORP effect, and as a result of the decay 
of binary and multiple systems of asteroids due to the BYORP effect. Anal-
ysis of asteroid pairs distribution shows that close pairs are concentrated 
in the main asteroid belt, but they are not found among the known near-
Earth asteroids. The reason may be the gravitational scattering of the form-
ing asteroid pairs due to approaches with the terrestrial planets.
In order to study the mechanisms of gravitational scattering, dynamical evo-
lution of asteroid pairs on close orbits has been investigated in the terrestrial 
planet region.Evolution in the past is consideredfor several asteroid pairs: 
(3200) Phaethon, (155140) 2005 UD, (225416) 1999 YC, 2012 KT42,and oth-
ers. The cluster 3200–155140–225416could be formed by rotational fission 
of a critically spinningparent body.We investigate the evolution of this group 
of asteroids in order to estimate the time when these pairs appeared.
Method:
Numerical modeling of the motion of asteroid pairs was performed for 200 kyr 
into the past, using the codeOrbit9 of the OrbFitsoftware [1]. Orbital ele-
ments of the asteroids, taken from the AstDySdatabase (Asteroids Dynamic 
Site1), for the epoch T0= MJD58400 (00h 00m 00s 09/10/2018), were used 
as initial ones. The equations of motion of the asteroid, the eight major 
planets and the dwarf planet Pluto were integrated together. Oblateness 
of the Sun, relativistic effects and semimajor axis drift due to the Yarkovsky 
effect were also taken into account.

In order to take the Yarkovsky effect into account, we tried to estimate the max-

imum values of the semimajor axis drift 
da
dt

 for asteroids of the group, using 

physical parameters and da
dt

 of asteroid (101995) Bennu, which are well-

known at the moment [2]:
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Here e is the eccentricity of the orbit, D is the diameter of asteroid, ρ 
is the bulk density of asteroid, φ is the obliquity (angle between the spin 
axis and the normal to the orbit plane), and A is the Bond albedo ( 1

3
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where pυ is the geometric albedo). The symbols with a “B” refer to asteroid 
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( )0.492 0.020BD = ±  km, ( )1.26 0.07Bρ = ±  g/cm3, 0.046 0.005
B

pν = ± , 

( )175 4
B

φ = ± .

The search of the new groups of asteroids on close orbits was performed 
using the Kholshevnikov metrics ς2, which is the distance between two orbits 
in the five-dimensional space of Keplerian orbits [3,4]. The group was defined 

as a group, if  ς<0.04au 
1
2

 for each pair in the group.
Results:
We estimated the maximum absolute value of the semimajor axis drift 

da
dt

.If we 

do not know the inclination of theasteroid rotation axis to the orbital plane, 

we consider both cases with 
max

da
dt

 +  
   

and with, 
max

da
dt

 -  
 

, a case with 

a half of 
max

da
dt

 
 
 

, and alsoa zero drift case. For (3200)Phaethon, we accept 

three cases: nominal drift value, 
min

da
dt

 
 
 

 and 
max

da
dt

 
 
 

 (within the standard 

deviation). So, for (3200)Phaethon: ( ) 46.9 1.9 10
da
dt

-= - ± ×  au/Myr [5].

Table 1 shows the estimations of the close approach moments (Δt from 
MJD58400 to backward), the relative distance Δr, and the relative veloc-

ity Δv, as well as the rates of the semimajor axis drift
 

da
dt

 for both aster-

oids of the pair, the Hill radius RH  for the primary asteroids of the pairs, 
and the escape velocity vesc for the secondary asteroidwith respect to the pri-
mary asteroid. For (3200) Phaethon, radius of the Hill sphere is accepted 
to be 78 km at the distance equal to the value of semimajor axis [6]. 
For aphelion RH =113 km, and for perihelion RH =6.6 km. The escape veloc-
ity on the surface of the Hill sphere in aphelion vesc =1.29 m/s, in perihelion 
vesc=1.68 m/s. For RH=78 km, vesc=1.55 m/s.

Table 1. Approaches of asteroids for pairs with close values of the Kholshevnikov met-
ricsρ2

Asteroid 1 
(Primary)  

—  
Asteroid 2 

(Secondary)

da
dt

 
 
 

,
 

au/Myr
2

da
dt

 
 
 

, 

au/Myr

Δt, 
years

Δr, 
km

RH, 
km

Δv, 
m/s

vesc, 
m/s

(3200)Phaethon  
—  

(155140) 2005 
UD

6.9E-04 9.8E-05 82678 3 329341 113 11.77 1.29

(3200) Phaethon 
—  

(225416) 1999 YC

6.9E-04 1.2E-04 166522 1 563532 113 7.22 1.29

(3200) Phaethon 
 — 

 2012 KT42

6.9E-04 0.4E-03 104758 3 672321 113 12.27 1.29

We have considered only nominal trajectories, and we haven’t found any close 
approaches within 200 kyr. Further, it is planned to increase the integration 
interval up to 400 kyr, and to consider the nearest clones of the trajectories 
within the limits of orbital elements definition errors.
The Yarkovsky effect and well-determined orbital elements was required 
to take into account accurately to carry out precise simulation of the dynam-
ical evolution of the asteroid pairs. Determination of physical and rotational 
parameters of asteroids as well as precise orbit determinationare needed 
to solve this problem.
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In addition, we found some new groups of asteroids using the Kholshevnikov 
metricsfor further consideration: the first one consists of 2010 CL35,2008 
EK60, 2006 DY217; the second one consists of 1999 TS224, 2007 RW5, 
2009 SK141.

Acknowledgments: 
The study was funded by RFBR (the research project no. 18-02-00015)

References:
[1] OrbFit Consortium, OrbFit: Software to Determine Orbits of Asteroids. Astro-

physics Source Code Library. 2011. arXiv:1106.015.
[2] Del Vigna A., Faggioli L., Milani A. et al. Detecting the Yarkovsky effect among 

near-Earth asteroids from astrometric data // Astronomy and Astrophysics. 
2018. V. 617. Article id. A61.

[3] Kholshevnikov K.V., Kokhirova G.I., Babadzhanov P.B., Khamroev U.H. Metrics 
in the space of orbits and their application to searching for celestial objects of 
common origin // Monthly Notices of the Royal Astronomical Society. 2016. V. 
462. P. 2275–2283.

[4] Kuznetsov E., Safronova V. Application of metrics in the space of orbits to search 
for asteroids on close orbits // Planetary and Space Science.2018. V. 157. P. 
22–27.

[5] Hanuš J., Vokrouhlický D., Delbo’ M. et al. (3200) Phaethon: Bulk density from 
Yarkovsky drift detection // Astronomy and Astrophysics. 2018. V. 620. Article 
id. L8.

[6] Jewitt D., Mutchler M., Agarwal J., Li J. Hubble Space Telescope Observations 
of 3200 Phaethon at Closest Approach // The Astronomical Journal. 2018. 
V. 156. P. 238. 

10MS3- SB-11



217-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019 10MS3- SB-12

SEARCH FOR YOUNG ASTEROID PAIRS 
WITH CLOSE ORBITS  

E.D. Kuznetsov 1, A.E. Rosaev 2, E. Plavalova3, V.S. Safronova 1, 
M.A. Vasileva 1

1 Ural Federal University, Lenina Avenue, 51, Yekaterinburg, 620000, Russia, 
eduard.kuznetsov@urfu.ru, vika483@bk.ru, maxa1907@icloud.com;

2 Yaroslavl State University, Sovetskaya Street,14, Yaroslavl, 150000 Russia, 
hegem@mail.ru;

3 Mathematical Institute of the Slovak Academy of Sciences, Stefanikova 
848/49, 81473, Bratislava, Slovakia plavalova@komplet.sk

Keywords:
Asteroid pairs, numerical simulation, Yarkovsky effect, Kholshevnikov met-
rics, Hill radius, escape velocity.
Introduction:
Recently, a significant interest is the study of close pairs of asteroids, very 
likely having a common origin [1–3]. Pairs can be formed by collisional dis-
ruptions of massive asteroids. YORP-induced spin up may lead to rotational 
fission of fast spinning asteroids. In this case, the disparate fragment must 
exceed the escape velocity under the effect of the centrifugal force. Break-
ups of binary or multiple asteroid systems could also result in the formation 
of paired asteroids with close orbits. Examination of the dynamical evolution 
of asteroid pairs with close orbits allows estimating their ages. If an asteroid 
pair has been produced by fragmentation, of particular interest are physi-
cochemical properties of the relatively young surface, which has had brief 
contact with the space environment.
Method:
The search of candidatesfor young asteroid pairs has been carried out by 
means of the computation of the values of the Kholshevnikov metrics 2ς  
and 5ς  [4]. The metric 2ς  is the distance between two orbits in the five-di-
mensional space of Keplerian orbits. The metric 5ς  is a distance in three-di-
mensional factor-space of positional orbital elements. Osculating elements 
of orbits were used to calculate the metric 2ς  and proper elements of orbits 
were used to calculate the metric 5ς . Orbital elements of asteroids have 
been taken from Asteroids Dynamic Site — AstDyS1. Criteria for finding 
the new young asteroid pairs are 2 0.004ς <  au1/2, 5 0.001ς < au1/2, and 

2 5 0.001ς - ς < au1/2. Also, we consider some asteroid pairs with common 
origin from [5].
To study the dynamical evolution of some selected close asteroid pairs, the 
equations of the motion of the systems were numerically integrated 1 Myr 
into the past, using the N-body integrator Mercury [6].
We made three series of integration. In the first, we use only major planets 
perturbations. In the second we add Ceres, Vesta, Juno, and Pallas. In the third 
series of our numeric integration, we try to estimate the non-gravitational 
Yarkovsky effect. In addition to distance during the encounter, we perform 
calculation relative velocity along with integration by Nesvorný and Vokrouh-
lický [7] and by our previous paper [8] expression.
We perform numerical integrations of the orbits of all pairs of asteroids which 
were selected using the Kholshevnikov metrics over 100 kyr backward in time 
with the code known as Orbit91 [9]. Major planets’ perturbations, oblateness 
of the Sun, relativistic effects and semimajor axis driftdue to the Yarkovsky 
effect were taken into account. We used the relation between drift value 
and physical parameters of asteroid (101995) Bennu and asteroids’ parame-
ters in order to estimate their maximal drift values. Evolution scenarios with 
altered semimajor axis drift values were investigated. The moment of pair 
formation corresponds to the conditions that the distance between asteroids 
has the same order as the Hill radius and the relative velocity has comparable 
value with the escape velocity.
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Results:
Using the Kholshevnikov metrics, we found six new members of Rampo fam-
ily (2009 SR371, 2013 RL101, 2013 VC30, 2015 TA367, 2015 TM372, 2017 
UH21) which did not list in [1]. One new member of Hobson family (2017 
SQ83) was detected that did not list in [2].The two new asteroid clusters were 
discovered that comprising three asteroids ((381362) 2008 EP15, (405843) 
2006 BT227, 2012 XC32 and (338073) 2002 PY38, 2012 TZ97, 2016 SQ14) 
in each.
We considered conditions of the asteroids approaches for the asteroid pairs 
with close values of the Kholshevnikov metrics  and . Table 1 shows the esti-
mations of the close approach moments ( tD  from MJD58400 to backward), 
the relative distance rD ,and the relative velocity vD , as well as the rates 
of the semimajor axis drift da/dt for both asteroids of the pair, the Hill radius 

HR  for the  primary asteroids of the pairs, and the local escape velocity  
for the secondary asteroid with respect to the primary asteroid.

Table 1. Approaches of asteroids for pairs with close values of the Kholshevnikov met-
rics 2ρ  and 5ρ . 

Asteroid 1 
(Primary) — 
Asteroid 2 
(Secondary)

1

da
dt

 
 
 

,
  

au/Myr
2

da
dt

 
 
 

,
  

au/Myr

tD ,  
years

rD , 
km

HR , 
km

vD , 
m/s

escv , 
m/s

(355258) 2007 
LY4
—
(404118) 
2013AF40

–0.0012 –0.00081 8200 2029 136 0.18 0.005

(53576) 2000 
CS47
—
(421781) 2014 
QG22

–0.00015 0.00089 6121 5738 381 0.85 0.014

(180906) 2005 
KB6
—
(217266) 2003 
YR67

0.00064 0.00061 11788 2199 180 0.16 0.008

(87887) 2000 
SS286 —
(415992) 2002 
AT49

0.00011 0.00019 5635 1133 621 0.06 0.049

(320025) 2007 
DT76
—
(489464) 2007 
DP16

–0.00016 –0.00032 1632 1218 696 0.11 0.054

Table 2 presents the estimations of ages of asteroid pairs. We used the N-body 
integrator Mercury. The exception is the pair (46829) McMahon–2014 VR4 
that we integrated both Mercury and Orbit9. In some cases, we obtain 
for the pair age values very different from the values in paper [5] (boldface 
typed pairs in Table 2). For example, if the Yarkovsky effectproduces (46829) 

McMahon’s semimajor axis drift  51.8 10
da
dt

-= -   au/Myr then the estima-

tion of the ageof this pair is 26 kyr only. This problem required the future 
careful studying in each case.
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The Yarkovsky effect was required to take into account accurately to carry out 
precise simulation of the dynamical evolution of the asteroid pairs. Determi-
nation of physical and rotational parameters of asteroids is needed to solve 
this problem.

Table 2. Estimations of ages of asteroid pairs

#pair Asteroid 1 
(Primary)

Asteroid 2 
(Secondary)

Age, kyrs 
[5]

Age, kyrs

1 (5026) Martes 2005 WW113 18 18
2 (1741) Giclas (258640) 2002 ER36 200 180
3 (3749) Balam (312497) 2009 BR60 400 270
4 (46829) McMahon 2014 VR4 800 150 (Mercury)

950(Orbit9)
5 (4765) Wasserburg (350716) 2001 XO105 200 100
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Introduction:
Investigation of dusty plasma systems beyond the Earth’s atmosphere 
is of considerable interest not only from the viewpoint of understanding 
and describing the processes occurring in nature, but also in connection with 
the planning of space missions, including those to Mars and its satellites, 
as well as with the interpretation of data obtained in the existing and future 
space missions. In the Martian atmosphere, the presence of dust grains 
was never questioned, because grains of the Martian soil can be lifted from 
the surface due to various processes. The dust component can play a sub-
stantial (in some cases, decisive) role in the radiation balance. Dust grains 
get charged under the action of solar radiation, interaction with charged par-
ticles of the atmosphere and solar wind, triboelectric effect in dust devils, 
and other factors.
The Martian atmosphere is somewhat similar to the Earth’s atmosphere. 
In particular, there is an ionosphere on Mars with the maximum electron 
density of up to 105 cm-3 at altitudes of 135-140 km. The lower boundary 
of the ionospherelies at 80 km; however, it can come down to 65 km in some 
cases [1]. This fact points to the possibility of the development of dusty 
plasma processes in the atmosphere of Mars that have a certain similar-
ity with the processes of the formation of dusty plasma clouds occurring 
in the Earth’s atmosphere [2]. An adequate description of dusty plasma pro-
cesses in the atmosphere of Mars appears to be very important and timely 
from the point of view of developing its models.
Interest in investigation of the Martian satellites — Phobos and Dei-
mos stems from the fact that the satellites of Mars are more accessible 
for manned missions than Mars itself due to their weak gravity. For exam-
ple, the gravitational acceleration on Phobos is about 0.0057 m/s2, and land-
ing a spacecraft on its surface is more reminiscent of docking to another 
spacecraft rather than landing on a planet. According to observations made 
from the Viking [3, 4] as well as Phobos — 2 and Mars—Express space-
crafts [5], the surface of Deimos is covered with a dust consisting of small 
separate regolith grains formed as a result of bombardment of the sur-
face by microscopic meteoroids. Weak gravity enhances the role of dust 
on Phobos and Deimos, because even a small perturbation can lead 
to the formation of a massive dust cloud above the surface of these Mar-
tian satellites. Among the aims of the future Boomerang (Phobos—Grunt 
2) mission are to detect dust particles in an orbit around Mars and near 
the surface of Phobosand to determine the main parameters of dust particles 
(momentum, mass, velocity, and charge). Furthermore, the measurement 
of the plasma parameters and the determination of the local electric field 
near the surface of Phobos are expected. To these ends, piezoelectric impact 
sensors, whose operation is based on the impact action of a dust particle, 
and probes for measurements of the parameters of the plasma and the local 
electric field near the surface of Phobos will be used.
The purpose of this work is a brief review of the results of studies of fine 
particles and dusty plasmas in the atmosphere of Mars and in the vicin-
ity of its satellites Phobos and Deimos, carried out recently at the Space 
Research Institute of the Russian Academy of Sciences.
Dust in the atmosphere of Mars:
The atmosphere of Mars is much thinner than the Earth’s atmosphere, 
and its ability to hold dust grains for a long time is very low. High dust num-
ber density is observed only during dust storms or other events that lift dust 
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from the Martian surface. The data on the presence of dust in the Martian 
atmosphere were obtained from Mars rovers and instruments installed 
on orbital stations. However, estimates made by different methods yield 
somewhat different values of the main physical parameters of dust grains [6]. 
These discrepancies can be explained, e.g., by the presence of clouds of con-
densed grains. At altitudes of 100 km in the mesosphere, where the tem-
perature is sufficiently low for carbon dioxide freezing, clouds formed of dust 
grains with a size of about 100 nm (similar to noctilucent clouds in the Earth’s 
atmosphere) were observed by means of the SPICAM infrared spectrome-
ter installed on Mars — Express orbiter [7]. In addition, clouds of micron-size 
grains were observed at altitudes of about 80 km by means of the OMEGA 
spectrometer onboard Mars — Express [8]. A theory study of the role of con-
densation processes in the formation of dusty plasmas in the Martian ion-
osphere has been carried out in [9]. The calculations within the framework 
of the model [9] allow us to draw the following main conclusions concerning 
clouds of condensed particles.
1) Ice particles of CO2, which are initially in the zone of supersaturation of CO2 

vapor, collect on their surfaces most of the CO2 vapor and are precipi-
tated downward together with absorbed CO2 molecules. Particles of dif-
ferent dust layers absorb different amounts of carbon dioxide molecules. 
This leads to the possibility of the interfusion of layers and the formation 
of dust clouds. The characteristic time for the sedimentation of solid 
dust particles consisting of CO2 molecules in the condensation zone is 
about several minutes. Below the condensation zone, the particles evap-
orate. Accordingly, the characteristic time for the sedimentation of dust 
in the condensation zone determines the characteristic time for the exis-
tence of dust clouds similar to noctilucent clouds [2] in the Earth’s ion-
osphere. In the condensation zone, particles of CO2 ice can reach sizes 
of the order of 100 nm. This value is in accordance with the data of obser-
vations performed by the Mars — Express orbiter using the SPICAM IR 
spectrometer [7]. In the daytime, dust particles can acquire charges 
of the order of 100 e, where -e is the charge of an electron.

2) Similar to the situation at the Earth, particles with a characteristic size 
of several nanometers may exist in the Martian ionosphere over the con-
densation zone due to the bombardment of Mars by micrometeorites. 
Those particles that are initially located above the upper boundary of the 
condensation zone (even when reaching the condensation zone in defi-
nite time) cannot be significantly increased in size due to the insufficient 
(residual) amount of CO2 molecules in this zone. These nanoscale parti-
cles exist at altitudes from 112 to 115 km during several hours, which can 
lead to phenomena in the atmosphere of Mars, which are similarto polar 
mesosphere summer echoes [2] at the Earth.

Dusty plasmas at Phobos and Deimos:
In accordance with theory results [10, 11], due to the lower gravity, sub-
stantially larger dust grains (a ~ 1 µm) are lifted above the surfaces of Pho-
bos and Deimos relative to those lifted above the surface of the Moon 
(a ~ 0.1 µm). In this case, the role of adhesion, which seems to significantly 
hamper the detachment of dust grains from the lunar surface is substantially 
reduced on Phobos and Deimos. In fact, it can be stated that the formation 
of dusty plasmas above the surfaces of Phobos and Deimos is related to pho-
toelectric and electrostatic processes. The role of meteoroids in the forma-
tion of dusty plasmas in the near-surface layer above each of the satellites 
of Mars also turns out to be much smaller relative to the conditions exist-
ing on the Moon. At the same time, at long distances from Phobos and Dei-
mos (substantially larger than their linear dimensions of ~ 10 km), the effect 
of meteoroids leads to the formation of a dust halo consisting of grains 
with a size of about 10 µmand number density of Nd ~ 103 km-3 [12]. This den-
sity is much smaller than the number density of dust grains, which is estab-
lished near the surfaces of Phobos and Deimos due to photoelectric and elec-
trostatic processes. As to the specific features of dusty plasma near the surface 
of Deimos compared to that near Phobos, it should be noted that the size 



222-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 201910MS3- SB-13

and electric charge of dust grains at certain altitudes above the surface of Dei-
mos are larger than those at the same altitudes above the surface of Pho-
bos. In this case, the number densities of dust grains at the same altitude 
above Deimos and Phobos are nearly the same. This is related to the fact 
that the gravitational acceleration on Deimos is smaller than that on Phobos.

Acknowledgments:
This work was supported in part by the Russian Foundation for Basic Research (proj-
ect no. 18-02-00341-a) and within Major Project of RF Ministry of Education and Sci-
ence (Moscow, Russia) MP19-270 “Problems of the Origin and Evolution of the Uni-
verse with the Use of Methods of Ground-Based Observations and Space Research”.

References:
[1] Pätzold M., Tellmann S., Häusler B., et al., A sporadic third layer in the iono-

sphere of Mars // Science. 2005. V. 310. No. 5749. P. 837-839.
[2] Klumov B.A.,Morfill G.E., Popel S.I., Formation of structures in a dusty iono-

sphere // J. Exp. Theor. Phys. 2005. V. 100. No. 1. P. 152-164.
[3] Thomas P. Surface features of Phobos and Deimos // Icarus. 1979. V. 40.No. 2. 

P. 223–243.
[4] Thomas P., Veverka J. Downslope movement of material on Deimos // Icarus. 

1980. V. 42. No. 2. P. 234–250.
[5] Zakharov A., Horányi M., Lee P., et al. Dust at th Martian moons and in the cir-

cummartian space // Planet. Space Sci. 2014. V. 102. P. 171–175.
[6] Dlugach Z.M., Korablev O.I., Morozhenko A.V., et al., Physical properties of dust 

in the Martian atmosphere: analysis of contradictions and possible ways of their 
resolution // Solar Syst. Res. 2003. V. 37, No. 1, P. 1–19.

[7] Montmessin F., Bertaux J.L., Quémerais E., et al. Subvisible CO2 ice clouds 
detected in the mesosphere of Mars // Icarus. 2006. V. 183. No. 2. P. 403–410.

[8] Montmessin F., Gondet B., Bibring J.P., et al. Hyperspectral imaging of convec-
tive CO2 ice clouds in the equatorial mesosphere of Mars // J. Geophys. Res. 
2007. V. 112. P. E11S90.

[9] Dubinskii A.Yu., Reznichenko Yu.S., Popel S.I. On formation and evolution 
of dusty plasma structures in ionospheres of Earth and Mars // Plasma Phys. 
Rep. 2019.V. 45. No. 10, in press.

[10] PopelS. I., Golub’ A. P., ZakharovA. V., ZelenyiL. M. Dusty plasma near the surface 
of Phobos // JETP Lett. 2017.V. 106.No. 8. P. 485-490.

[11] PopelS. I., Golub’ A. P., ZelenyiL. M., Dusty plasma near the Martian satellite 
Deimos // Plasma Phys. Rep. 2018.V. 44.No. 8.P. 723-728.

[12] Krivov A. V., HamiltonD. P. Martian dust belts: Waiting for discovery // Icarus. 
1997. V. 128.No. 2.P. 335-353.



223-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

PRESENT SOLAR OBSERVATIONS — A CATALYST 
OF PROCESSES AT THE BIRTH OF SOLAR AND 
DEATH OF STELLAR SYSTEM 

I. Roth
Space SciencesUniversity of California

Analysis of heliospheric anomalous abundances of energetic elements and 
isotopes points to the existence of an efficient physical mechanism through 
nuclear or resonant plasma interactions. When processes involving nuclear 
reactions do not show consistency with experiments, one must envision 
acceleration mechanisms involving plasma processes in the presence of solar 
or interplanetary magnetic field. The most spectacular heliospheric enhance-
ment with unusual abundances involves the 3He isotope and heavy elements 
(mainly Mg, Ne, Si, and Fe) in impulsive solar flares. The cosmic value of cor-
onal He isotope ratio3He/4He ~2.0·10-4is enhanced during impulsive flares 
by several orders of magnitude due to resonant wave-particle interaction 
with electromagnetic ion cyclotron (emic) waves. These observations may 
help in explaining two astrophysical observations (1) at the birth of solar sys-
tem formation and (2) at the death of a stellar system.
Observations of Calcium-Aluminum Inclusionsin meteorites with enhanced 
abundance of 26Mg. This stable isotope requiresexistence of the  parent radio-
active 26Al isotope, which decays into the observed fossil element 26Mg with 
lifetime of ~ 1Myears. The observations of fossil radioactive elements in mete-
orites is connected intimately to the formation of thesolar system. The young 
solar-like stars emit copious amount of x-rays indicating intense magnetic 
activity. Theirradiation of pre-solar grains by solar cosmic rays (H,4He) which 
were accelerated in CME shocks may givethe correct yield of the radioactive-
41Caand53Mn, buttoo low for26Al.Supernova abundances are also at odds with 
other element abundances. Possible solution would include the young Sun with 
strong flare activity, resulting in large enhancement of MeV 3He. These ener-
getic 3He ions are crucial in the formation of 26Al through 24Mg(3He,p)26Aland 
similar reactions. Therefore, plasma acceleration of rare isotopes in the early 
solar system contributes to selective formation of radioactive elements which 
are observed as fossil elements in the meteorites.
Observation of enhanced abundances of 3He in planetary nebulae. The pres-
ently observed 3He abundance in galactic HII regions is similar to the Big 
Bang Nucleosynthesis yield of 3He/H ~ 2.0*10-5, in contrast to the evolution-
ary galactic models, which enhance this ratio. An extra nonstandard rota-
tion-induced mixing in a red giant branch, required to explain the anomaly 
in 12C/13C, which decreases also the ratio 3He/H,does not support the mea-
surements of the known planetary nebulae which show abundance ratio of 
3He/H ~ 10-4- 10-3for the inferred mass of the progenitor star with M < 2 Ms, 
in contrast to the nonstandard mixing. It is suggested therefore that enrich-
ment of a subset of minority elements at progenitor star with a low mass and 
intense magnetic activity causes the 3He/4He enhancements, solving partly 
the “astrophysical 3He problem”, with important implications for galactic evo-
lution and cosmology.
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OF THE CRUSTAL MAGNETIC FIELD?
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Introduction:
The paradigm is that Mars loses the ionosphere by ablation process forced 
by solar wind. However, there is another important driver — solar irradiance 
which carries a much higher energy. We will discuss the role of both drivers 
for ion losses. It will be shown that processes of ion escape driven by the 
solar wind and the EUV radiation are very different. It occurs that solar irra-
diance is more efficient driver. The EUV radiation not only heats and ionizes 
the atmospheric gases. The subsequent energy transfer process drives ion 
acceleration by the ambipolar electric field, their outflow and escape. There 
is also no consensus about the role of the crustal magnetic field. Whether 
it shields the ionosphere from solar wind and weakens ablation or enhances 
ion outflow by the processes similar to ones operating at the Earth. We will 
show that answer on this question depends on the solar wind conditions 
and the IMF orientation.
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THIN CURRENT SHEETS OF SUB-ION SCALES 
OBSERVED BY MAVEN IN THE MARTIAN 
MAGNETOTAIL

L.M. Zelenyi 1, E.E. Grigorenko 1, G. DiBraccio 2, V.N. Ermakov 1, 
S.D. Shuvalov 1, H.V. Malova3,1, V.Y. Popov 4,5,1 
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4 Higher School of Economics, National University, Moscow, Russia
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Current Sheets (CSs) play a crucial role in the storage and conversion of mag-
netic energy in planetary magnetotails. Using high resolution magnetic field 
data from MAVEN spacecraft we report the existence of Super Thin Current 
Sheets (STCSs) in the Martian magnetotail. The typical half-thickness of the 
STCSs is ~5 km, and it is much less than the gyroradius of thermal protons 
(ρp). The STCSs are embedded into a thicker sheet with L ≥ ρp forming a mul-
tiscale current configuration. The formation of STCS does not depend on ion 
composition but it is controlled by the small value of the normal component 
of the magnetic field at the neutral plane (BN). A number of the observed 
multiscale CSs are located in the parametric map close to the tearing-unsta-
ble domain and, thus, the inner STCS can provide an additional free energy 
to excite ion tearing mode in the Martian magnetotail. 
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INDUCED MAGNETIC FIELD IN MARS 
IONOSPHERE, SOLAR WIND AND AURORAE
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Keywords:
Mars, Dipolar/Quadrupolar magnetic field, ionosphere, crustal magnetic 
field, Solar wind, aurorae, MARSIS.
Introduction:
Using data from the Mars Advanced Radar for Subsurface and Ionospheric 
Sounding (MARSIS) onboard Mars Express [1], we retrieve the magnetic 
field in Mars ionosphere [2]. We consider the effect due to the crustal fields 
and to the Solar wind. This is relevant in the context of the observed aurorae 
in Mars under Solar storms, either localized above crustal fields [3] or diffuse 
above both the nocturnal and the diurnal zones of the planet [4]. We also 
aim at considering the information arising from crossing the corresponding 
datasets from Spicam and MAVEN.
In relation to that, we study the mechanism of particle confinement that 
is at the basis of the aurora, considering dipolar and quadrupolar terms [5,  6]. 
Quadrupolar magnetic fields provide a mechanism similar to that of dipolar 
fields that enables confinement. For fields with similar strength, the quadru-
polar field appears to bound more energetic particles than the dipolar. 
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Introduction: 
Observations with the SPICAM and ASPERA-3 instruments on board the ESA 
Mars Express and the IUVS spectrograph on board the NASA MAVEN space-
craft  have identified three types of aurorae on Mars, two of them (electron 
diffuse and proton aurorae) profoundly different from comparable types 
on Earth and other planets. 
The results of model calculations of precipitation of the high-energy pro-
tons and hydrogen atoms (H/H+) from solar wind and/or magnetosheath 
into the Martian atmosphere are presented. A modification of the kinetic 
Monte Carlo model [1, 2] developed earlier to analyze the data of the MEX/
ASPERA-3 instrument onboard the ESA Mars Express and MAVEN/SWIA 
instrument onboard the NASA MAVEN spacecraft was used. In the presented 
modification of the kinetic model for the first time the arbitrary (three-di-
mensional) structure of the magnetic field of Mars is taken into account [3]. 
Because the local measurements of all three components of the mag-
netic field by MAVEN/MAG magnetometer are now available, it is possible 
to describe not only the flux of protons penetrating into the atmosphere, 
but also the deposition of the H/H+ flux along the spacecraft orbit, as well 
as the formation of the scattered by atmosphere upward fluxes of protons 
and hydrogen atoms. Comparison of the calculations and measurements 
of proton fluxes at low altitudes received by the MAVEN/SWIA instrument 
during the MAVEN deep-dip maneuvers allowed us to conclude about 
the efficiency of charge exchange processes between the solar wind protons 
and the extended hydrogen corona of Mars. It is also found that the induced 
magnetic field plays an important role in the formation of the upward (scat-
tered by the atmosphere) proton flux and actually controls its value.
The developed kinetic Monte Carlo model of proton and hydrogen atom pre-
cipitation into the atmosphere of Mars will be used to calculate the bright-
ness and line profiles of the atomic hydrogen emission in the Ly-α line 
for comparison with the observations of the recently discovered proton 
aurora [4] at Mars. For such calculations, the simultaneous measurements 
of the intensity of the induced magnetic field by the MAVEN/MAG magne-
tometer and the energy spectra of H/H+ fluxes precipitating into the Mars 
atmosphere measured by the MAVEN/SWIA analyzer will be used.
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There are two essential effects inherent to the interaction of non-magnetic 
bodies with the solar wind: (1) the generation of the planetary magneto-
sphere by the currents induced in the almost superconducting ionosphere 
and (2) the mass loading of the incident solar wind by a continuously ion-
ized exosphere. Both effects alter the solar wind magnetic field and create 
a solar wind void near the planetary body. The mass loading and the direct 
interaction of the interplanetary magnetic field (IMF) with the ionosphere fill 
the void with accelerated planetary ions.
Several physical mechanisms lead to the formation of a separation bound-
ary between the Venusian induced magnetosphere and the magnetosheath 
flow. Ionospheric currents create a “magnetic barrier” separating the solar 
wind and the induced magnetosphere. This boundary naturally extends 
to the Venusian wake as a boundary of the solar wind void, but on the night-
side it loses some characteristic features and obtains more complexity.
To call this separator in the tail region we prefer to use a term “Induced Mag-
netosphere Boundary”. Actually this boundary does have so complex nature, 
thus to characterize it we have to investigate a broad region around the sep-
arator. The present paper is devoted to a detailed study of such interface 
region around the ionosphere of Venus on the nightside of the planet.
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Introduction:
Comets are small Solar system bodies, “ice balls” [1] composed of a mix-
ture of rocks, dust and frozen volatiles and organics. The cometary nucleus 
becomes active when sufficiently close to the Sun as Solar radiation heats 
the nucleus’ surface. The slowly expanding atmosphere gets gradually ionised 
as it moves away from the nucleus. The newly-formed charged particles have 
nearly zero velocity with respect to the persistent supersonic magnetized 
solar wind, and as a result, the plasma flow experiences soft “mass-loading”. 
Most recently the ESA/Rosetta spacecraft accompanied a weak comet 67P, 
providing an unprecedented perspective into the evolution of a comet.
The dynamics of the cometary plasma have been studied extensively using 
numerical models to predict and explain the complex plasma observa-
tions. With the advent of modern high-performance supercomputers large 
scale three-dimensional simulations become possible. In order to under-
stand Rosetta’s measurements and particle heating in the weak outgassing 
case it is of primary importance to include electron-scale kinetic physics 
in the model [2]. We performed numerical 3D full kinetic (PIC) simulations 
of a plasma source which mimics the kinetic-scale comet-solar wind inter-
action [3]. Our main finding is that the electron pressure gradient supports 
the ambipolar electric field which in turn confines the low-energy part 
of electron population. The accelerating parallel potential is generated, 
which controls the parallel electron temperature and total density. The pop-
ulation of passing electrons has temperatures on average of several times the 
solar wind temperature in weak comet case [4]. The high solar wind electron 
density near the comet compensates the charge imbalance, briefly trapping/
decelerating fast-moving electrons and confirming the coupled four-fluid sce-
nario. As a result, such process substitutes electrons of cometary origin with 
the electrons of solar wind origin near the nucleus.
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Introduction:  
We confirmed sublimation activity near perihelion of 704 Interamnia and dis-
covered similar activity of 24 Themis and 449 Hamburga, main-belt primitive 
asteroids. To study the phenomenon, a spectral method is used [1].
Observations and results:
24 Themis (C-type [2] or B-type [3]), 449 Hamburga (C-type [2]) and 704 
Interamnia (F-type [2] or B-type [3]) were quite near perihelion in time 
of the observations that allowed to test presence of ices (predominately 
water ice) in their matter at elevated sub-solar temperatures due to the 
effect of ice  sublimation. The effect leads to formation of a temporal subtle 
exosphere consisting of micron-sized particles of water ice which could be 
detected by optical methods. Relevant for the case dynamical parameters 
of asteroids in addition to eccentricity (e) are semi-major axis of the orbit (a) 
and orbit inclination (i). In particular, these are for 24 Themis: a = 3.13617 AU, 
e = 0.124743, i = 0°.752; for 449 Hamburga: a = 2.551006 AU, e = 0.172769, i 
= 3°.085; for 704 Interamnia: a = 3.057946 AU, e = 0.154658, i = 17°.310 [4]. 
It should be also noted that these asteroids had close equatorial coordinates 
at our observations.
We used a spectrophtometric method of registration of asteroid sublimation 
activity. It will be discussed in more details in the next section. For obtaining 
UVBRI-reflectance of mentioned asteroids (at effective wavelengths 0.366, 
0.436, 0.545, 0.641, and 0.800 μm), UVBRI-photometry of these bodies, solar 
analog star (HIP 29759) and standard stars were performed by means of 
60-cm telescope and a CCD-camera in the Crimean Observatory of SAI MSU 
in March 2019. To control the stability of the spectral transparency of terres-
trial atmosphere, standard stars on common with asteroids CCD-frames were 
utilized. Normalized UVBRI reflectance curves of 24 Themis, 449 Hamburga 
and 704 Interamnia on 17, 18, and 19 March are shown in figures 1–3, 7–9 
and 13–15 followed by corresponding figures with records of relative inten-
sity of standard stars. The latter show that atmospheric observational condi-
tions were predominately stable.
Discussion and interpretation of the results:
Previously we have discovered a simultaneous sublimation activity of four main-
belt primitive-type asteroids passing near perihelion, one of which was 704 Inter-
amnia [1]. It points to a widespread character of this process among such aster-
oids and presence of ice (predominately H2O) in their substance. Considerable 
eccentricity of orbits some of these bodies creates possibility to test presence of 
ice in the matter at elevated temperature. As demonstrated our study of reflec-
tance spectra of four primitive asteroids with strong sublimation activity [7], a 
maximum arising at 0.4–0.65 µm is a diagnostic feature of the process. Accord-
ing to the Mie theory [8], spectral position of the maximum is determined by 
micron-sized spherical particles of H2O ice scattering light. 
Here we confirm sublimation activity of 704 Interamnia and report the 
detection of this process on 24 Themis and 449 Hamburga passing perihe-
lion. It is important to note that presence of water ice was discovered on 
the surface of 24 Themis with IR-observations near 3 µm [7]. As seen from 
the UBVRI-reflectance curves on Figs 1 and 3, 7 and 9, 13 and 15 obtained 
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on 17 and 19 March, the asteroids demonstrated very similar spectral 
appearance: combination of a lower maximum (at 0.44 µm) a higher one 
(at 0.66 µm). We interpret those as light-scattering by submicron particles 
of H2O ice (the first maximum) and micron-sized silicate particles (second). 
However, it should be confirmed by a special modeling of the light scatter-
ing and other conditions. Surprisingly, these curves are very similar for all 
three asteroids. Another strange thing is strictly different appearance of the 
UBVRI-reflectance curves of all asteroids on 18 March (Figs 2, 8 and 14). 
On this day, reflectance spectra of all asteroids looked as if the process of 
sublimation completely stopped, and they acquired the usual appearance. 
To show this, we compare the UBVRI-reflectance curves of Themis (Fig. 2) 
and Interamnia (Fig. 14) and their known SMASSII reflectance spectra [5, 6]. 
Let us try to explain the phenomenon. 

  
                 Fig. 1.                             Fig. 2.                   Fig. 3.

     
 Fig. 4.               Fig. 5.                  Fig. 6.

     
 Fig. 7.               Fig. 8.                  Fig. 9.

       
 Fig. 10.               Fig. 11.                  Fig. 12.

  
 Fig. 13.               Fig. 14.                 Fig. 15.
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 Fig. 16.                  Fig. 17.                Fig. 18.

Previously, we reported the detection of solar activity effect to the shape 
of reflectance spectra of active asteroids obtained in 2012 (a high solar 
activity) and in 2016–2018 (low solar activity) [10]. Obvious explanation 
is the influence of different intensity of the solar wind to the surface mat-
ter of a primitive asteroid incorporating water ice and related consequences 
to the parameters of sublimation exosphere. In the period of a minimal 
solar activity the flow of solar wind from the Sun becomes more smooth 
(e. g., [11]). This is probably a reason of the unusual similarity of the shape 
of the reflectance spectra of the considered active asteroids determined 
by the physical state of their sublimation exosphere. Yet weak solar flares 
are possible in such a period. It was such a small solar flare that occurred 
shortly, 10 days before our observations on March 18 [12] (maybe, this 
time had been enough for the solar wind oscillations to reach the asteroids 
at a speed of ~ 550 km/s). The power of the flare was possibly sufficient 
to create a spherical shock-wave in the solar wind and blow away sublima-
tion exospheres of the asteroids in the anti-sun direction. Thus, it allowed 
observations of asteroid bare surface without any noise (i.e., in the absence 
of an exosphere).
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Introduction:
The detection of life on other planets requires a good understanding on the trace 
organic substances and inorganic element chemical anomalies that extinct micro-
organisms have left behind. Among other evidence, such as mineralogical, isoto-
pic, and morphological, the organic and inorganic anomalies constitute some of 
the evidence that we call biosignatures.Chemical biosignatures as such are usu-
ally preserved in trace amounts within minerals (i.e., clay) and as small-scale geo-
chemical environments. To detect them we require state-of-the-art instruments 
for which we must define a good set of analytical methodologies.
Mass spectrometric techniques constitute state-of-the-art tools to detect 
potential biosignatures. In this work we will initially review how mass spec-
trometry is used to detect chemical patters that could define a good set of bio-
markers which will be used in the direct or indirect search of life on other plan-
ets. We will then focus on instruments such as high mass resolution and mass 
resolving power Time-of-Flight mass spectrometers which detect secondary 
ions, molecular or elemental (isotopic), which are produced with ion sputter-
ing, often with laser assisted ionization [1] or laser desorption mechanisms [2]. 
We will also present a new methodology to detect patterns of hydrocarbon 
fragments during sputtering that have the potential to distinguish among 
organics that have a different source. With reference materials, such as tetra-
cene (C18H12),we will demonstrate that it is possible to clearly separate this mol-
ecule and its fragments from background organics of other origin (Figure 1).
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Fig. 1. Pattern distribution of odd- and even-numbered carbon hydrocarbons clearly 
distinguishing the tetracene substance (C18H12; blue distribution of peaks) and its frag-
ments from another component (green distribution of peaks) which is possibly con-
tamination.

To acquire the above information a labour intensive data processing proce-
dure is required, which is highly aided and automated with a software we 
developed in-house, the “spaceTOF”. This is a fully interactive software capa-
ble to handle the massive data files produced by ToF-SIMS instruments, espe-
cially those that can perform high-spatial resolution ion mapping.
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Biosignature interpretation is generally performed using a small number 
of characteristic peaks from reference materials, and statistical or labelling 
techniques. Biochemical phases that have been investigated in the litera-
ture include proteins and their aminoacids [3], extracellular polymeric sub-
stances [4], lipids in tissues and cells [5, 6, 7, 8], and PAHs in meteorites [9, 10]. 
It is concluded that no unique peaks are characteristic of the different biolog-
ical samples, while mass spectra are much further complicated by the large 
number of molecular fragments. Additionally, the absence of repeatability 
and the large number of artefacts [3] (Quong et al., 2005) complicate inter-
pretation. Contamination is common in the samples, and it should be consid-
ered when studying geobiological and astrobiological samples [7], therefore 
its signatures should be also included in the database.
To perform the above task and demonstrate our methodology, we use all the 
peaks of a mass spectrum to produce patterns such as in Figure 1, which appear 
to be distinct and characteristic, similarly to the mass patterns resulting from 
the tetracene TOF-SIMS mass spectra. High mass resolution spectra together 
with fine mass calibration, separate for the elemental/isotopic and molecular 
ions, fully benefit an automated interpretation [11]. We apply the methodol-
ogy to real samples, including a Martian meteorite (Nakhla), fossilised cyano-
bacteria by hematite from Milos Island in Greece, mass spectra from the comet 
67P/Churyumov-Gerasimenko made by the COSIMA Instrument of the Rosetta 
Mission, and from stalactite samples from Icaria Island, Greece. 
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The necessary molecules for the basic ‘building blocks’ of life – i.e. mole-
cules – can be made by the action of charged particles and UV light, espe-
cially at the boundaries of denser and less dense atmospheric layers; during 
electrical discharge (i.e. lightning strikes) in the primordial planetary atmo-
sphere; at the hydrothermal vents after the formation of earth’s crust; on the 
shores of primordial seas and oceans when the tides were huge and more 
frequent and in the small puddles of water at the foot hills of volcanoes due 
to gas from the magma being percolated through the water. However, these 
places are insignificant compared to the vastness of space where molecules 
were being formed via the processes of astrochemistry.
It is believed that some of the necessary organic molecules may have been 
formed in specific areas of space (namely dark molecular clouds, e.g. Horseh-
ead nebula) and delivered on to the Earth during the heavy bombardment 
period of its history, approximately 4.3–4.0 billion years ago. These organic 
molecules may have played a pivotal role in the formation of life on Earth. 
In addition, it is believed that life on Earth was formed within a very short 
geological time frame of only 200–300 million years. So, it is not unreason-
able to suppose that these molecules were initially made in space which in 
effect could be, metaphorically speaking, a huge chemical laboratory. 
To date no less than 190 molecules have been discovered in dark molecular 
clouds; the formation of molecules under a variety of simulated space con-
ditions (e.g. different temperatures, levels of radiation energies and differ-
ent types of impinging radiations) compares well with what is found in these 
huge structures. Such molecules are then eventually delivered on the surface 
of a planet by impactors. Collectively, the molecules made in the vastness 
of space and those other places mentioned at the beginning of this abstract 
form the inventory of molecules from which life on Earth emerged.
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Introduction
The origin of life on Earth and other planets is usually understood as a step-
by-step chemical complication of organic macromolecules and microsys-
tems. However, plenty of laboratory experiments in this direction have 
resulted in obtaining protocells and artificial cells, but not actually living cells. 
Therefore, there exists a certain principal gap between non-living and living 
types of natural systems. In a context of physics, E. Schrödinger defined it 
as a gap between the primary “order from chaos” to the secondary “order 
from order” [1]. However, he did not explain how the secondary order (i.e. life 
proper) may arise from the primary one. Some other researchers indicated 
the gap as “Mysterious Evolution Jump”, or the “Missing Link”, that should 
be examined in framework of the origin of life problem [2]. Till now nature of 
this gap is not satisfactory explained by the three existing approaches to evo-
lution of cells: compositional (or metabolism-first), RNA-world (or genes-
first) and cellular (last universal common ancestor). The author’s inversion 
concept examines nature of the difference between these types of natural 
systems from the thermodynamic point of view [3, 4].
Thermodynamic difference between living and non-living systems 
Entropy, free energy, and information are basic thermodynamic notions. 
Owing to their universality, they can be used for a fundamental comparison 
of living and nonliving systems. It is well known that biological evolution par-
adoxically proceeds with accumulation of free energy (that is, its contribution 
prevails over the contribution of entropy). In contrast, non-biological systems 
evolve with the tendency of entropy growth, in accordance with the 2nd law 
of thermodynamics (in particular, stars or magmatic systems continuously 
dissipate free energy into the environment, i.e., lose it). There is no gener-
ally accepted explanation for this difference. But it is obvious that the emer-
gence of the first living microorganisms from non-living organic microsys-
tems implies a reversal of the thermodynamic tendency (as on the Earth 
as on another planet). The tendency to increase of entropy (in non-living 
prebiotic systems) must be replaced with the opposite tendency to increase 
of free energy (in the simplest living cells) through some intermediate state 
(neutral or zero “point”, where the contributions of free energy and entropy 
are approximately equal). The author calls this turn ‘thermodynamic inver-
sion’ [3].
The transition of prebiotic microsystems to life.
According to the elaborated inversion concept, the conversion of prebiotic 
microsystems into the simplest forms of life occurs under conditions far from 
equilibrium in the presence of multilevel oscillations of physico-chemical 
parameters in the maternal hydrothermal environment. Those nonequilib-
rium conditions sustain self-organization investigated by Ilya Prigogine and his 
colleagues [5], and correspond with the “order of chaos” by Schrödinger [1]. 
Self-organization under nonequilibrium (far from equilibrium) conditions 
is considered by the abstract’s author as a necessary preliminary stage 
for the transition to life. The actual turn to life is carried out during the fol-
lowing stage - thermodynamic inversion in the prebiotic organic microsys-
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tems, when they perform effective (enhanced) response to external oscillat-
ing influences. The scheme of the transition is shown on Fig. 1. The author 
correlates the described thermodynamic inversion with the secondary “order 
from order” by Schrödinger [1].

Fig. 1. The scheme of conversion of a nonequilibrium prebiotic microsystem into the 
primary form of life under oscillating conditions [4]. (A) The rise (self-assembly) of an 
organic prebiotic microsystem within the oscillating medium; the penetration of contin-
uous external influences into the microsystem and the transformation of the network 
of chemical reactions (blue arrows); (B) the initiation of the system’s response to con-
tinuous external stress, arising of the chemical reactions counteracting the stress and 
partially compensating it; (C) the conversion of the prebiotic microsystem in the initial 
form of life when its activity (counteraction) exceeds the pressing from the oscillating 
environment. The conversion corresponds to the thermodynamic inversion.

Four required conditions for the origin of life
According to the widely accepted opinion, the origin of life demands three 
required conditions: the availability of organic matter, a liquid medium, and a 
source of energy. The inversion concept adds one more required condition to 
this set: multilevel oscillations of physico-chemical parameters (temperature, 
pressure, pH, redox potential, etc.) in the maternal hydrothermal environ-
ment. Such oscillations are necessary for incessant “pumping” of prebiotic 
microsystems as shown on Fig.  1. The approach to laboratory and computa-
tional testing of this approach is formulated in [4]. According to the prelimi-
nary evaluation, the regular constituent of the oscillations should be within 
the interval between split second and 30 min.
Application of the elaborated concept to the solar planets and satellites.
Let’s evaluate the possibility of life origin on some solar bodies basing 
on the four required conditions listed above. Availability of water (and/
or ice, vapor), that is the 1st required condition, is verified on all bodies under 
consideration – Mars, Europa, and Enceladus. Some observations indicate avail-
ability of a source of thermal and chemical energy (the 2nd condition) on them: 
diapirs of warm ice within the cold Europa’s ice crust [6], geysers (water/ice 
vents) on Enceladus [7], traces of hydrothermal discharges on Mars [8]. Sim-
ple organic compounds (the 3rd condition) are detected on Mars (methane) 
and Enceladus (methane, methanol, possibly amino acids) [7, 9]; however, they 
have not found on the Europa’s surface yet. Oscillations of physico-chemical 
parameters (the 4th condition) are continuously generated by active tectonics 
along with the subsurface or submarine hydrothermal process; sings of these 
processes are also found on the solar bodies under consideration.
Conclusion
According to the inversion concept, life might originate at least on three 
solar bodies: early Mars, Europa, and Enceladus. Other planets and satellites 
of the solar systemneed a special consideration in this context.
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Adsorption is regarded as a key physical phenomenon for the origin of the first 
living cell, and, consequently, of life itself. Due to the sorption properties 
of primary short peptides formed abiogenously, special physical conditions 
arise around them, different from the physical properties of a medium and 
favorable for processes and interactions necessary for life.
The following fundamental interactions of such peptides that are necessary 
for the emergence of a living cell can be distinguished.
1. Multilayer adsorption of water on the molecular surface of the peptide. 

Due to adsorption of water, an aqueous shell with a more regular structure 
(than the structure of bulk water) and with reduced molecular dynamics 
is formed around the peptide. These changes in the properties of the water 
occur because, under influence of fixed peptide charges (polar groups 
of peptide bonds, carboxyl groups of dicarboxylic amino acid residues), 
water dipoles become more polarized and so hydrogen bonds that they 
form with the peptide and with each other become stronger. Strengthen-
ing of hydrogen bonds stabilizes the water shell around the peptide and a 
phase of adsorbed water originates, which does not mix with bulk water, 
like a drop of oil in an aqueous environment. Stronger hydrogen bonds 
in the aqueous cocoon around the peptide reduce solvent potency of 
adsorbed water, which leads to excluding of all substances from this phase 
into the environment. This is how compartmentalization arises, the sepa-
ration of the internal environment from the external one. Concentration 
gradients of neutral and charged substances, including inorganic ions, 
arise.

2. The concentration gradients of the solutes will increase if the peptide 
selectively adsorbs some of them. For example, if a peptide selectively 
adsorbs K+ in the presence of Na+, then this process will lead to accu-
mulation of K+, cation necessary for life, while Na+ will be excluded into 
the environment by the phase of adsorbed water. If a peptide enclosed 
in an aqueous shell selectively adsorb also organic molecules necessary 
for life (amino acids, nucleic acids, sugars), this will create necessary pre-
requisites for the emergence of a biochemical reactor. In such a reactor, 
more complex peptides, polynucleotides can be synthesized, and sys-
tems for synthesis and degradation of organic substances can be formed. 
Self-condensation of the peptides and merger of their aqueous shells will 
lead to the appearance of a biophase, a membraneless protocell.

3. The cell shape biophase (protocell) has the same fundamental phys-
ical properties as a living cell: (i) semipermeability (due to the phase 
of adsorbed water); (ii) the ability to selectively accumulate some sub-
stances and exclude others (also due to the phase of adsorbed water 
and the ability of the peptide to adsorb other substances not just water); 
(iii) the ability to generate electrical potentials; (iv) osmotic stability due 
to the stability of the adsorbed water phase.

4. With adequate exposure to physical factors (temperature, hydrostatic and 
osmotic pressure) and various ligands (H+, Ca2+, inorganic anions), the pep-
tide can reversibly change its sorption properties. In this case, the water 
shell is destroyed, Na+ and other substances that are outside the biophase 
will begin their movement inside the biophase. Na+ will displace K+ from 
binding sites on the peptide and efflux of K+ from the biophase to external 
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environment will begin. Destruction of the gradients of the main physio-
logically important cations (K+ and Na+) will lead to a release of energy that 
was accumulated in their gradients when the biophase was at the rest-
ing state (transition of the biophase from resting state into active one). 
This energy will have a significant effect on conformation of the pep-
tides, on peptide-peptide and peptide-ligand interactions. In this way, 
the work necessary for functionally significant structural transformations 
of the protocell will be done, without which the emergence of life would 
be impossible. Binding of ATP (or its precursors) to activated peptides will 
return biophase into a resting state (model of two states). The protocell 
protometabolism (matter and energy flows) thus formed is a fundamental 
basis for the formation of living cell metabolism. It is clear that all the con-
sidered properties of the biophase (1–4) have one cause-sorption proper-
ties of peptides. Thus, a study of the sorption properties of peptides is an 
urgent problem for the science of the origin of life.

Described sorption approach to the origin of life [1, 2] is based on the fun-
damental achievements of the Russian [3] and American [4] schools of cell 
physiology.
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OF EXTRATERRESTRIAL LIFE IN THE SOLAR 
SYSTEM 
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According to the astrocatalysis hypothesis [1], life arises in circumstellar 
disks at the stage of the formation of planets. Meteorites such as carbona-
ceous chondrites and another bodies of the Solar system can bear traces 
of the Origin of Life. The report discusses the question of which objects 
in the Solar system are the most promising for detecting extraterrestrial life, 
including Venus [2].
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Introduction:
The chemical environments of young planets are assumed to be largely influ-
enced by impacts of bodies lingering on unstable trajectories after the dis-
solution of the protoplanetary disk [1, 2]. We explore the chemical con-
sequences of impacts within the contexts of several model planetary 
atmospheres. A terawatt high-power laser was used in order to simulate 
the airglow plasma and blast wave surrounding the impactor. The chemi-
cal results of these experiments were then applied to a theoretical atmo-
spheric model. We predict that acetylene absorption bands are observable 
on exoplanets with reducing atmospheres that have recently undergone 
their own. Heavy Bombardments, with prominent features at 3.05 μm 
and 10.50μm. Furthermore, we demonstrate that impact reprocessing of vol-
canic atmospheres leads to a formation of carbonyl sulfide (OCS) and carbon 
disulfide (CS2). These results show that impact plasma is the driving force 
of atmospheric chemistry on young planets and can lead to the formation 
of marker molecules that can be predicted through laboratory experiments 
and observed by space telescopes such as James Webb or Ariel [3].
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Summary
We present results from NASA’s Frontier Development Lab 2018, an Arti-
ficial Intelligence/Machine Learning incubator tackling challenges in vari-
ous fields of space sciences. Here we focus on the results of the Exoplanet 
and Astrobiology teams: a project on planet candidate classification in TESS 
data and modeling and retrieval of exoplanet atmospheres and spectra in the 
context of life detection. A particular focus will be on two data sets produced 
at FDL 2018: a set of 3 million exoplanet spectra calculated with the GSFC 
Planetary Spectrum Generator (PSG) and a set of 150 000 exoplanet atmo-
spheres computed with the ATMOS code.
Context 
For the third time since 2016 machine learning researchers and space sci-
ence domain experts spent the summer 2018 in Silicon Valley to work 
on some of humanity’s most important present day challenges in space 
research and exploration. The 8 week long program developed in partnership 
with NASA’s Ames Research Center — NASA frontier development lab (FDL, 
https://www.frontierdevelopmentlab.org/) — at the SETI institute faced 
problems ranging from predicting solar storms and localization on the moon 
to finding life in space.
The FDL program aims to apply AI technologies to challenges in space explo-
ration by pairing machine learning expertise with space science and explora-
tion researchers from academia and industry. These interdisciplinary teams 
address tightly defined problems and the format encourages rapid iteration 
and prototyping to create outputs with meaningful application to the space 
program and humanity. What makes FDL unique is its close collaboration 
with industry stakeholders like such as Intel, Google CLoud, Kx Systems, IBM 
and NVIDIA and key players in private spacesuch as Space Resources Lu, Lock-
heed Martin, KBRWyle and XPRIZE.
Exoplanet Challenge
The Exoplanet team used state-of-the-art deep learning models to automat-
ically classify Kepler transit signals as either exoplanets or false positives. 
Their Astronet code expanded upon work of Shallue and Vanderburg (SV18) 
by including additional scientificdomain knowledge into the network archi-
tecture andinput representations to significantly increase overall model 
performance. Notably, they achieved 15–20 % gains in recall for the low-
est signalto-noise transits that can correspond to rocky planets in the hab-
itable zone. They input CCD pixel centroid time-series information derived 
from Kepler data and key stellar parameters taken from the catalogueinto 
the network and also implement data augmentation techniques to allevi-
ate model over-fitting. These improvements allowed them to drastically 
reduce the size of the model, while still maintaining improved performance. 
These smaller models are better for generalization, for example from Kepler 
to TESS data. Their work illustrates the importance of including expert 
domain knowledge in even state-of-the-art deep learning models when 
applying them to scientific research problems that seek to identify weak sig-
nals in noisy data. This classification tool will be especially useful for current 
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and upcoming space-based photometry missions focused on finding small 
planets, such as TESS and PLATO. A first application to TESS data was pub-
lished in Osborn et al. 2019.
Astrobiology challenges
The Astrobiology team 1 project demonstrated how cloud computing capa-
bilities can accelerate existing technologies and map out previously neglected 
parameter spaces (Bell et al., 2019; Chopra et al., in prep). They succeeded 
in modelling tens-of-thousands of potential atmospheres over a few days, 
using software (ATMOS) that was originally intended for use in single run 
applications. The full atmospheric composition data set that was generated 
will become a useful resource fo the community to understand distributions 
of habitability parameters and will enable better interpretations of future 
observations of exoplanet atmospheres and potential biosignatures. The soft-
ware product created during FDL has the potential to significantly improve 
the accessibility of ATMOS for a wide community of researchers. The param-
eter search approach, can be adopted to simulate more atmospheres 
and/or modified to rapidly iterate on other problems that utilize ATMOS. 
In Soboczenski et al., 2018 and Cobb/Himes at al., 2019 the Astrobiology 2 
team presented a Machine-Learning-based retrieval framework called Intel-
ligent exoplaNet Atmospheric RetrievAl (INARA) that consists of a Bayesian 
deep learning model for retrieval and a data set of 3 000 000 synthetic rocky 
exoplanetary spectra generated using the NASA Goddard Planetary Spectrum 
Generator (PSG). This work represents the first ML retrieval model for rocky, 
terrestrial exoplanets and the first synthetic data set of terrestrial spectra 
generated at this scale (Zorzan et al., in prep.; O’Beirne et al., in prep.).
Conclusions
We present results from the NASA FDL Exoplanet and Astrobiology challenges 
2018: an improved method toclassify Exoplanet candidates from photomet-
ric surveys, a new deep learning approach for spectral retrieval of Exoplanet 
atmospheres and containerized software of Astrobiology legacy codes, which 
we used to provide large data sets for the community. We demonstrate 
that the NASA frontier development lab format is a successful blueprint 
for other potential industry/academia collaborations in the future.
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Introduction: 
At present time, the strongest remotely detectable sign of life in the Earth’s 
atmosphere is the molecular oxygen (O2) produced in the photosynthesis 
processes. However, recent studies of geochemical features on exoplan-
ets like Earth suggest that, for most of them, atmospheric O2 would not 
be detectable to a remote observer except during the last ~500 million years 
of evolution. During a long period in the Earth’s history (2.0–0.7 billion years 
ago), O2 was probably present in the atmosphere, but with low concentra-
tions estimated at ~0.1–1% of the today’s level. Although the spectral mani-
festations of O2 are weak at such low levels, however, ozone molecules O3 are 
in photochemical equilibrium with such low O2 concentrations and will cause 
noticeable spectral features in the Hartley-Huggins UV band (~0.25 µm), with 
a weaker manifestation in the mid-IR region of about 9.7 µm [1]. Thus, taking 
the history of the Earth as an informative proxy, it can be concluded that 
there may be a category of exoplanets for which conventional atmospheric 
biomarkers can be identified only in the UV radiation range. 
The report emphasizes the importance of UV observations in the design 
of future space telescopes for direct observations of exoplanets and their 
atmospheres, such as the World Space Observatory–UV (WSO–UV), the Hab-
itable Exoplanet Observatory (HabEx) or The Large UV/Optical/Infrared Sur-
veyor (LUVOIR), for the detection of ozone O3 in the planetary atmospheres 
with intermediate oxidation states [2]. Strategies to mitigate the so-called 
“false positive detections”, i.e. the detection of O3 created in abiotic pro-
cesses, are also discussed. The importance and broad implications of studying 
the history of the Earth as a window to understanding potential biomarkers 
for exoplanet atmospheres, and the importance of ultraviolet observations 
for the identification of habitable exoplanets by the next-generation space 
telescopes are discussed.
This study was supported by the Russian Foundation for Basic Research (proj-
ect 18-02-00721) and the program of fundamental research of the Presidium 
of the Russian Academy of Sciences (KP 19-270).
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EMERGENCE OF PHOTOAUTOTROPHIC 
ASSIMILATIVE MECHANISMS IN AN IRRADIATED 
STERILIZED AQUEOUS MIXTURE OF SOME 
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INDUCED BY ELECTROMAGNETIC RADIATION 
OF SUN
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Irradiated sterilized aqueous mixture of ammonium molybdate, di ammo-
nium hydrogen phosphate, biological minerals and formaldehyde shows 
photochemical formation of supramolecular protocell-like assemblies, “Jee-
wanu” shows abiogenesis of various biochemicals (1) and can catalyse photo-
lytic decomposition of water. It was observed that hydrogen thus released is 
utilized in photochemical fixation of molecular Carbon di oxide and molecular 
nitrogen (2, 3).Energy transduction through non-linear, photo synergistic col-
laborative processes at mesoscopic level in the mixture leads to emergence 
of molecular associations capable of showing various functional properties of 
biological order. The energy metabolism based on coupled redox processes 
in Jeewanu mixture results into sustainable assimilative pathwayssimilarto 
universal common ancestors.
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Introduction:  
It is now well established that water is absolutely essential for all known 
forms of life. Living organisms require water in liquid state for growth, rep-
lication, locomotion and the transport of life-critical ions and biomolecules. 
Microorganisms of diverse ecological and morphological groups can remain 
viable while frozen deep within polar ice caps [1, 2] or permafrost for thou-
sands to millions of years [3]. Space missions and ground based observa-
tions show water is the dominant volatile of the nuclei of comets [4] and 
water-bearing asteroids [5]. The asteroid Ceres has been observed to eject 
water vapour plumes (~1026 molecules/sec) from localized mid-latitude 
sources due to sublimation of water ice or cryo-volcanism [6]. The gamma ray 
and neutron detector on board NASA’s Dawn Spacecraft revealed vast quan-
tities of water ice across the surface and shallow subsurface [7] of Ceres. The 
hydrogen content of the non-icy portion of the Carbon-bearing regolith was 
similar to the aqueously altered CI and CM carbonaceous chondrites. Local-
ized bright areas of Ceres were attributed to hydrated magnesium sulfate [8], 
which is a dominant mineral in the Orgueil meteorite. 
The Deep Impact mission obtained images of the nucleus of comet Temple 1 
with regions where exposed deposits of water ice were detected on the sur-
face of the comet nucleus. The temperature of the sunlit region of the nucleus 
comet P/Temple was found to be 330 K (57 C) at 1.5 AU and other regions 
of the crust were at 280K [9]. Prior to impact the ambient, the outgassing 
of water from comet 9P/Temple 1 was ~6×1027 molecules/s. This is far above 
the calculated value for the free sublimation of ice calculated (~4.5×1021 mol-
ecules/m2/s) indicating that the ambient outgassing had significant subsur-
face sources. The Deep Impact spacecraft also observed numerous events 
of flaring of the nucleus and eruption of geyser-like jets as the comet was 
approached and before the collision of the impactor. These results indicate 
the black crust impedes the flow of sublimation gas from interior ices, and 
therefore may allow pressure to develop within veins, pores, pockets and 
cavities beneath the crust. In regimes where the pressure exceeds 6 mbar 
and the temperature exceeds 273 K, liquid water can exist and remain in 
liquid state as long as these conditions co-exist. 
These pockets could provide microniches with pools of liquid water and rock 
fragments trapped within pockets similar to the cryoconite and ice bubble 
ecosystems that exist in the polar ice caps and glaciers of Earth. Cryoconite 
communities in polar ice are typically dominated by cyanobacteria, bacte-
ria, eukaryotic algae, fungi and protists [10]. The minerals of the CI and CM 
carbonaceous provide clear and convincing evidence of extensive aqueous 
alteration by a brine with elevated levels of organic and inorganic soluble 
components in the parent body [11]. The Orgueil CI1 and Murchison CM2 car-
bonaceous chondrites have been found to contain a host of complex biomol-
ecules along with a great diversity of exceptionally well-preserved  carbon-
ized or permineralized remains of cyanobacteria, prasinophytes and other 
aquatic microalgae [12, 13]. Although it was previously thought that diatoms 
might be abundant in carbonaceous meteorites [14], they are rare but have 
recently been discovered in Orgueil [15]. The nitrogen levels of the micro-
fossils below the detection limit of the Energy Dispersive Spectrometer 
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of the Field Emission Scanning Electron Microscope shows they are not mod-
ern biological contaminants and hence are indigenous to the stones and pro-
vide strong support for the Panspermia hypothesis.
From the convergence of a wide range of data, derived from many differ-
ent fields of study, the commonly held view that comets and small bodies 
of the solar system are necessarily unsustainable as microbial habitats has 
been seriously challenged [16]. Domains of liquid water, no matter how lim-
ited in extent, or transient in time, that are required for microbial sustenance 
appear to be widespread. Organic molecules that are fully consistent with 
microbial nutrients as well as metabolites and their degradation products are 
also widely present in comets [14, 18]. 
Theoretical arguments for comets as biological habitats go back over several 
decades. Hoyle and Wickramasinghe first developed the theory of cometary 
panspermia, arguing that comets were incubators and distributors of micro-
biology in the cosmos [19, 20]. It has been shown that with the expected 
inclusion of 232Th, 238U and 40K in the cometary regolith, liquid water domains 
would be maintained for upward of 109 years [22–24].  Furthermore, in com-
ets approaching perihelion (as for instance in the case of Comet Hale-Bopp) 
biological activity could be triggered by solar heating near the surface, thus 
leading to the generation of high-pressure pockets of gaseous metabolites that 
in turn trigger the release of jets of gas [25]. Evidence for such processes has 
recently been reported in the case of Comet 67P/C-G [17]. Jets of water and 
organics issuing from and vents in the frozen surface of the comet are fully con-
sistent with biological activity occurring within sub-surface liquid pools gener-
ating gaseous metabolites that sporadically rupture overlying ice. The report 
of O2 along with evidence for the occurrence of water and organics in the same 
comet provides further evidence of ongoing biological activity [18]. Similar 
microbial habitats are likely to exist in subsurface “lakes or oceans” in solar 
system planetary bodies including Europa and Enceladus [26].
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Introduction:
The objective was to search for microbial life in the subglacial Antarctic 
Lake Vostok by analyzing the uppermost water layer entered the borehole 
and shortly got frozen within following three lake unsealing (February 5, 
2012; January 25, 2015, and February 03, 2015). The samples included 
the drillbit frozen and re-cored borehole-frozen water ice.
All the lake water frozen samples proved to be contaminated to a different 
extent with the kerosene-based drill fluid. The cell concentrations mea-
sured by flow cytofluorometry varied from 167 (drillbit frozen water) until 
5.5–38 cells per ml in different borehole-frozen samples. The comprehen-
sive DNA analyses came up with total 53 bacterial phylotypes discovered 
by sequencing of different regions of 16S rRNA genes. Of them, only 3 phylo-
types successfully passed all contamination criteria. Two phylotypes detected 
after the 1st lake unsealing were reported before [1] — hitherto-unknown 
and phylogenetically unclassified phylotype w123–10 showing less than 86% 
similarity with known taxa and likely belonging to Parcubacteria Candidatus 
Adlerbacteria featured by unusual biology and 3429v3-4 showing 93.5% sim-
ilarity with Hermini imonasglaciei of Oxalobacteraceae (Beta-Proteobacte-
ria) — water-inhabited ultra micro bacterium isolated from deep Greenland 
GISP2 ice core. The borehole-frozen water samples after the 2nd lake unseal-
ing gave nothing of confident while the new finding just recently came from 
the samples after the 3rd lake unsealing. The phylotype 3698v46-27 proved 
to be conspecific with several species of Marinilactobacillus of Carnobacte-
riaceae (Firmicutes) sharing very similar 16S rRNA genes. Among them is M. 
piezotoleransisolated from 4.15 m deep sub-seafloor sediment core collected 
at 4790.7 m deep Nankai Trough. No archaea were detected in any samples.
Thus, 3 discovered bacterial phylotypes might represent ingenious cell 
populations in the subglacial Lake Vostok. New samples (new horizons) 
of the Vostok Lake water are under the study now.
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Introduction:  
The vast majority of the small bodies of our Solar System (e.g., comets, 
water-bearing asteroids and icy moons) as well as the outer planets are frozen 
worlds in which water ice is the dominant volatile. All known life forms require 
the co-existence of water, a source of energy and a small group (~20) of life-crit-
ical bioelements (mainly C, H, O, N, P, S). Since water in liquid state appears 
to be absolutely necessary for the delicate chemistry that makes life possible, 
it has become almost a paradigm that life and ice are incompatible. It has long 
been known that water ice is abundant on comets, the polar caps of Mars, and 
the icy moons and outer planets of the Solar System. However, it was not until 
the Galileo and Cassini spacecraft detected evidence for liquid water oceans 
beneath the frozen crusts of icy moons of Jupiter (Europa, Callisto, Ganymede) 
and Saturn (Titan, Enceladus) that these bodies became prime Astrobiology 
targets [1–4]. The Viking 1 (7/20/1976) and Viking 2 (9/3/1976) landings on 
Mars spurred interest in the cold desert ecosystems of Antarctica resulting in 
the discovery of cryptoendolithic cyanobacteria in thin films of liquid water 
in rocks [5]. Sabit Abyzov (INMI, RAS) discovered life in deep ice cores from 
Vostok Station, Antarctica including cryopreserved and viable cells of bacteria, 
actinomycetes, cyanobacteria, yeasts, fungi and diatoms [6–9]. Cyanobacteria 
are dominant life of Earth’s cryosphere [10]. Diatoms, ice worms 11] and other 
organism produce proteins and enzymes that allow them to locally melt the ice 
allowing them to live in these frozen regimes.  
Lunar samples returned by the Apollo missions half a century ago led to the 
conclusion that water did not exist on the Moon. In 1980, Markov et.al. [12]  
reported IR spectroscopy data showing evidence for valence bands and 
vibrations of the water molecule in lunar soil returned by Luna 24. How-
ever, these results were largely ignored. Recent reflectance spectra acquired 
by the Moon Mineralogy Mapper [M(3)] instrument revealed diagnostic 
near-infrared absorption features of water ice [13], confirming prior obser-
vations for water ice trapped in permanently shadowed regions of deep cra-
ters at the lunar poles. The water may have been deposited or transported 
to the moon by large water-bearing asteroids like Ceres or cometary nuclei. 
Water is essential for human life and it can be easily converted to fuel for 
liquid hydrogen and liquid oxygen rocket engines. These facts, combined with 
the 1/6 g and absence of atmospheric drag makes the South Pole of the Moon 
an attractive site for a Lunar Outpost and launching missions to Mars or other 
Solar System bodies. The possibility of cryopreserved extraterrestrial life 
forms make the polar craters of the Moon prime targets for Astrobiology. 
Materials and Methods: 
Samples of deep ice cores isolated using sterile techniques from just above 
Lake Vostok were provided by Sabit Abyzov, Institute of Microbiology (RAS) 
Moscow. The Orgueil CI1 carbonaceous chondrite samples were provided 
the Planetary Studies Foundation, Galena, Illinois, USA. Miocene ice from the 
Beacon Valley Glacier of Antarctica was provided by Prof. Elena Vorobyova, 
Moscow State University.  Pleistocene Ice samples from the Fox Permafrost 
Tunnel in Alaska and Vatnajökull Ice Cave of Iceland and the Whistler Ice 
Cave of Canada were collected by Hoover using sterilized stainless steel core 
tubes. Kemmerer bottles were used to collect water samples from the anoxic 
trough from deep beneath the perennial ice cover of Lake Untersee in Ant-
arctica. Microorganisms contained within these samples were isolated, cul-
tured and described by E.V. Pikuta with colleagues and their morphology and 
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motility was investigated with high resolution Optical and Video Microscopy 
methods and Field Emission Scanning Electron Microscopy with EDS at the 
NASA/Marshall Space Flight Center  
Results: 
Studies we have conducted on deep Vostok ice cores and samples from per-
mafrost tunnels, ice caves, ancient glaciers and ice sculptures have resulted 
on the discovery of cryopreserved and complete cells of diatoms that liv-
ing bacteria, protists, and other viable microorganisms, many of which were 
observed to exhibit active motility just after thawing from the ice [14].

Fig. 1.

Figure 1 provides FESEM images of astonishingly well-preserved diatoms. 
complete frustules of diatoms. The C and N content of the diatoms from 
a. 2827 m layer of Vostok ice core; b. the cell from the Miocene (8.1 mya) 
ice of Beacon Valley Glacier are like living cells indicating the organic matter 
was cryopreserved, The diatoms c. from the Orgueil CI1 carbonaceous chon-
drite have lack nitrogen and are infused with magnesium sulfate indicating 
they are ancient fossils rather than modern contaminants [15]. The tip of the 
ice sculpture d. yielded the new species Sanguibacter gelidistatuariae [14]. 
The Whistler Ice Cave e. of Canada contained f. ice worms Mesenchytraeus 
solifugus imaged in-situ while exhibiting motility within the glacial ice. 
Conclusion: 
Water is essential for all known forms of life. However, many organisms 
are cryopreserved and even viable in deep cores above Lake Vostok or in 
ice sculptures and caves of Antarctica, Canada and other frozen regimes 
of Earth. The discovery of water ice renders the permanently shaded deep 
craters at the lunar poles the Moon profoundly important for Astrobiology 
research and for future missions to Mars and other Solar System bodies.   
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Methane is recognized to be the important biomarker in the concept 
of searching for life in the universe. Cosmic bodies in Solar System where 
methane was detected and subsurface water reservoirs are presumed are 
potential habitats for methanogenic microorganisms.
Methane is produced by methanogens that are strict anaerobic archaea 
reducing CO2, some one-carbon compounds and acetate.
Evolutionary, methanogenesis seem to be one of the most archaic pathways 
to get energy for organisms on Earth. The hypothesis of chemolithoautotro-
phic origin of life states that life started from hydrothermal vent systems with 
metal sulfide surfaces or compartments acting as catalysts. In this scenario, 
the reductive acetyl-CoA or Ljungdahl-Wood pathway and hydrogenotrophic 
methanogens fixing CO2 via this pathway are considered to be an ancestral 
pathway and primordial microbial living forms. In contrast to most other 
microbes, methanogens are generally unable to assimilate sulfate; instead, 
all known methanogens can use sulfide as the sole sulfur source, which may 
have been abundant on the early anoxic Earth.
Methanogens drive exotic metabolism and can live in habitats with envi-
ronmental extremes such as anaerobiosis, high salt, high temperature, high 
pressure, or combinations of these. For this reason methanogenic archaea 
are good model organisms for astrobiologists to understand environmental 
limits for life and possible life outside of earth.
Methanogens are important terminal microbial group of the methanogenic 
microbial community, a complex trophically connected biological system. 
It composes of different microbial groups degrading organic matter step 
by step and sharing energy available from various metabolic processes. 
The occurrence of these processes is driven by thermodynamic laws. Meth-
anogens depend on substrates provided by other microorganisms in the tro-
phic chain and in turn regulates microbial processes by feedback.
Methanogenic microbial community could be a model biological system 
for the astrobiological experiment testing the hypothesis of panspermia includ-
ing return space missions. The community should be enclosed in soil being 
a matrix that is suggested to protect microorganisms and increase their sur-
vival.

10MS3-AB-13



256-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

ASTROBIOLOGICAL STUDIES IN DUBNA

A.K Ryumin, M.I. Kapralov
Astrobiology Sector, Laboratory of Radiation Biology, Joint Institute for 
Nuclear Research, Dubna, Russia, 141980, arjumin@mail.ru

Keywords:
Astrobiology, meteorites, carbonaceous chondrites, microfossils, prebiotic 
chemistry, formamide, cosmic dust
Introduction:
Astrobiology is an actively developing area in modern science, located 
at the junction of many scientific disciplines, such as: cell and molecular 
biology, biophysics, chemistry, ecology, paleontology, astronomy, geology, 
planetology, climatology, etc. Astrobiological studies allow us to come closer 
to the problem of the origin of life and to clarify the question of the habitabil-
ity of other celestial bodies.
In the astrobiology sector of the Laboratory of Radiation Biology (JINR), 
research is being conducted in the following main areas:
Study of microfossils and organic compounds in meteorites and in ancient 
terrestrial rocks
Microfossils are fossilized microorganisms and their metabolic products. They are 
important evidence of the prevalence of life in the universe. Microfossils are pres-
ent in almost all sedimentary and sedimentary-volcanogenic rocks of the earth’s 
crust, beginning with 3.9 billion years. The experience of bacterial paleontology 
made it possible to confidently distinguish microfossils in meteorites such as carbo-
naceous chondrites. The study of microfossils and organic compounds in meteor-
ites and ancient terrestrial rocks will provide data on the forms of ancient terrestrial 
and extraterrestrial life and shed light on the problem of the origin of life.
In the astrobiology sector, more than 20 samples of meteorites (first of all, 
Orgгueil and Murchison carbonaceous chondrites) and terrestrial rocks 
were studied using a Tescan Vega 3 electron scanning microscope. Several 
hundreds of images of fossil microorganisms were obtained and analyzed: 
coccoidal forms, filamentnous forms similar to cyanobacteria and actino-
mycetes, prazinophytes, testate amoebae, alveolates, etc. Pennate diatoms 
were discovered for the first time in the Orgueil meteorite [1]
The study of the elemental and mineral composition of meteorites and ter-
restrial rocks is carried out by the method of x-ray energy dispersive micro-
analysis. When we study meteorites, we must be able to distinguish between 
ancient microfossils, which differ from terrestrial contaminants and abio-
genic structures. Terrestrial contamination is detected using a microanalyzer, 
since we are dealing with pseudomorphs, which don’t differ in chemical com-
position from their native meteorite. Abiogenic structures, as a rule, differ 
sharply from abiogenic morphologically.
Studies of the synthesis of complex prebiotic compounds from formamide 
under the action of radiation involving meteorites as catalysts
As is known, meteorites have inside a significant amount of organic sub-
stances, many of which are necessary for the origination of life. It is assumed 
that they were synthesized during the gas phase and then were integrated 
into minerals. 
In particular, formamide (FA) (HCONH2) — one of the simplest chemical 
compounds which is common both in the interstellar and interplanetary 
media — might have been such “initial material”. The research performed 
at the Astrobiology Sector in cooperation with scientists of the University 
of Tuscia (Viterbo, Italy) has shown that more complex organic molecules can 
form from FA, including amino acids, carboxylic acids, sugars, nucleic bases, 
and even nucleosides. This diverse synthesis takes place when a mixture 
of FA and meteorite matter is exposed to ionizing radiation. After irradiation, 
a GC/MS method was used to identify the organic compounds in a complex 
mixture. Some important  results on this field were published [2,3].
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Biogeochemical studies of cosmic dust; study of cosmic matter using nuclear 
physics techniques
Cosmic dust (CD) research allows obtaining data on the regularities of the time 
distribution of the cosmic dust falling on the Earth surface, which is import-
ant for the reconstruction of the Earth’s geological history and paleoclimate 
evaluation. Research on the CD structure, chemical and isotope composi-
tion, and biological properties helps solving fundamentals problems like the 
nature of interplanetary matter and its role in the origin of life.
M.V. Frontasyeva et al. (Laboratory of Neutron Physics, JINR) have performed 
at the IBR-2 reactor neutron activation analysis of cosmic dust particles [4,5]. 
Samples were collected in Belarus, Georgia, Russia, the U.S., and more.
Most of the particles, when passing through the atmosphere, are subject 
to melting. It is especially typical of larger particles. Cosmic spherules have 
been observed; these particles are relatively easy to identify. They are the 
background magnetic component of cosmic dust. In the latter, Fe, Fe-Ni, and 
Fe-Cr minerals have been found most often.
Compared with Arctic ice, Antarctic ice contains much less terrestrial and 
no anthropogenic dust. S.A. Bulat et al. [6,7] performed in 2018 a cycle 
of studies to search for cosmic dust particles in Antarctic ice. Found were 
iron-stone micrometeorites, but no carbonaceous chondrites.
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Introduction:
Low temperature and pressure on the surface of modern Mars complicate 
presence of liquid water and life forms based on it. At the same time, 
microorganisms which could originate during warm and wet Noachian 
time potentially still exist in deep aquifers under permafrost. Deep bio-
sphere of Earth colonized by сhemolithotrophsmay be considered as ana-
log of this econiche. This is the only econiche where life could survive 
all history of Mars regardless to changing conditions on the surface [1]. 
However, great depth of burial makes them inaccessible for investiga-
tion. Young volcanism was considered as a possible way to transport bio-
markers from the depth [2]. Another geological process which may result 
in transport of material from the depth to the surface is ground water 
seepage with formation of frost mound called pingo(in English literature) 
or bulgunyakh(in Russian).
Pingos on Earth, Spitsbergen:
Two pingo types are commonly distinguished on Earth, which are closed 
system and open system pingos. Closed system pyngos usually form after 
drainage of lakes and following freezing of underlaketalik. Open system 
pingos, unlike closed system pingos, gravitate toward mountain relief and 
do not need presence of standing bodies of water on the surface. They 
form when freezing from the surface is accomplished by inflow of pres-
surized water from within or below permafrost. Both processes result in 
a massive ice body that heaves the surface and form conical elevations.
Using logistic facilities of Russian scientific center on Spitsbergen we stud-
ied group of seven pingos in Grondalen valley in the vicinity of Barentsburg 
settlement on island Western Spitsbergen (Fig. 1).PingosFili and Noriwere 
entirely drilled through ice body to underlying permafrost; upper boundary 
of ice was sampled in Kilipingo. Hydrochemical measurments of ions Cl, 
SO4, HCO3, Na, Ca, Mg, K and measurements of isotopes δD and δ18O in ice 
body showed composition similar to nearby spring [3]. This data allows us to 
reconstruct history of pingo formation in Grondalen as follows: after retreat 
of the sea from Grondalen freezing from the surface took place and open 
system pingos grew on tectonic fissure controlling seepage of groundwater 
fed by subglacial melt.Ground based georadar and noncontact electrical 
survey were performed on pingos to test geophysical methods for mapping 
underground ice bodies. Georadar with low frequency antennas (40 MHz) 
was unable to detect ice on Nori and Kilipingo (upper ice boundary accord-
ing to drilling is located at depth 4,5 and 13 m, respectively) and all other 
pingos expect Fili, where due to degradational crater upper ice boundary 
is located at 1,5 m. Near-field transient electromagnetic sounding (NTES 
method) with square antenna (25, 50 and 100 m quarter) showed valid 
data only on Kili, Oin and Gloinpingo. On geoelectrical crosse ctions (fig. 2) 
taliks with ground water are seen but, unfortunately, ice was indistinguish-
able from permafrost. On other pingos measurements were non-liquid due 
to absence of conductors in the section and polarization effect. 
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Fig. 1. Location, space images and crossections of pingos in Grondalen, Western Spitsbergen.

Fig. 2. Geoelectricalcrossection of Gloinpingo.

Pingos on Mars:
Discussion about presence of pingos on Mars has a long history. Mechanism 
of formation of frost mounds on Mars may be quite different from what we 
know on Earth. At the same time, it was proposed [4] that there should be 
no systematic difference between pingo heights and diameters on Earth and 
Mars. Using HiRISE images, we found several locations on Mars (fig. 3) with 
mounds having identical morphometry to open system pingos studied in 
Grondalen, Western Spitsbergen. Next step was to understand how Martian 
mounds comply with geomorphological diagnostic characters of Spitsber-
gen pingos, which are: correlation with glacier-like ice bodies, negative relief 
forms and tectonic faults, the source of pressurized ground water flow, pres-
ence of degradational crater and cracks on the top of mound.
Discussion: 
Presence of mounds on Mars that match geomorphological criteria’s for 
being pingo-like frost mounds drums up interest to potential presence of liq-
uid water under the surface. Near surface massive pingo ice may be consid-
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ered as the best resource of water for human exploration of Mars. It must 
be taken into account, that even on Earth detection of ice body and its geom-
etry under pingo cone is complicated when using only geophysical survey 
without drilling. In next expeditions we plan to test detailed gravimetric mea-
surements in combination with laser altimetry for mapping of pingos’ mas-
sive ice. Spits Bergen spingos allow us to investigate processes of microbial 
life transport from deep biosphere to the surface and preservation of viable 
forms in ice. Results of microbiological studies of pingo ice, permafrost and 
spring water available for the conference dateare going tobe presented in the 
talk. Terrestrial pingo life refuge model may be useful for choosing candidate 
targets for astrobiological missions to Mars with shallow drilling and search 
for water and biomarkers. 

Fig. 3. HiRISE images of Mars’ pingos-like features on the bottom of mid-latitudes 
craters. Left - 37°S 203°E (PSP_001578_1425), right - 33°S 131°E (PSP_002135_1460).
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Introduction:
Impact cratering is a major geomorphic agent on all planetary bodies, par-
ticularly on those where atmospheres are tenuous or absent. Emplacement 
of impact craters and ejecta resulting in net downslope transportof rego-
lith is generally accepted as the primary agent of landscapedegradation 
on the Moon [1-2].At relatively low slopes, this process can be approximated 
by topographic diffusion, in which the volumetric flux of material being redis-
tributed is a function of the slope [3-4]. Landform evolution modeling sup-
ports existing interpretations that landscape degradation on early Mars pro-
ceeded incrementally through a combination of advective fluvial sediment 
transport and diffusive mass wastingin a warm and arid climate over hun-
dreds of millions of years [5-7]. The mechanism of diffusive degradation on 
early Mars remains poorly understood; since fluvial sediment transport has 
traditionally been linked to runoff from precipitation, rainsplash has been 
proposed as the primary diffusive mechanism [e.g. 8].
Diffusive degradation through impact bombardment as observed 
on the Moon has not been applied in the context of early Mars. The contri-
bution to degradation of a given impactor population will be a function of 
the emplacement of each individual crater and also the size-frequency dis-
tribution of the population as a whole, both of which can be expressed as 
power law functions of the crater diameter D. In this context, the relative 
importance of large vs. small craters to the degradation of the surface can be 
explored. This is important for bodies with atmospheres such as Mars, since 
the atmosphere will filter out impactors below a certain size as a function of 
atmospheric pressure. We first explore a range of crater emplacement and 
production scenarios to determine which combination of these parameters 
is most conducive to impact degradation in general. Second, we compare 
these estimates to determine under what conditions atmospheric filtering 
may have been most efficient in removing small impactors from the popula-
tionof degrading craters on early Mars.
Methods:
The net downslope volume fluxdue to crater emplacement is proportional 
to the topographicslope, which results in diffusive motion when mass is con-
served [1,3]:
q k h= - ∇


 (1)
The diffusivity k is a scaling factorthat reflects the integrated effect of crater 
emplacement over the size and temporal range of cratering being consid-
ered.
Diffusive degradation has been defined using a time-integrated degradation 
state K kt= , which allows the uncertainty in the absolute diffusivity over 
time to be removed, and only depends on the observable (current) degrada-
tion state of the feature in question [3–4]. In simplest terms, the degradation 
state K can be expressed as a power law function of the crater diameter D:
K cDa=   (2)
The constant c will depend on empirical scaling relations, but the exponent  
will reflect a scale-independent property of the cratering process itself. 
The constant can be canceled by expressing the degradation state K as a ratio 
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to some initial state K0, which can be defined in the case of early Mars as the 
degradation state of the surface with no atmosphere.
According to Minton et al. [4], the exponent of D will depend on 1) an emplace-
ment function for each individual crater, and 2) the production function 
for all craters in the population. They define the exponents as 2ψ +    for the 
emplacement function and  for the production function; thus, from Eq. 2:
a = 2a = ψ -η+  (3)
The case of 1ψ =  indicates a simple volumetric (D3) relation between D and 
the emplacement function and is the minimum physically plausible value. 
Minton et al. [4] suggest that 2ψ = , which satisfies the condition of geomet-
ric similarity identified in the equilibrium SFD of small lunar craters. There-
fore, some value of 1 2< ψ <  on Mars is most likely. The Mars crater pro-
duction function contains separate power law branches according to size [9]; 
therefore, the relevant value of η  may change depending on what size range 
of craters are considered in the degrading population. For craters  km, η
=2.2, and for craters 64D > km, η=1.8 [9].For craters 1.4D >  km, the 
production function is much steeper, η=3.8 [9]. The steeper production 
function at small sizes may be due to the emplacement of secondaries, but 
we will consider these, since the effects of secondary crater emplacement 
will be the same as primaries for the purpose of landscape degradation.
Logically, the size of the degrading crater must be smaller than the size of the 
feature being degraded. Thus, the landscape scale in question will implicitly 
determine the maximum crater size Dmax to be considered in the degrading 
population. We consider a range of Dmax from the meter to kilometer scale. 
The minimum crater size Dmin will depend on the introduction of atmospheric 
drag, which will curtail the impactor populationaccording to the atmospheric 
pressure, gravity, and physical properties of the impacting body [10]:

0.001 0.15
sin

P
L

g
×

=
ρ θ

 (4)

L is the minimum diameter impactor (km) that survives atmospheric entry 
for a given atmospheric pressure P (pascals, or 10-5 bar); ρ is the impactor 
density, taken to be 3000 kg/m3; g is the acceleration due to gravity on Mars, 
3.74 m/s2; and  is the average impact angle, taken to be 45˚, or π/4; and v 
(used below) is the average impact velocity, taken to be 9.6 km/s. The value 
Dmincan be determinedby substituting L into the Schmidt-Housen scaling law 
[11]:

( )0.430.78 0.22
min 1.16 sinD L v g-= θ  (5)

Results:

We first compare a range of and values to determine which combination 
of these parameters is 1) most conducive to impact degradation in general, 
and 2) most conducive to efficient atmospheric filtering of small impactors. 
The results are illustrated in Fig. 1. For the likely range of 1 2< ψ < , the slope 
of the production function for craters larger than 1.4D >  km results in 
0.8 2.2< ψ < , which is positive in all cases. This means the largest craters 
in the population will dominate the degradation state K, and atmospheric 
filtering, which only affects the smallest size range, will have a minimal effect. 
For craters    km, , so smaller craters dominate the degradation state if . For 
, there is a slight bias toward larger craters, similar to the case for  km. The 
much greater value of overallmeans that atmospheric filtering will be more 
efficient, since small craters are much more numerous than large ones.
The exact effect of atmospheric filtering will depend on the choice of Dmax 
and the Dmin as determined by Eq. 5. In Fig. 2, we plot a range of atmospheric 
pressures from 0.01 to 10 bar against the ratio K/K0, showing the relative 
effects of atmospheric filtering on the degradation state K over a case with 
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no atmospheric filtering, K0, for different choices of Dmax for 0.01 to 5 km.As 
the atmospheric pressure increases, Dmin also increases, eventually leading to 
complete removal of impacts over the size range of degradation being con-
sidered. For the same atmospheric pressure, a choice of larger Dmax will allow 
larger craters to contribute to degradation, lessening the effect of atmo-
spheric filtering overall. In Fig. 2a, we set to an average value of 1.5 and  for 
craters  km, and in Fig. 2b we do the same for craters  km,  and . As expected 
from Fig. 1, the effect of atmospheric filtering under conditions where are 
much more substantial thanfor , and subsequently the change in Dmax is less 
important since larger craters are relatively sparse in the distribution. 

Fig. 1. Plot of two exponents determining the scaling of the degradation state K. The 
line  divides the plot between cases of positive and negative. For , large craters will 
dominate the degradation state; for , small craters will dominate. is unlikely for phys-
ical reasons. For craters  km, , which falls well below the  line. This means the largest 
craters will dominate the degradation state and atmospheric filtering will have little 
effect. For  km, , the smallest craters will dominate as long as , and atmospheric filter-
ing will remove a significant portion of the population that contributes to landscape 
degradation.

Fig. 2. (left) Plot of K/K0as a function of atmospheric pressure P for a range of Dmax for 
craters  km, . (right) Same plot but for , typical of craters  km.

Conclusions:
We have tested a range of conditions for crater emplacement and production 
on early Mars to determine the effects of impact degradation on the sur-
face. The results are different depending on the size of the craters being con-
sidered. For craters  km, the production function is relatively shallow, such 
that for a range of likely exponents for the emplacement function, landscape 
degradation caused by these craters will be dominated by the largest craters 
in the distribution, and atmospheric filtering of smaller impactors has little 
effect. This also means that, at sufficiently large spatial scales, landscape deg-
radation by impacts could have played a significant role on early Mars even if 
the atmosphere was denser by up to several bars. In contrast, we have found 
that the degradation of the surface by small impacts ( km) is significantly 
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more sensitive to atmospheric filtering. Even at pressures on the order of 10-2 
bar, for Dmax up to 0.5 km, suggesting that the smallest size range of craters is 
only an effective contributor to landscape degradation if atmospheric pres-
sures are very low.
Landscape degradation by impact cratering on the Moon has been modeled 
as a diffusive process, where the absolute value of K is calculated using a 
priori assumptions of the initial topography. While we have not undertaken 
such an analysis here, similar steps could be taken to calculate the degrada-
tion state of various geomorphic features on the surface of Mars, particularly 
ancient craters that are thought to have undergone the majority of their deg-
radation in the Noachian or Early Hesperian. Such an analysis would be com-
plicated by the addition of other transport processes – namely fluvial erosion 
– that have also contributed to landscape degradation on Mars. One possibil-
ity is to use measurements of crater wall slopes, which have been minimally 
affected by fluvial processes, as a proxy for the amount of diffusive degrada-
tion that has occurred. If diffusive degradation on Mars could be simulated 
successfully, then the role of impact bombardment on the surface could be 
quantified in terms of the different emplacement and production scenarios 
explored here. Additional comparisons to atmospheric filtering profiles could 
alsoprovide an independent estimate of the martian paleopressure and early 
climate conditions.
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Introduction.Widespread valley networks (VNs) [1, 2] and lakes [3–5], indicate 
that overland flowoccurred on Mars in the Late Noachian-Early Hesperian (LN-
EH) [1], possibly related to abundant rainfall [8, 9]. This implies that the LN-EH 
climate and erosive regime were different than both earlier in the Noachian and 
later in the Hesperian and Amazonian [6, 7]. However, overland flow, a form 
of advective erosion, is not the only signature of liquid water on early Mars: 
Noachian-aged craters have degraded rims, shallow floors, and lack ejecta, 
features that cannot be explained without the dominant influence of diffu-
sive erosion [8]. Researchers have postulated that rain splash, a form of dif-
fusive erosion through which sediment transport is initiated by the collision 
of raindrops with the surface, was responsible for crater degradation [8]. Thus, 
the previously proposed paradigm for Noachian erosion follows [8, 10]: diffu-
sive erosion from rain splash was dominant throughout most of the Noachian, 
causing crater degradation, and advective erosion from rainfall and runoff was 
dominant in the LN-EH, leading to formation of VNs and lakes. In this para-
digm, in the Hesperian and Amazonian, temperatures are interpreted to have 
to been too cold to permit rainfall, thereby explaining the absence of degraded 
craters, VNs, and lakes on younger terrains [8].
Analysis of the predicted nature and persistence of these two Noachian ero-
sional regimes may provide insight into the early climate: was it “cold and icy” 
(with periods of punctuated heating to permit fluvial activity, as predicted by cli-
mate models) [11–13], or “warm and wet” (with continuous rainfall varying in 
rate and intensity as a function of time, suggested by the geology) [8, 9, 14].
Constraining the potential for a paradigm shift in erosional regime. 
What approach can be undertaken in order to reconcile the geologic signature 
of rainfall with climate models that apparently cannot reproduce conditions 
with abundant rainfall? Recent work utilized measurements of fossilized rain-
drop imprints and mathematical relationships in order to estimate the atmo-
spheric pressure on early Earth [15]. Craddock and Lorenz [10] called upon these 
methods to provide insight into the evolution of the early martian atmosphere 
and the process that could be responsible for the changing nature of rainfall. 
Based on their analysis, the authors suggested that the long-lived Noachian 
climate was “warm and wet” and that the rainfall erosional regime could have 
shifted from rain splash- to runoff-dominated as a function of decreasing atmo-
spheric pressure through time [10]. This hypothesis is consistent with evidence 
for both diffusive and advective Noachian erosional regimes.
We revisit these mathematical relationships (following [10, 15]) in order 
to test the hypothesis that different erosional regimes could have existed 
under different atmospheric pressure regimes. This test provides insight into 
the plausibility that the long-lived Noachian climate was “warm and wet” 
with continuous rainfall of varying intensity [10]. By improving our under-
standing of the role that atmospheric evolution has on rainfall intensity and 
erosional regime, we strive to place tighter constraints on the predicted con-
ditions that climate models must reproduce. 
In order to estimate possible rainfall regimes that could exist as a function 
of atmospheric pressure, we employ a parameterized approximation of rain-
fall intensity as a function of median raindrop size. To do this, we must first 
introduce mathematical relationships for (1) the energy transfer from rain-
drops colliding with the martian surface and (2) the maximum raindrop size 
capable of passing through the martian atmosphere (following [10]). 
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The maximum amount of energy transferred as a raindrop collides 
with the surface is equal to the kinetic energy (KE) of the falling rain-
drop, which depends on the mass and terminal velocity of the raindrop 
as it passes through the atmosphere. Raindrop mass depends on raindrop 
size and can be approximated by assuming that the raindrop is spherical (
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By using terminal velocity to estimate KE of the falling raindrop, we can esti-
mate the energy transferred through the collision of a falling raindrop with 
the martian surface (following [10]):
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Larger raindrops transfer more energy upon collision and the amount 
of energy transferred depends on atmospheric drag and density, gravity, 
and raindrop diameter. We find that rain splash is possible for a wide range 
of atmospheric pressure values.
Next, we estimate the maximum raindrop size that can pass through the 
martian atmosphere and reach the surface without breaking up, or the “frag-
mentation diameter” (FD) [10]. We review the derivation of the FD equation 
because previous studies made mathematical errors at this step. Fragmenta-
tion of raindrops begins when (eq. 3 from [10]):
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ρ
Where d is raindrop diameter, γ is surface tension on the raindrop, n is related 
to radius of curvature of the raindrop, and n Cd is approximated as 1 due 
to the simplifying assumption of spherical raindrop shape (following [10]). 
To find a relationship for FD, we substitute for vt, then substitute for raindrop 
mass (m) and cross-sectional area (A), and finally solve for d:
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FD depends only on raindrop surface tension (γ), the constant n, and grav-
ity (g). Raindrop surface tension (γ) depends on temperature but not 
atmospheric density. The value is approximately constant for a reasonable 
temperature range; we implement a value of 0.0728 N/m (following [10]). 
The constant nis approximated as 1 [10]. Gravity (g) on Mars is 3.71 m/s2.
FD does not depend on atmospheric density; the maximum raindrop size 
that could pass through the atmosphere has been approximately the same 
throughout history, regardless of decreasing atmospheric density (in contrast 
with [10]). For Mars, raindrop FD is 10.85 mm.
From FD, we can finally estimate rainfall intensity. Rainfall intensity is useful 
for estimating regimes where rainfall exceeds infiltration capacity, permitting 
surface runoff. A parameterized relationship for rainfall intensity follows:

50D Iβ= a
Where D 50 is the median drop size, approximated to be half the maximum 
drop size (or FD) [10], Iis rainfall intensity, and α and β are coefficients that 
have been approximated from empirical measurements of terrestrial rain-

10MS3-PS-02



267-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

falls. This equation shows that larger drop sizes cause more intense rain-
fall. Importantly, because FD does not depend on atmospheric density, 
rainfall intensity also does not depend on atmospheric density, in contrast 
to the findings of Craddock and Lorenz [10]. Thus, we find that a change in 
rainfall intensity as a function of time is not predicted to occur naturally with 
decreasing atmospheric pressure. Recall that such a change in rainfall inten-
sity is required to explain the shift from a diffusive to advective erosional 
regime in a long-lived “warm and wet” climate [10]. Our results suggest that 
either (1) the long-lived climate was “warm and wet” and a mechanism other 
than decreasing atmospheric pressure was responsible for the shift in rainfall 
intensity and erosional regime, or (2) the long-lived climate was “cold and 
icy” and the peak in fluvial activity and advective erosion in the LN-EH was 
due to punctuated heating, ice melting, and runoff, not rainfall.
Discussion and Conclusions. 
We tested the hypothesis that two Noachian erosional regimes can be rec-
onciled by a “warm and wet” climate with continuous rainfall and rainfall 
intensity that changed as a function of decreasing atmospheric pressure [10]. 
Testing work is critical for our understanding of the evolution of the hydro-
logical cycle and for placing constraints on rainfall characteristics that GCMs 
must reproduce.We find that:
Raindrops on Mars are capable of transferring sufficient energy to initiate 
sediment transport regardless of atmospheric pressure.
Maximum raindrop size, or fragmentation diameter, does not depend 
on atmospheric pressure. This is in contrast to the findings of Craddock and 
Lorenz [10] due to a mathematical error in the earlier work. 
Rainfall intensity does not vary as a function of atmospheric pressure. 
There would not have been a transition between rain splash- and runoff-dom-
inated erosion related to decreasing atmospheric pressure through time. This 
finding is inconsistent with the canonical view that the long-lived Noachian 
climate was “warm and wet” with continuous rainfall and that the rainfall 
intensity changed as atmospheric pressure declined.
Many outstanding questions remain, including:
If the long-lived Noachian climate was “warm and wet”, what mechanism can 
explain the apparent shift in rainfall intensity and erosional regime?
If the long-lived Noachian climate was “cold and icy”, what mechanism is 
responsible for producing a period of intense fluvial activity in the LN-EH?
Is melting of surface snow/ice and runoff capable of producing sufficient 
advective erosion to explain theVNs and lakes, or is rainfall required?
How can continuous diffusive erosion throughout the Noachian be recon-
ciled with a “cold and icy” climate in the absence of rainfall?
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Introduction:  
Nightglow is a good indicator of circulation in the middle atmosphere of Mars 
in polar regions. In contrast with dayglow O2(a1Δg) caused by photolysis of 
ozon on Mars, the O2(a1Δg) nightglow is a product of recombination of O 
atoms formed by the CO2 photolysis on the dayside at altitudes higher than 
80 km and transported on the nightside through the meridional circulation 
of the Hadley cell: O+O+CO2 – O2* + CO2.
The first observations of the emission on the night side have been obtained 
by OMEGA onboard of Mars-Express in 2010 [1] and later confirmed and 
studied by CRISM on Mars-Reconnaissance-Orbiter [2] и SPICAM on Mars-Ex-
press [3].
Infrared AOTF spectrometer SPICAM IR sounds the Martian atmosphere 
in the near-IR range (1-1.7 μm) with the spectral resolution of 3.5 cm-1 in 
nadir, limb, solar and star occultation modes since January 2004 [4]. It allows 
to perform measurements of the O2 emission with a good spectral power 
(~2200). FOV of the spectrometer at nadir and limb is 1° which corresponds 
to vertical resolution varied from 20 to 100 km.
In this work we will present a seasonal map of the O2 nightglow in polar 
regions for several Martian years starting from MY30.

Fig.1. Distribution of limb observations and stellar occultations for MY32-34
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The atmospheric chemistry suite (ACS) package is a part of the ExoMars 
space mission of ESA and Roscosmos. The ACS experiment is led by IKI Space 
Research Institute in Moscow. 
ACS is installed onboard of the trace gas orbiter (TGO) satellite. ACS con-
sists of three separate infrared spectrometers, including the thermal infrared 
channel (TIRVIM) is a 2-inch double pendulum Fourier-transform spectrome-
ter for the spectral range of 1.7–17 μm with apodized resolution varying from 
0.2 to 1.6 cm−1 [1]. 
TIRVIM is primarily dedicated to the monitoring of atmospheric tempera-
tures and aerosol states in nadir. Besides of that, TIRVIM is used for solar 
occultation spectroscopy of minor gas species, including CO. 
Processing of L1 data gathered by TIRVIM in solar occultation modecan be 
divided into the following steps, (1) retrieval of slant path optical thickness 
of the Martian atmosphere by transmitted solar radiation; (2) calculation of 
optical thickness of the separate atmosphere layers by “Onion Peeling” tech-
nique, (3) spectral separation of CO absorption from continuum extinction, 
wing absorption, etc., and (4) retrieval ofvertical profiles of CO mixing ratio. 
This paper describes the results of processing L1 data, gathered by TIRVIM 
instrument operating in solar occultation mode [2]. Besides the standard reg-
ularization and noise reduction techniques [3, 4], consideration of TIRVIM 
instrument function is required to avoidextra errors. Proper calibration and 
preprocessing of TIRVIM L0 datagathered in solar occultation mode provide 
for stable and reliable L1 data.Based on L1 data, the first vertical profiles of 
CO mixing ratio were calculated. 
The project acknowledges funding by Roscosmos and CNES. Science oper-
ations of ACS are funded by Roscosmos and ESA. Science support in IKI is 
funded by Federal agency of science organizations (FANO).
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Introduction:
Gravity waves (GW) in the planetary atmospheres appear with periodic oscil-
lations of the air mass, and, as a result, with fluctuations of density, tem-
perature and pressure. Measuring vertical distribution of density and tem-
perature, one can characterize altitude propagation of the atmospheric GWs. 
In this case the main parameters of GW – amplitude, vertical wave number 
(in [km-1]), and Brunt–Väisälä frequency — can be estimated. The third value 
is the frequency, at which a displaced air parcel will oscillate when displaced 
vertically within a statically stable environment.
In this paper, we present preliminary results of the GWs retrievals in the 
atmosphere of Mars on a basis of solar occultation experiment being per-
formed by the Atmospheric chemistry Suite (ACS) onboard ExoMars/TGO [1]. 
The ACS is a set of infrared spectrometers operating at the orbit of Mars since 
April 2018. The MIR channel ACS is a cross-dispersion spectrometer work-
ing in the 2.3–4.2 µm spectral range with resolving power reaching ~30 000. 
In the solar occultation mode the spectrometer can observe thin layers of the 
Martian thermosphere and lower atmosphere in strong (e.g. 2.7 and 4.3 μm) 
and weak (about 3 μm) CO2 absorption bands. The NIR channel is a combi-
nation of an echelle spectrometer and an acousto-optic tunable filter (AOTF) 
working in 0.73–1.6 µm spectral range with the resolving power ~ 25000. 
With high resolution infrared CO2 spectroscopy these instruments give us 
an opportunity to thoroughly study the density, temperature and pressure 
of the Martian low atmosphere and the thermosphere. We characterize the 
atmospheric GW by analyzing the fluctuations of the vertical profiles of den-
sity and temperature.
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The load of suspended dust in the Martian atmosphere varies dramati-
cally but never drops entirely to zero. Effects of airborne dust contribute 
to the dynamic and thermodynamic evolution of the atmosphere and its 
large-scale circulation processes on diurnal, seasonal and annual timescales. 
Suspended dust plays a key role in determining the present climate of Mars 
and probably influenced the past climatic conditions and surface evolution. 
Atmosphere dust and windblown dust are responsible for erosion, redistribu-
tion of dust on the surface, and surface weathering. 
The mechanisms for dust entrainment in the atmosphere are not com-
pletely understood, as the current data available so far do not allow us to 
identify the efficiency of the various processes. Dust-grain transport on the 
surface of Mars has never been directly measured despite great interest in 
and high scientific and technological ramifications of the associated phe-
nomena. This paper describes planned, future investigations of the Martian 
dust environment made possible by thescientific payload Dust Complex (DC) 
of the ExoMars-2020 mission’s landing platform. 
The Dust Complex is a suite of sensors devotedto the study of Aeolian pro-
cesses on Mars. It includesfour units: an Impact Sensor, the MicroMED sensor, 
Conductive sensor and a Mast. The Impact Sensor contains the mainelectronics 
of the DC and two different elements: apiezoelectric based sensor, for the detec-
tion of thesaltating sand grain flux and momentum, and aCharge-Sensitive Grid 
for the measurement of thegrains’ electric charges. MicroMED is an optical-
particle counter for the measurement of airborne dustsize distribution and 
number density. The Mastaccommodates the following sensors: 1) a secon-
dImpact Sensor, with the same sensors of the first one,2) two Electric Probes 
for the measurement of theatmospheric electric field, 3) a Conductive Sensor,-
for the measurement of the electric conductivity of the Martian atmosphere 
and 4) an EM Sensor(antenna), which scans the atmosphere at frequenciesup 
to 1 MHz to monitor electric discharges in theatmosphere.
The Dust Suit primary scientific goal is tomonitor the dust cycle by direct measure-
ments ofdust flux at the surface of Mars. This has never beenperformed on Mars. 
Indeed, the dust cycle and theresulting feedback on atmospheric circulation are 
stillpoorly known for Mars. The unpredictability of theglobal dust storms on Mars 
is one of the most evidentconsequences of this lack of understanding.
ExoMars 2020 mission will offer a uniqueopportunity to study these pro-
cesses by monitoringdust dynamics for one Martian year. This will allow-
spanning from periods of relatively clear sky to moredusty periods, where an 
important load of dust isexpected to be injected into the atmosphere.
The presentation reviews outlining design and characteristics of DC, various 
dust effects and dust phenomena that are anticipated to occur in the near-sur-
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face environment on Mars and that are possible to observe by DC as well 
as the instrument developing status. 
Scientific outcomes of DC have future meteorological and environmental 
applications on Mars, for example, for the study of the evolution dynamics 
of the atmospheric aerosols and near-ground stratification. 
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Introduction:
The objective of this paper is to explore the performance of a miniature 3D 
spherical wind sensor for Mars atmosphere, [1-3], working under extreme 
wind speeds, up to the Dust Devil scale. The experimental campaign has been 
made for winds in the range Reynolds 1000–2000, which for typical Mars 
conditions and the dimensions of the sensor, represent 65–130 m/s wind 
velocities. The experimental results further confirm high-fidelity numerical 
simulations of the fluid dynamics and heat transfer from a sphere for Reyn-
olds 1000–104 and Prandtl 0.7, recently published in [4], which indicate that 
it is possible to measure in this regime.
Sensor description:  
The sensor is composed of 4 equally shaped sectors, conforming a 10 mm 
diameter sphere, that are placed on two superimposed PCBs, which 
act as supporting structure and provide signal routing (see Fig. 1), [1–3]. 
A customized silicon die which includes a Pt resistor is attached to each sec-
tor in order to sense temperature and provide heating power. The sensor is 
operated at the same constant temperature in the core and in all sectors. 
From the heating powers injected on the 4 resistors in the sectors and the 
air temperature, the thermal conductance of each sector is calculated. From 
these 4 signals 3D wind speed recovery can be made. 
Main result:
The paper presents experimental results obtained under conditions repre-
sentative of extreme wind velocities in Mars atmosphere. Reynolds numbers 
in the range 1000–2000 have been attained by controlling pressure and wind 
speed in a wind tunnel inside a dry-air hypobaric chamber at room tempera-
ture. These Renumbers represent wind speeds of 65 m/s–130 m/s for typical 
Mars conditions (CO2, 210 K, 630 Pa), for the sensor diameter.

Fig. 1. Photograph of the 4-sector spherical sensor (10 mm diameter).

Simulation results:
High-fidelity simulations have been published in [4]. Direct numerical 
simulations (DNS) have been made for Re1000 and large-eddy simula-
tions (LES) for Re10e4. As an example, a snapshot of the temperature field 
in the wake of the sphere at Re10e4 is shown in Fig. 2. The scalar represented 
is the normalized temperature where Tsph is the temperature on the surface 
of the sphere and Tin is the temperature of the fluid at the inlet.
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Fig 2: Figure from [4] showing a snapshot of the temperature field in the wake 
of the sphere for Re10e4 obtained from Large Eddy Simulations of the incompressible 
Navier-Stokes and energy equations. 

Fig. 3 — left shows the average local Nusselt number at Re1000 on the sphere. 
Fig. 3-right shows a section of Fig. 3 — left corresponding to a triangular sector (a first 
approximation to the sectors of the sensor).  

Fig. 4. Average Nu number for (left) Re1000, (right) Re10e4 on a triangular sector 
of the sphere, as a function of yaw angle.

Fig. 3 — top graphs show the average Nusselt number on the sphere: 
(left) for Re1000 and (right) for Re10e4. Fig. 3 — bottom graphs show 
the fluctuation rms values of the local Nu numbers. There are two stagnation 
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points: one in the front and another one in rear, in the wake of the sphere. 
The average Nu number in region near the rear stagnation points increase 
for increasing Re. 
The simulations indicate that the average Nusselt of the sector as a function 
of the incident wind yaw angle presents a second maximum when the sector 
is near the rear stagnation point, which widens for increasing Re numbers. 
This represents a signature of the expected behavior of the sensor.
Experimental results:
Fig. 6 and 7 present the experimental curves obtained with the sensor 
in a wind tunnel inside a vacuum chamber at room temperature:
a) Re1000: Equivalent UMars-flow of 65m/s (under typical Mars conditions). 

Udryair-flow in the chamber 6.5–7 m/s, 250 mbar, Tair=22.9C, Tsph=35.6°C. 
b) Re2000: Equivalent Umars-flow 130 m/s. Udryair-flow in the chamber 

6.5-7 m/s, 500 mbar, Tair=23.9C, Tsph=34.4°C. 

Fig. 6. Thermal conductances of each sector, and average value, as a function of Yaw 
angle for (left) Re1000. Equivalent UMars-flow velocity under typical Mars conditions 
of 65m/s. (right) idem for Re2000 (UMars-flow = 130m/s).

The thermal conductance of sectors follows the trend predicted by the sim-
ulations: for yaw angles leaving the sector in the wake of the sphere and 
for increasing Re numbers, the Gth presents widening minima and the max-
imum between them tends to increase. These preliminary results indicate 
that 3D wind speed inference can be made in this extreme regime.
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Introduction:  
Convective processes resulting from the presence of vertical temperature 
gradients play an important role in planetary atmospheres. Particularly con-
vection is the main cause of dust vortices (dust devils) on Earth and on Mars. 
This phenomenon is being actively investigated [1], but the final generally 
accepted model is not currently constructed. Dust vortices can lift and carry 
large amounts of dust from the surface which is especially important in the 
rarefied atmosphere of Mars. 
Hydrodynamic similarity of convective near-surface vortices:  
An important tool for studying processes in the atmospheres of planets is the 
theory of similarity. For example there is the well-known similarity theory 
for the circulation of planetary atmospheres [2]. In this work the hydrody-
namic similarity of convective near-surface vortices is considered.
Phenomena are called similar if physical parameters differ in magnitude, but 
dimensionless complexes (similarity criterion) are the same [3]. It is also obvi-
ous that the physical essence of the phenomena must be the same. Analysis 
of free convective flows [4] shows that in our case flow velocity v is as follows

2, Pr
a

f Gr
L L

 = ⋅ 
 

x
v  

Where L is characteristic scale, x is position in space, a is thermal conductivity, 
Gr (Grashof criterion) is a measure of the ratio of the Archimedean force and 
the viscosity forces, Pr (Prandtl criterion) is the ratio between the intensities 
of molecular momentum transfer and heat transfer by thermal conductivity. 
Assuming for similar vortices that Gr Pr2 is the same on Mars and on the 
Earth we obtain the ratio between the characteristic scales is about 17 (scales 
on Mars lager than on the Earth). Further, from the equality of dimensionless 
velocities for the Earth and Mars we obtain the characteristic flow velocity on 
Mars is about 2.6 times grater than the one on the Earth. The values obtained 
do not contradict the available data [5].
Here should be noted the possibility of the development of plasma processes 
in the atmospheres of the planets such as the generation of electric fields 
and charging of dust particles [6–7]. At the same time the dynamics of vorti-
ces are determined by hydrodynamic processes due to the prevailing role of 
the neutral component in the near-surface atmosphere. This fact makes pos-
sible to construct a theory of hydrodynamic similarity of convective vortices. 
Conclusions:
The analysis showed that there is the similarity of dust vortices on the Earth 
and on Mars. This conclusion may be useful in the study of Martian vortices 
due to difficulties of direct measurements.
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This presentation continues a series of publications devoted to the anal-
ysis of the results obtained with the Lyulin-MO dosimeter, which is a part 
of the FREND device, on board the ExoMars 2016 TGO interplanetary probe. 
From April 2018 to present, the spacecraft operates in a circular orbit around 
Mars at an altitude of about 400 km.
There are presented the results of a comparison of the measurements 
obtained with the Lyulin-MO dosimeter for this period of time with calcu-
lated estimates based on the galactic cosmic rays model. The effect of “shad-
ing” the particles flux by Mars, the albedo particles effect on the measured 
values and the effect of the detectors orientation are taken into account. 
Satisfactory agreement between measured values of radiation dose rate and 
calculated values is shown.
There results are important for manned mission to Mars radiation risk esti-
mations.
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Introduction:
ExoMars is a joint Russian-European mission to study Mars. After the launch 
in 2020, the European rover and the Russian landing platform will be deliv-
ered to the surface of Mars.
The Adron-RM is a neutron detector, which is installed onboard the European 
rover [1]. This instrument will allow toanalyze the hydrogen component (rep-
resented as bound water, water ice or OH (H2O) molecules in hydrated min-
erals) in the upper subsurface of Mars using the method which was applied 
with the DAN instrument [1, 2]. A full description of the objectives and 
method of water equivalent hydrogen (WEH) estimation will be presented.
Neutron sounding of the Martian surface was first successfully carried out 
by the DAN experiment installed onboard the NASA Mars Laboratory. Based 
on the latest results obtained from the instrument, there is a serious correla-
tion between the data obtained by means of the galactic cosmic-ray neu-
tron flux and measurement using the neutron generator installed onboard 
the rover.
Adron-RM consists of two proportional counters filled with 3He, one of which 
has cadmium protection to eliminate the low-energy neutron flux. A paral-
lel measurement of the neutron flux in the thermal and epithermal ranges 
allows us to estimate the subsurface structure of the martiansubsurface in 
the area of 3He the rover traverse. Estimates the hydrogen component at dif-
ferent points of movement, made it possible to estimate a percentage value 
of the WEH content in the traversed area. Another important goal is to work 
in close synergy with the other instruments installed on the rover, in order 
to choose the most optimal place for the drilling experiment of the martian-
subsurface.
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The LaRa (Lander Radioscience) experiment is designed to obtain coher-
ent two-way Doppler measurements from the radio link between 
the 2020 ExoMars lander (the Kazachok surface platform) and Earth during 
at least one Martian year. The Doppler shifts are measured by comparing the 
frequency of the radio signal received from LaRa with the known frequency 
of a ground-based reference signal. Transmitting signals from Earth to Mars 
and back again is called two-way communication and greatly enhances the 
accuracy of the radio experiment. The Doppler measurements are used to 
determine the orientation and rotation of Mars in space (precession, nuta-
tions, and length-of-day variations), as well as polar motion, more accurately 
than ever before. The LaRa transponder is designed to maintain the phase 
coherency of the signal, and the global precision on the Doppler measure-
ments is expected to be better than 0.1 mm/s for a 60-second integration time 
(compared to instrument precision requirements at the level of 0.02 mm/s 
for a 60-second integration time). The final objective is to obtain new infor-
mation and constraints on the interior of Mars, and on the sublimation and 
condensation cycle of atmospheric CO2. Rotational variations will allow us 
to constrain the moments of inertia of the whole planet, including its mantle 
and core, moments of inertia of the core only, and seasonal mass transfer 
between the atmosphere and ice caps. The LaRa experiment will be com-
bined with other ExoMars experiments in order to retrieve a maximum 
amount of information. We will also combine LaRa’s Doppler measurements 
with similar data from the Viking landers, Mars Pathfinder, Mars Explora-
tion Rovers, and the ongoing InSight/RISE mission, will provide information 
on the interior of Mars with unprecedented accuracy, improving our under-
standing of the formation and evolution of the Red Planet.
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Introduction:
AMR instrument is a magnetometer, part of the scientific payload on board 
the Rosalind Franklin Surface Platform for the ExoMars 2020 mission. 
The instrument has been through many different changes during the devel-
opment of the early stages of the mission, including several reallocations 
within the surface platform for the mission, always searching for the most 
optimal position in terms of magnetic cleanliness.
The main scientific goals of the instrument are the determination of local 
magnetic crust signatures at the landing site, the Oxia Planum region, through 
measurements during the descent phase, and the monitoring of the mag-
netic field on the surface.
AMR magnetometer integrates two magnetometric units:
• the E- Box, allocated in the surface platform, is the physical and electrical 

interface with METEO. It deals with control, communications, magnetic 
sensing and power distribution tasks, and

• the S-Box, which is the main sensor unit including an ad-hoc deployment 
system that will allow the unit to be ejected up to a 2-meter distance from 
its ramp solar panel location in order to avoid the magnetic contamination 
from the platform.

Fig. 1. a) S-BOX Thermal Model side view, b) S-BOX Deployment Assembly Unit Qual-
ification Model.

The main sensing devices included in both units are COTS sensors whose 
working principle is the Anisotropic Magnetoresistive Effect. These sensors 
have been extensively screened, tested in low temperatures (as expected 
in the surface of Mars) and calibrated.
The AMR instrument has been completely designed, developed, manu-
factured, qualified and calibrated at INTA facilities. Of special attention 
is the qualification of the innovative deployment system and the calibration 
performed at the magnetic singular facility of INTA.

10MS3-PS-12



282-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

In this work the team will describe the instrument, its evolution and the most 
important technological and scientific results to the date after its delivery 
in Moscow for its acceptance and subsequent integration within the Rosalind 
Franklin Surface Platform before the launch of the mission in 2020.
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Introduction:
An application of tunable diode laser absorption spectroscopy(TDLAS) in com-
bination with integrated cavity output spectroscopy (ICOS) was proposed 
for Martian atmosphere study as a Martian multichannel diode laser spec-
trometer, or M–DLS experiment. M–DLS instrument has been designed and 
fabricated as a compact and lightweight device for continuous in situ study 
of chemical and isotopic composition variations of atmosphere near the Mar-
tian surface at the ExoMars–2020 mission stationery Landing Platform.
Measurement method:
In the M-DLS experiment, Martian atmosphere will be studied by optical 
measurements of molecular absorption spectrum of ambient gas sample, 
taken from a close location, ahead of the stationery Landing Platform. Flexi-
bility of TDLAS and radical optical path enhancement of ICOS are combined 
in the M–DLS instrument for fine measurements of weak absorption at low 
pressure of the Martian atmosphere sample. H2O and CO2 molecular con-
tent and isotopic ratio variations for D/H, 18O/17O/16O, 13C/12C will be retrieved 
from absorption data during one Martian year.
Instrument fabrication and calibration:
Following the M–DLS experiment idea, industrial design and fabrication of QM 
and FM units of the M–DLS instrument have been completed, in compliance with-
the M–DLS definite location on board of the ExoMars–2020 Landing Platform and 
of its interfacing with the LP scientific payload microprocessor control unit BIP 
and with other LP systems. Calibration of the M–DLS instrument parameters have 
been carried out in IKI RAS. For each of the two M–DLS units, there have been 
tested and verified mechanical, thermal, electrical, gas sampling, command and 
data interfaces, instrument functions and metrological parameters. Basic results 
of the tests and calibrations are shown in the presentation.
Summary:
The idea of M–DLS experiment, combining TDLAS and ICOS methods, was 
proposed for continuous study of atmosphere near the Martian surface. 
Compact and lightweight M–DLS instrument, aiming for in situ measure-
ments of H2O and CO2 content and of D/H, 18O/17O/16O, 13C/12C isotopic ratio 
variations have been designed, fabricated, tested and calibrated for the sci-
entific payload of the coming soon ExoMars–2020 mission.
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Introduction: 
Radiation and temperature hardness of diamond detectors makes them 
perspective for applications in space radiation registration instrumentation 
for long-term space missions or for spacecrafts orbiting in radiation belts 
[1, 2]. To recover space radiation spectra the instrumentation must be cali-
brated. The absence of standard sources representing space radiation makes 
computing methods of calibration necessary. 
The aim of this work is the calibration of the energy scale of diamond-based 
radiation monitor. To minimize the effect of device construction the calibra-
tion has been carried out using neutron radiation. The interaction of neutron 
radiation with the diamond is well investigated [3, 4] and the energy trans-
mitted to the diamond by the neutrons is quite independent on the device 
construction so the calibration of completed device is possible.
Calibration method and results:  
Brief description of the instrumentation.  
The instrumentation includes a set of registration channels based on the dia-
mond detectors. Registration of space particles in one channel is carried out 
as described in Figure 1. 

Fig. 1. Оperation principle of one registration channel of radiation monitor. 1 — radi-
ation; 2 — filter; 3 — diamond detector; 4 — amplifier; 5 — discriminators; 6 — par-
ticle counters; N1 — Nm — output of m particle counters. 

Cosmic particle 1 passes the filter 2 and hits the diamond sensitive ele-
ment (DSE) 3. The output of DSE 3 is proportional to the energy transmitted 
to the diamond. After amplification in 4 the signal is sent to the discrimina-
tors 5 connected to the particle counters 6. The particle counter is actuated 
provided the energy transmitted by the particle to DSE exceeds the energy 
threshold of the discriminator. Processing of all counters readings is carried 
out to recover the radiation energy spectra.
The calibration of the instrumentation is conducted as follows: (1) the energy 
thresholds of counters activation are obtained using neutron radiation; (2) 
the spectra of the energy transmitted by different components of space radi-
ation to DSE are computed and (3) the responses of counters to the action 
of space radiation are determined.
Energy thresholds determination.
To obtain the energy thresholds of counters activation the response of the 
instrumentation to neutron radiation has been measured [4]. The spectrum 
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of energy transmitted to DSE by neutron radiation has been recorded using 
2048 channel spectrometer. The comparison of monitor’s counters readings 
and spectrometer output allowed obtaining the energy thresholds of count-
ers activation. Verification of energy thresholds has been carried out using 
beta radiation of a standard 90Sr:90Y source. The output of the spectrome-
ter above the thresholds obtained has been compared to that of the counters 
of the instrumentation. The relative difference didn’t exceed 6% [4].
To extend the method to other registration channels including different DSE 
we normalized the output of the spectrometer and that of the counters to 
be calibrated. The energy has also been normalized by the charge collection 
efficiencies of DSE. Verification of energy thresholds has been carried out as 
it has been described above. The spectrum of energy transmitted to DSE by 
beta particles has been computed using Geant4 platform.
The energy transmitted to diamond detectors and the counter responses.
An important part of calibration is the determination of the spectra of energy 
transmitted to DSE by different components of space radiation. We have 
computed these spectra using Geant 4 platform. The spectra ge,p(E, W) 
of the energy W transmitted to DSE of one registration channel by electrons 
and protons with different initial energies E are presented at Figure 2.

Fig. 2. Spectra of energy W transmitted to DSE by protons (left) and electrons (right) 
with initial energy E.

The electrons and protons of different energies are registered simultaneously 
so the counting rate of one counter C is the superposition of the responses to 
the action of monochromatic particles:

( ) ( ) ( ) ( )e e p pC f E E dE f E E dE= ⋅s + ⋅s∫ ∫   (1)
where fe(E) and fp(E) are the energy spectra of electrons and protons, respec-
tively, determining their fluxes φe,p outside the instrumentation:

( ), ,e p e pf E dFϕ = ∫  (2)
σe(E) and σp(E) are the discreet efficiencies of electron and proton regis-
tration by the particle counter, E is the energy of cosmic particles outside 
the instrumentation. 
The output of a set of particle counters is described by a system of equations 
similar to equation (1). To calculate electron and proton spectra the discreet 
efficiencies σe and σp must be measured. The values of σe and σp are calcu-
lated on the base of the spectra of the energy transmitted to DSE:

( ) ( ), , ,
tr

E
e p e pE

E g E W dWs = ∫  (3)

where Etr is the threshold of counter activation. The dependences of discreet 
efficiencies of registration on the energy of the particles outside the radia-
tion monitor are presented at the Figure 3. 
Conclusions:  
The method of calibrating the radiation registration instrumentation using 
neutron radiation has been developed and tested. Discreet efficiencies 
of electrons and protons registration of radiation monitor particle count-
ers have been determined. The data obtained allow solving the equations 
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describing the outputs of the particle counters to determine the radiation 
spectra outside the instrumentation. 

Fig. 3. The dependencies of discreet efficiencies of proton (left) and electron (right) 
registration on the energy of the particles. Curves 1–5 correspond to different particle 
counters of one registration channel (the energy threshold increases with the number 
of the counter). Dashed lines demonstrate lower and upper limits of the confidence 
intervals obtained from the uncertainties of energy thresholds.
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Introduction:   
The Earth-Moon system widens with time that is increases its angular 
momentum. A natural reaction to this is slowing  the system’s both bod-
ies rotation diminishing the angular momentum (action – anti-action). The 
diminishing momenta are compensated by melting and uplifting to the sur-
face of dense basaltic material [3-5]. But on the Moon this happens early 
(3-4.5 billion years ago) because of diminished inertia of the small satellite 
mass (Fig). Essentially “postponed” by time this process was on much more 
massive and inert Earth (the Jurassic-Cenozoic). Earth is 81 times more mas-
sive than its satellite. (3-4.5 b.y.) : 81 = 37-55 mln. y. According to these calcu-
lations the “peak” of the “basaltic” reaction of Earth, filling in oceanic basins 
gets into the boundary of the Mz-Cz. One more peculiarity of basaltic infill-
ings of terrestrial oceans and lunar basins is in relatively high Fe content of 
the latter.  This peculiarity speaks on smaller temperatures of basalt melting 
out of the lunar mantle and the higher their density. This correlates with a 
notion of relatively low temperatures in the mantle at the initial periods of 
transformation of the mechanical energy of moving to the heat energy for 
the mantle melting –creating asthenosphere.
Despite of enormous age differences between lunar and terrestrial basaltic 
covers (billions of years!) some common chemical shift of their composi-
tions is notable and significant. Let us compare Procellarum Basin and Pacific 
Ocean basalts. The oldest parts of their covers occur in the W of Procellarum 
(KREEP) and SW of the Pacific (Ontong Java Plateau – the largest LIP of Earth). 
Potassium, phosphorus, rare earths, thorium enrich the older lunar KREEP 
basalts. The older terrestrial oceanic Ontong Java basalts (Cretaceous age-
about 122 mln. y) also show “KREEP trend”. They belong to E-MORBs and 
have elevated values of potassium, lithium, chlorine, REE, thorium. Elevated 
Fe/Mg (and siderofile platinum group elements) also is in Ontong Java basalts 
[1, 2]. All these chemical peculiarities distinguish them from the younger 
N-MORBs of other parts of the Pacific Ocean (EPR, for example). As all con-
sidered basalt melts of both bodies originate in asthenopheres, the older 
parts of these melts derive from relatively earlier “cool” asthenosphere. It 
means that only easily melted alkali and iron rich parts were involved in the 
process. Later on, significantly heated asthenospheres produced enormous 
volumes of chemically different (less alkaline and more magnesian) basalts. 
In this sense, rather impressive is a comparison of the lunar iron and thorium 
geochemical maps stressing coincidence of their anomalies in the Procella-
rum KREEP terrain area. 
The considered time development of basaltic magmatism could be paralleled 
with the development of alkaline terrestrial magmatism [6]. Its earlier older 
parts often are more alkaline than later Cenozoic parts. Famous large agpaitic 
massifs are mainly Proterozoic-Paleozoic in age. Again, early “cold” asthe-
nosphere produces more easily melted relatively small alkaline parts than 
the later “hot” asthenosphere making large volumes of deeply melted more 
magnesian less alkaline  ones.
Mars is intermediate by mass between Earth and the Moon (Fig). It is ten 
times less massive than Earth and 11 times more massive than the Moon. 
Moving in the wider orbit with its own peculiarities, small Mars, neverthe-
less, also fills in its dichotomous Northern Basin (Vastitas Borealis) by rela-
tively ferruginous basalts. Beginning of the effusions is considered, by impact 
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(?) crater counts, to be in the end of the Hesperian, that is about 3 b.y. ago. 
The last ages of crater infillings in the giant  volcanoes are determined as 3 b.- 
500-200 m. y.[7-9].  Counting age of massive effusions by the mass relations 
of Earth (Moon) and Mars (understanding difference in orbits influencing 
warming mantle and melting basalts) one gets ages 400-270 m. y. The reju-
venation of melting out intervals and their widening in Mars is evident, what 
resembleces terrestrial processes. The martian mantle melting and its warm 
and wet period occur in agreemen    According to sequence of masses and 
inertia of above three celestial bodies (not considering difference of their 
orbits) their planetary basaltic “explosions” form up a regular age row – from 
the oldest of some billion years to the Mz-Cz. The massive Venus also is reg-
ularly inscribed in this row with its vast Mg-rich basaltic cover. Giving up a 
little to the Earth by mass (but superior to it by the frequency of orbiting), it 
gives up a little to Earth in age of the basaltic “explosion”. Counting impact (?) 
craters gives age about 500 mln.y. It is older than calculated (4.5-3 b.y.: 66= 
68-45 mln.y.) but is not absolutely determined – the “explosion” could last 
some prolonged time.
Two inner planets – Venus and Mercury are united by big orbiting frequen-
cies, slow rotations, abundant degassing (atmosphere is preserved on Venus 
and is “swept” away on Mercury), and abundant Mg-rich magmatism.
So, the terrestrial group planets and the Moon have various masses and a 
common significant geomorphologic peculiarity: their negative surface forms 
– depressions of various scales (oceans, basins, and seas) are filled with dark 
dense basaltic material. It is explained by that the loss by bodies of rotation 
rate, that means angular momentum, must be compensated by transfer to 
surface of relatively dense basaltic material. To prepare basaltic melts, in the 
mantle depths temperature must be raised to a certain level, and in bodies 
significantly differing by mass and rather impoverished in heat-generating 
radioactive elements. A plausible process for this is transition of the mechan-
ical energy of orbital movement into the heat energy. This process is con-
nected with a mass or inertia bodies. If the mantle of the smallest body – the 
Moon is warmed up quickly and the absolute ages of the surface basalts are 
3-4.5 b. y. , then oceans of the massive and inert Earth are filled with basalts 
aged some tens of million years and even modern. Other three planets with 
intermediate masses show intermediate ages of basaltic “explosions”.
Wide basaltic covers are characteristic for the rocky planets and the Moon. 
However, ages of basaltic effusions are significantly different. Small Moon 
develops asthenosphere for making melts very earlier- 3-4 billion y. ago. 81 
times more massive Earth develops its asthenosphere much later- in the 
MZ-Cz. These age differences are proportional to their masses. In both bod-
ies the earlier basaltic melts are richer in alkalies and iron reflecting a “cool” 
state of the earlier asthenospheres. Later, the “warmer” mature ashteno-
spheres produce large volumes of less alkalic more magnesian basalts.

 
Fig. 1. Comparison of Earth (big circle or square), Moon (smallest circle or square) 
and Mars masses
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Introduction:
The project is relevant in view of the active development of the space indus-
try and geoinformation technologies on the Web. It helps to visualise the sur-
vey data of the surface of Mars using modern Internet technologies together 
with traditional methods of hypsometric map design.
The process of the map creation:
Using ArcGis.
Five digital models of MOLA (The Mars Orbiter Laser Altimeter) [1] were 
used in the work: CB (29.6 km/pixel), EB (7.41 km/pixel), FB (3.7 km/pixel), 
GB (1.8 km/pixel), HB (0.92 km/pixel). Depending on the spatial resolution 
of the digital models, they were used to create maps different scales. The 
most detailed digital models were used in the maps of the large scale.
Three stages were followed to create a scale of height with various height lev-
els for different zooms (Tab. 1):allocation of height levels depending on the 
distribution of heights, averaging DEM heights for generalization on smaller 
scales (focal statistical with different cell size) and contour drawing. For each 
of the scales its own hillshade was created: the larger the scale, the higher 
the resolution of the DEM on which the hillshade was made.

Tabel. 1. Parameters of the scale of heights

Scale 
inTileMill

Scale 
inArcGis

Using 
DEM

Сell 
size Contours

1
1:160 000 
000 CB 15

-7; -5; -3; -1; 0; 1; 3; 5; 7; 10; 15; 21; 
22

2
1:80 000 
000 EB 25

-7; -5; -3; -1; -2; 0; 1;2; 3; 5; 7; 10; 15; 
21; 22

3
1:40 000 
000 FB 10

-7; -5; -3; -4; -2; -1; 0; 1; 2; 3;4; 5; 7; 
10; 13; 15; 19; 21; 22

4
1:20 000 
000 GB 20

-7; -6; -5; 4; -3; -2; -1; 0; 1; 2; 3; 4; 5;6; 
7; 8; 9; 10; 11; 13; 15; 17; 19; 21; 22

5
1:10 000 
000 GB 10

-7; -6; -5; 4; -3; -3,5; -2; -2,5; -1; 0; 1; 
2; 2,5; 3; 3,5; 4; 5; 6; 7; 8; 9; 10; 11; 
13; 15; 17; 19; 20; 21; 22

6 1:5 000 000 HB 10

-7; -6; -5; 4; -3,5 ; -3; -2,5; -2; -1; 0; 1; 
2; 2,5; 3; 3,5; 4; 5; 6; 7; 8; 9; 10; 11; 
12; 13; 14; 15; 16; 17; 18; 19; 20; 21; 
22

7 1:2 500 000 HB — At500-meters intervals

A table of Mars forms of relief contains 1767 objects with coordinates, types, 
and physical characteristics. It was downloaded from the site Planetary 
Names [2]. At each zoom there is a special set of objects and there is a spe-
cial font for each type.
UsingTileMill.
Each layer – polygons, lines, points, etc. – is processed separately using 
the language Carto (Fig. 1). Colour of the height scale and signatures of con-
tours are the main steps of the map design.
Hillshade is the lowest layer. The next is the coloul with transparency for bet-
ter visibility of hillshade layer and readability. 
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The colours of layer colouring should provide relief to the map readers, 
increase visibility and readability of maps.

Fig. 1. Example of the code inTileMill.

The project is based on the principles of hypsometric scales design devel-
oped by Austrian cartographer Karl Peiker: use light and bright shades for 
the upper levels of the relief, and dark and cold shades for the bottom 
levels to achieve a better relief of a map [3]. As the basis of the color scale 
the shades of orange, red and brown were taken to create an associative 
image . The shades become lighter at the top (Fig. 2).

Fig. 2. Colour scale.

The final stepis export mapt of or mat Mbtiles, which allows to save map 
sintiles, and uploading to Mapboxfor public access (Fig. 3).

Fig. 3. Map fragmentin zoom 4.
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Introduction:
The Plasma Wave System (PWS) and MAGMA instruments onboard 
the Phobos2 spacecraft carry out electric and magnetic field measure-
ments in the plasma environment of Mars in 1989. It is shown that some 
of the observed waves can be tentatively interpreted as emissions originated 
in Martian ionosphere near the boundaries of the magnetic anomalies.

Fig. 1. The data obtained on February 8, 1989 by the Phobos–2 in an elliptical orbit 
around Mars. The signals delivered by 17 elements of the PWS filter bank, spacecraft 
potential and total magnetic field are shown from top to bottom.

Fig. 2. The Phobos–2 trajectory is represented by the dotted line on the magnetic field 
map. The red stars show the places where emissions were detected. 
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Introduction
In this study we tested the hydrophysical and microbiological properties 
of Martian soil analogue for the ExoMars mission [1], imitating the main 
physical and mechanical properties of the Martian soil in the surface layer 
that determine its aptitude for growing crops like corn, wheat or potatoes 
in different climatic conditions and supporting missions to explore Mars.
Material and Methods: Laboratory experiments
Table 1a. Grain-size distribution in Martiansoil simulant in weight %
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Table 1b. Physical and mechanical properties of Martian soil simulant
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In this work, we continue the laboratory studies of the Martian soil ana-
logue, originally created for the drop tests of the ExoMars landing module. 
For the analogue soil, the components that were cheap and available in a vol-
ume of several tons were selected: crushed quartz sand 0.5–1.2 mm — 25%, 
rounded quartz sand 0.19–0.23 mm —15%, fly-ash — 30%, ash-slag waste — 
30%. After mixing the components in the required proportions, a soil-ana-
logue was obtained, according to the grain composition, referring to silty 
sand, having a density of 1.30 g/cm3 in loose composition and 1.55 g/cm3 
in dense composition, with a moisture content of less than 1% and a value 
of cohesion within the first ten kilopascals (Tables 1a, 1b). Mechanical prop-
erties of soil analogue were obtained in triaxial and direct shear tests.
Based on the similarity of the analogue soil to the Martian soil on the physi-
cal and mechanical properties [1], we conducted a series of laboratory tests 
of the analogue soil to determine the hydrophysical (coefficient of filtration, 
water retention curve, liquid limit)and microbiological properties (total num-
ber of prokaryotic cells in situ, numberofculturablebacteriamultisubstrate 
testing of the microbial community as described in [2]).
Results
Conducted experiments of hydrophysical parameters show coefficient 
of filtration of our Martian soil analogue in range of 25–28.6 cm/day (med 
25.7 cm/day), which corresponds to average level of filtration [3].
In the course of microbiological analyzes, the total number of prokaryotic 
cells was found at a level of 1.14±0.35×107 per gram of model soil, and about 
2×103 colony forming units per gram were found on rich nutrient media. 
Cultivated bacteria are predominantly Gram-positive and belong to the gen-
era Arthrobacter, Bacillus, Micrococcus, Staphylococcus and Streptomyces. 
During multisubstrate testing, potential metabolic activity was found close 
to the sensitivity limit of the method: out of 47 substrates studied, only pep-
tone consumption is recorded.
Thus, analogue soil is characterized by a low number and variety of prokary-
otes, as well as low functional diversity and potential metabolic activity.
Discussion and further work
In further vegetative experiments, we are planning to add plant growth-pro-
motion bacteria, various functional groups of bacteria to provide mineral 
nutrition of plants, as well as natural microbial communities of extreme eco-
systems, characterized by conditions similar to those of the Martian rego-
lith. The low biological activity of analogue soil necessitates the introduction 
of microorganisms, and at the same time, the native microflora of analog soil 
will not hinder the development of introduced microorganisms.
Torefine hydrophysical growth conditions of plants, we are planning to deter-
mine water retention curve of our analogue (saturation, field capacity and 
wilting point) as well as liquid limit, plastic limit and plasticity index of soil 
(according to ASTM D 4318 standart). Some of these features are required 
inputs for crop model simulations. Crop modelling will allow to extend 
the scope of the experimental set-up and testing a wide variety of genetic x 
management x environmental (GME) interactions. Therefore, in future, data 
obtained during this and future research on this topic will be usedcrop model 
simulation on a Martian soil [4].
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In the high northern latitudes of Mars, around the polar cap, the remnant 
massifs of layered deposits can be found. These massifs could be remnants 
of polar layered deposits (PLD) of northern polar cup. In our research, we 
used the MOLA topography data to assess the shape of ice massifs both 
on the flat surface and within larger impact craters. For the ice deposits in 
the craters, we used an empirical relationship between the craters depth 
and diameter, original program for measuring of average elevation and math 
approximation approach to estimate volume of ice.
Introduction
Around the north polar cup of Mars, ice layered deposits can be found. 
There is a hypothesis that boundaries of the northern polar cap advanced 
to the lower latitudes in previous climatic epochs [1, 2]. The last such 
advance could happen in previous ice age in period 0.4–2.1 Myr ago [3, 4]. 
In this period, the polar cap could reach ~ 75°N [2] and overlap such regions 
as Olympia Undae and Scandia Cavi. Currently, around the polar cap we can 
find residual massifs of the ice layered deposits in a zone between 70–85°N 
on northern plain and within of impact craters [2]. Study of these features 
provide important information about evolution of climate and the polar 
caps on Mars. The remnant ice massifs contain a large volume of water, 
which is an important resource for the feature human exploration of the 
planet.
Measuring of ice massifs using altimetry data

Fig. 1. Analysis of MOLA altimetry data. A–CTX images mosaic of an ice massif 
at 105°E, 73°40’N; B — elevation map with a topographic profile (C); D — thickness 
of ice massif.
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In our study, we firstly analyzed morphometric parameters of several topo-
graphically positive features on the flat surface of the northern plains. 
Their thicknesses and volumes can be calculated by an elevation difference 
between their elevation model and the surrounding surface. This approach 
gives reasonably accurate estimates only for relatively small objects, located 
on a flat surface (Fig. 1).
The results of the measurements are compared to the radar SHARAD 
data in Table 1. For each measurement, we have a systematic differ-
ence of 50–100 m between the altimetry and SHARAD data. We ascribe it 
to the lower spatial (3–6 km) and vertical (~15 m) resolution of the SHARAD 
data. Density of the radar profiles is also relatively low and the profiles can 
miss the thickest portions of the ice massifs.
Measuring of ice massifs in craters using math approximation
If an ice massif is on a rough surface or inside a crater, determination 
of the massif thickness and volume is more complicated. In this situation 
measurements should be done using either the SHARAD data or an empirical 
dependence between the depth and diameter of craters on Mars [5] and 
additional math approximation approach.

Fig. 2. Measuring of ice massif volume in craters using the empirical model 
for the shape of the Mars craters and approximation of the ice massif profile by two 
parabolas.

For ice massifs, located in impact craters, analysis of crater morphology and 
applying of math approximation, can be alternative approach in calcula-
tion of ice volume. According to this model, the characteristic relationship 
between diameter (D) and depth (d) of the fresher craters is described by 
the following formula d=(0.19D)0.55 [5]:
In order to apply this relationship for estimates of the thickness of the ice 
massifs in craters, we used an original computer program [6], which calcu-
lates an average elevation in a series of concentric zones extending from 
the center of a crater to three crater radii from the center. The difference 
between the model depth of a crater [5] and its actual averaged profile gives 
an estimate of the thickness of an ice massif located within the crater.
The next step was a calculation of volume of ice massif. The maximum possi-
ble volume of the ice massifs were estimated under an assumption that cra-
ters have bowl-like shape. and positive ice massif on the bottom of it have a 
“hill” shape, bellow we will make some approximation to calculate volume of 
ice using math approximation. We assume, that central profile of massif can 
be sufficiently accurate approximated by two parabolas (B’, A, C and B’, C, B). 
Sought-for volume is the volume of axisymmetric body — solid of revolution. 
Let’s locate coordinate axe x throw B’ and B points, and axe y throw points 
A and C. In this approximation, if we know coordinates of points В’, A, B and 
C in axis x and y, equations of parabolas can be calculated. These equations 
will describe upper and lower part of central profile. Using this approach, vol-
ume of ice massif can be described as sum of volumes of two bodies, formed 
by rotation of arcs of lower and upper parabolas related to vertical axe y.
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Table 1. Morphometrical parameters of the ice massifs on the plains and in craters.

№ Locality
Coordinates Area and 

Diameter
Volume, 
km3

Maximum 
thicknesses, 
km

Radar
Longitude Latitude

1a Plain 95° 74°10’ 404.1 km2 41.3 0.35 0.27
1b Plain 98° 74°30’ 1535.5km2 115.5 0.42 0.33
2 Plain 102° 74°30’ 18.1 km2 0.9 0.12 -
3 Plain 103°40’ 74°40’ 4.7 km2 0.12 0.03 -
4 Plain 105° 73°40’ 291.3 km2 27.8 0.17 0.12
5 Plain 107°30’ 74°50’ 11.5 km2 0.3 0.02 -
5 Plain 110°30’ 74°44’ 113.4 km2 26.1 0.12 0.09
6 Crater 319°10’ 73°14’ 16.9 km 32.7 0.8 -
7 Crater 164°30’ 72°40’ 83.9 km 2169.3 1.48 1.48
8 Crater 240°10’ 78°06’ 15.8 km 3.3 0.4 -
9 Crater 103°10’ 70°11’ 37.3 km 3.6 0.1 0.15
10 Crater 159°40’ 79°20’ 6.3 km 7.4 0.48 -
11 Crater 1°40’ 78° 4.5 km 0.1 0.4 -
12 Crater 151°20’ 76°23’ 4 km 0.5 0.4 -
13 Crater 190°10’ 81° 19.5 km 26.2 0.8 -
14 Crater 60°50’ 79°08’ 24 km 12.2 0.4 0.3
15 Crater 89°10’ 77°06’ 31.4 km 148.5 1.1 0.38

Results:
MOLA data can be used on the plain surface for measuring of thickness and 
volume of surface ice massif deposits. Using [5] model, our average profil-
ing of craters and math approximation, volume and thickness of ice massifs 
in part of crates can be calculated. For others cases, when we have deposi-
tion of ice massif in territory with rough relief, or when massif cover huge 
area, SHARAD data should be used.
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Introduction:
Controlling electromagnetic waves is a challenge that may open a broad field 
of disruptive applications. Photonic integrated devices [1], optical filters [2], pho-
tonic crystals [3], smart optical coatings [4] and optical detectors in general [5], 
among others, are of paramount importance in optoelectronic instrumentation 
and, most specifically, in optical space instrumentation. Besides, the new trend 
of nanoparticles-based biosensors that may be driven by optical biomarkers can 
be of especial interest in astrobiology applications [6]. In this context, metamate-
rials have paved the way to the development of very attractive applications, such 
as negative refractive index materials for invisible cloaks [7] or super lenses [8]. 
All these devices have in common that they are usually able to accurately tune 
the electromagnetic wave spectra. However, optical metamaterials require a 
three-dimensional sculpting of the material at the nanoscale, which is still chal-
lenging nowadays. In this work we show a technology [9] to develop all dielectric 
metamaterials suitable for the optical range. The technology may be potentially 
easily extended to any frequency range. It consists on abottom-up approach that 
uses dielectric nanoparticles as composite building blocks. Besides the use of all 
dielectric materials in general, may exhibit an enhancedmechanical hardiness 
against radiation, a key issue in space applications.
In this work a setup based on electrospray technique to build the metamaterials 
is shown. Electrospray consists on applying a high electrical field between two ter-
minals, one of them onto a colloidal suspension, causing the creation of a fine aero-
sol. The electrical field drives the created droplets containing the nanospheres onto 
a substrate, thus forming the desired nanostructured devices. Controlling the main 
parameters of the deposition, different topographies are achieved. With this 
technology we are able to make totally disordered, semi-ordered and completely 
ordered nanostructures. This will allow us to effectively control the electromag-
netic waves for energy harvesting or smart sensing in space applications.
Experimental

Fig. 1. Electrospray setup: a) schematics, b) reservoir pump, c) top and bottom elec-
trodes.
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The developed electrospray technology needs a specific setup to achieve 
the required conditions. Mainly, an infusion pump, a syringe and a nee-
dle containing the colloidal suspension, and a high-voltage bipolar source, 
ranging from -15k V to 15k V.  The deposition takes place inside a glove 
box. The technique is easily scalable and nowadays allows deposition areas 
from 1 cm2 to 60 cm2 [10]. Fig. 1 shows the schematics and pictures of part 
of the setup of the electrospray technique. The usual applied voltages 
range from -3kV to 6KV, the pumping rates range from 0.4 ml/h to 0.6 ml/h 
and the volume fraction disperse solid is 5%. Typical nanosphere diameters 
range from 295 nm to 836 nm.

Results

a                                                                             b

c                                                                             d
Fig. 2. FIBpictures of polyestirenenanospheres: a) 295 nmnanosphere diameter 
b) 522 nm nanosphere diameter, c) top viewpicture of the mixture of 295 nm and 
522 nmnanospheres d) close view of the 295 nm and 522 nmmixture.

Figure 3 shows reflectance values measured with an spectrophotome-
ter. Case examples have been measured, mixing different configurations 
of 295 nm, 522 nm and 836 nm. The technology allows to have different and 
very controllable reflectance spectra, allowing the use of these metamateri-
als in smart space sensing applications, among others.

Fig. 4. Reflectance measurements for different nanosphere diameter mixtures. 
The 295+522 nm mixture have been treated with isopropyl alcohol.

Scanning electron microscopy (SEM), focused ion beam (FIB), and reflectance 
measurements have been made onto different nanostructured devices. Fig. 2 
shows SEM and FIB pictures of samples with polyestirenenano spheres of 
295 nm and 522 nm diameter. Semi-order is achieved for the 295 nm nano-
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spheres whereas an almost complete order, arranged in large area disloca-
tions, appears for the 522 nm structure. A mixture of both diameters is also 
shown, modifying the order and the topography of the nanostructures.
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Introduction:
The seismic experiment of the InSight mission (Interior Exploration using 
Seismic Investigations Geodesy and Heat Transport) [1] is going on Mars. 
As only one seismometer is operating on Mars, the information on stress 
state of the interiors could give an additional information on the source loca-
tion. Joint analysis of gravity and topography data in a frame of the static 
method let us some know ledge on stress field in the crust and in the litho-
sphere of Mars [2, 3]. At present detai led data on topography [4] and gravity 
field [5, 6] are available.
Method:
The static method that uses Green’s functions technique (or the load 
coefficients method) is applied [7–9]. Numerical model considers only 
nonhydrostatic stresses arising due to the deviation of Mars from 
the state of hydrostatic equilibrium [10].The detailed description of the 
method is given in [3]. Within the static approach, the planet is simu-
lated as  an elastic body with density, compression modulus K and shear 
modulus μ depending on the radius. Deformation and stresses obeyed 
Hooke’s law are caused by the pressure of topographic structures on the 
planet’s surface and by density anomalies distributed in some manner 
in the crust and mantle. To calculate the stresses, the set of equations 
is solved that includes the elastic equilibrium equation, and the Poisson 
equation that relates the anomalous gravitational potential to the den-
sity distribution. 
Data:
Currently, there are detailed data about the Martian topography 
obtained by the MOLA instrument onboard the Mars Global Surveyor 
spacecraft [3]. Using the data obtained by the Mars Global Surveyor 
(MGS), Mars Odyssey, and Mars Reconnaissance Orbiter spacecrafts 
in 2016, two independent teams of  scientists have simultaneously pub-
lished papers on studies of the Martian gravitational field expansionin 
normalized spherical harmonics up to the degree and order of 120, 
model MRO120D [5] and model GMM-3 [6]. Model MRO120D [5] is used 
in this study.
Results:
Calculations of tension–compression and maximum shear stresses are carried 
out for a test model of Martian internal structure, which satisfies all today’s 
geophysical and geochemical data, with a step of 1°x1 over latitude and lon-
gitude down to the depth of 1000 km. We take the distribution of density, 
gravity acceleration, compression modulus K and shear modulus μ for Mars’ 
interior structure model М_50 [3].The results of our numerical experiments 
are shown in Figure 1. As it is seen from the figure, the areas of maximum 
extensional stresses along with high shear stresses are located to the East 
from the landing site. 
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Fig. 1. Stress state map for the  Elysium region on Mars : shear stresses (left) exten-
sion-compression stresses (right) (in MPa) for the longitude interval (100–180 deg.) 
at different latitudes (from top (30 North) till bottom (20 South) with 10 deg. step).
Extension — positive, compression — negative.
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Introduction:
At present the seismometer of the InSight mission (Interior Exploration 
usingSeismic Investigations Geodesy and Heat Transport) [1] is operating 
on Mars. The knowledge of subsurface properties beneath the landing site is 
importante for the correct interpretation of seismic data. Analysis of gravity 
and topography data in a frame of S-approximation method [2, 3] let us some 
understanding of density anomalies beneath the station. 
Method:
The S-approximation method is applied [2–3]. In the method of S-approxima-
tions, the known component of the gravitational field is approximated by the 
sum of a simple and double layers which are distributed on a certain areas. 
The solution obtained by the methods of S-approximations (and R-approxi-
mations as well) allows efficient construction of the linear transforms of the 
field and can be used as zero approximation for solving the nonlinear inverse 
problem on localizing the sources (anomalous bodies). 
Data:
At present detailed data on topography [4] and gravity field [5, 6] are avail-
able. The data about the Martian topography obtained by the MOLA ins-
trument onboard the Mars Global Surveyor spacecraft [4]. Using the data 
obtained by the Mars Global Surveyor (MGS), Mars Odyssey, and Mars 
Reconnaissance Orbiter spacecrafts in 2016, two independent teams 
of scientists have simultaneously published papers on studies of the Martian 
gravitational field expansion in normalized spherical harmonics up to the 
degree and order of 120, model MRO120D [5] and model GMM-3 [6]. Model 
MRO120D [5] is used in this study. Topography and gravity anomalies for har-
monics of degree 7 through 90 are shown in Fig. 1.

Fig. 1. The map of topography (left) and gravity anomalies δg on the Martian surface 
for harmonics of degree 7 through 90 (right) for Elysium Planitia region. 

Results:
We have calculated different models of anomalous masses locations beneath 
Elysium Planitia region. Calculations are performed with spatial resolution a 
1×1 arc-deg spherical grid. We have 1148 points. The planes for approxima-
tion are situated close to the minimum relief heights. Model 1 is the model 
with 2 planes spaced relatively close to each other. In models 2–4 we choose 
one plane, situated at different depths. The results of numerical experiment 
are shown in the Figures 2 and 3. As it is seen from the figures, there is an 
area of some lower density beneath the landing site of InSight. 
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Fig. 2. Model anomalous density distribution in the Elysium Planitia region. Model 1, 
two planes. Depths: 0.5 km (left), 0.5 (right).  

Fig. 3. Model anomalous density distribution in the Elysium Planitia region. One plane 
models. Upper panel — Model 2, depth 0 km (left); Model 3, depth —2.0 km (right), 
bottom — Model 4, depth — 4.0 km.
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Introduction:
Different modifications of the method of linear integral representation are 
studied. Solutions of the related inverse problems based upon a “gibrid 
version of two approximations” of the topography and geopotential fields 
enable more refined tuning of the method in solving the inverse problems 
of geophysics and geomorphology and more complete allowance for the a 
priori information about the surface elevation data and elements of anom-
alous fields. The technique for finding a stable approximate solution for the 
inverse problem of determining the mass distributions equivalent by the 
external gravitational (or any other potential) field is presented. The method 
is applied to study anomalous densities beneath one of the highest elevation 
Elysium Mons and deep Hellas basin on Mars. The results of the mathemati-
cal experiment are discussed.
Method:
As it was stressed in [1–3], the problem of linear approximation of the gravity 
field (potential) may be reduced to the linear algebraic system:
Ax f f fδ= = + δ  (1)
where, in general, the design matrix A is a full M×N matrix with real coefficients 

NjMiaij ≤≤≤≤ 1,1, , x is the N-vector to be determined; f is the M-vector 
describing the signal, denotes the given vector of the observed gravitational 
functional that contains errors, characterizes the M-vector of the noise, resp. 
of the errors. The main problem of gravity field modeling is to obtain stable 
approximate solutions of linear algebraic equation systems, Eq. 1.
In the method of S-approximations, the known component of the gravita-
tional field is approximated by the sum of a simple and double layers, which 
are distributed on a certain areas. In the local case (R-approximation), these 
areas are horizontal planes and edges of a dihedral angle, and in the regional 
version these are spheres or spheroids. The solution obtained by the meth-
ods of S-approximations (and R-approximations as well) allows efficient con-
struction of the linear transforms of the field and can be used as zero approx-
imation for solving the nonlinear inverse problem on localizing the sources 
(anomalous bodies). We present the results of constructing analytical approx-
imations of the anomalous gravitational field of Mars in the local version with 
the use of rectangular Cartesian coordinates.
Data:
We apply our method for two regions on Mars: one of the large uplifts Ely-
sium Mons and for the deepest depression Hellas Planitia. The Elysium Mons 
is the second largest volcanic province after Tharsis (about 12 km of relief). 
This zone is located immediately on the boundary between the southern 
highlands with thicker crust, and the northern lowlands with thinner crust 
(the dichotomy boundary). The Hellas Planitia is the deepest depression on 
Mars, it is stretching for 2.3 thousand km, its surface is 9 km below the sur-
rounding highland, while positive gravity anomaly are being observed in this 
region [4]. On the whole Hellas is isostatically compensated impact basin, 
some overcompensation may be related to the accumulation of erosion 
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products on the bottom of the basin, which leads to the formation of a mas-
con type structure.
Data about the Martian topography are obtained by the MOLA instrument 
onboard the Mars Global Surveyor spacecraft [5]. In Figure 1, the map 
of the Martian relief heights after expansion in series up to the degree and 
order of 90 is presented for Elysium Mons and Hellas impact basin. The Mar-
tian gravitational field has been expanded in normalized spherical har-
monics up to the degree and order of 120. In this study we use the model 
MRO120D [6] up to 90th degree and order, as for higher harmonics data cor-
relation of gravitational field and topography is noticeably worse. The gravity 
anomalies are shown in Fig. 2.

Fig. 1. The map of Martian relief heights after the expansion in spherical harmonics 
complete to the degree and order of 90: Elysium Mons (left), Hellas impact basin 
(right). 

Fig. 2. The map of gravity anomalies δg on the Martian surface for harmonics of degree 
7 through 90 Elysium Mons (left), Hellas impact basin (right). 

Results:
We have performed calculations for 6 different models for Elysium Mons 
and Hellas Basin. Calculations are performed with spatial resolution a 1×1 
arc-deg spherical grid. We have 1271 points for Elysium Mons area and 
5551 points for Hellas impact basin. The minimum relief height of chosen 
Elysium Mons area is -6.97 km and the minimum point of Hellas impact 
basin is -10.42 km. The planes for approximation are situated close to these 
minimum relief heights. Model 1 for each chosen area is the model with 2 
planes spaced relatively close to each other. In models 2–6 we choose one 
plane, situated at different depths. The results obtained for Model 1 are 
shown in Fig. 3 and 4. 
Figure 3 presents the results for model 1 for Elysium Mons. The field of 
gravity anomalies correlates “quite well” (in comparison with Hellas basin 
region) with the topography of the Elysium Mons region. “The roots” are 
clearly seen beneath the Elysium Mons. For the Hellas basin region the grav-
ity anomalies are distributed much more complicated. As mentioned above, 
positive gravity anomalies are observed in this region, and it is considered 
as a mascon type structure. Such a complex subsurface structure of Hellas 
basin region may be the cause for the result anomalous density distribution 
shown in Figure 4.  
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Fig. 3. Model anomalous density distribution in the Elysium Mons region, Model 1, 
two planes. Depths: -7.5 km (left), -9.5 (right).  

Fig. 4. Model anomalous density distribution in the Hellas impact basin, Model 1, two 
planes. Depths: -11.5 km (left), -14 km (right). 
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Introduction:
Building on the results of the highly successful Soviet Venera and VEGA 
missions [1], along with the Pioneer, Magellan [2, 3], and more recent 
Venus Express and Akatsuki missions [4, 5], a joint NASA Roscosmos/IKI 
Science Definition Team (JSDT) was established in 2015. Within the overar-
ching goal of understanding why Venus and the Earth took divergent evo-
lutionary paths, the JSDT has the task of defining the science and architec-
ture of a comprehensive Venera-D (Venera-Dolgozhivuschaya (long-lasting)) 
mission. The baseline Venera-D concept includes two elements, Orbiter and 
a Lander, with payload for distance and contact analysis, including detach-
able elements such as aerial platforms that can flow in the atmosphere, 
small long-lived surface stations, small satellite(s). In January 2017, the JSDT 
completed the first phase and generated a report to NASA - Roscosmos/IKI 
of its findings [6]. The second phase was completed in January 2019 with 
a focus on refining the science investigations, undertaking a compressive 
development of the core Orbiter and Lander mission architecture, a detailed 
examination of contributed elements and aerial platforms that could address 
key Venus science [7, 8, 9].Current activities are focused on more precise 
definition of the payload, landing sites, orbits and landing, including varia-
tions of a maneuverable landers.
Lavochkin Association is creating the spacecraft design. This work includes:
1) development of the general design and configuration for the spacecraft;
2) accommodation of systems and standalone devices within the spacecraft;
3) assessment of orbit options along with the strategy for descent and land-

ing and long term observation long-lived stations;
4) forming the radio communications between Earth, spacecraft, surface sta-

tions, satellites.
Launch dates between 2026 and 2031 have been evaluated.
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Introduction:
A thick cloud layer at altitudes of 47–70 km obstructs remote sensing 
of the Venus lower atmosphere and surface. Thermal IR emission forming 
below clouds escapes to outer space only within several transparency win-
dows. They were discovered in the beginning of 1980s as narrow spectral 
intervals between strong CO2 absorption bands [1]. Intensity of the windows 
is defined by CO2 andminor gases absorption and scattering within the cloud 
layer. The emission can be observed at the night side of Venus where sun-
light is absent and, thus, a composition of deep atmospheric layers as well 
as clouds variations can be studied.
Two windows at 1.10 and 1.18 µm coincide an absorption band of H2O mole-
culeat 1.10–1.20 µm. Their emission originates from the surface and the first 
scale height of the atmosphere (5–15 km) allowing to study the water vapour 
mixing ratio at altitudes of 10–20 km. The Venus atmosphere is enormously 
dry in comparison with the Earth one. The major amount of water is con-
densed to the clouds droplets consisting of concentrated aqueous solution 
of H2SO4. The recent ground-based observations and data obtained by SPI-
CAV-IR and VIRTIS on Venus Express showed a H2O volume mixing ratio varying 
about 30 ppmv below clouds [2–4]. A gradient was observed by Ignatiev et al. 
only below 5 km where the H2O mixing ratio increases up to 50–70 ppm [5]. 
However, the water vapour distribution is nearly uniform below clouds and 
temporal and spatial variations have not been studied in detail yet. Global 
investigation of H2O distribution in the lower troposphere should make a sig-
nificant impact on understanding the evolution of the Venus atmosphere.
Retrieving the H2O volume mixing ratio in the deep atmosphere: 
The current work is aimed to study the water vapour abundance in the lower 
atmosphere and its temporal and spatial distributions based on the whole 
dataset of SPICAV observations. The IR channel of the spectrometeron 
board the Venus–Express spacecraft was operating in 2006–2014. It mea-
sured night emission spectra with a good spectral and spatial resolution and 
the accumulated dataset covered almost the whole globe. The instrument 
spectral range allows studying transparency windows at 1, 1.1, 1.18, 1.28 
and 1.31 µm. Three of them at 1.1, 1.18 and 1.28 µm were chosen for the 
analysis. The 1-µm window was not constantly observed by the instrument 
to decrease one spectrum exposition time. Moreover, we also not consider 
the 1.31-µm window which intensity is low.
The theoretical spectrum of the infrared emission isbuiltby a radiative 
transfer model considering a multiple scattering [3, 6]. It is computed using 
the SHDOMPP program which releases aspherical harmonic discrete ordinate 
method for plane parallel geometry [7].Vertical profiles of CO2 concentration, 
temperature and pressure is set according to the VIRA database for the Venus 
atmosphere. The clouds structure is defined by the model of Haus et al. 
2016. [8]. The aerosol particles composition is assumed the 75%sulfuric acid-
solution. We take an assumption that aerosol droplets are sphericalto calcu-
late an optical depth, a single scattering albedo and an asymmetry parameter 
using the Mie theory. The water vapor mixing ratio is set constant. Absorption 
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lines of the H2O molecule are taken from the BT2 linelist [9]. The variations 
of the night IR emission intensity are defined by changings of water vapor 
mixing ratio, cloud opacity and surface emissivity. Therefore, the transparency 
windows model has three parameters varied to describe experimental data.
The analysis of the whole dataset of SPICAV observations displays that 
the water vapour in the deep atmosphere is distributed uniformly with the 
volume mixing ratio of 25–27 ppmv. The instrument propertiesdo not allow 
to make a conclusion about vertical gradient of the H2O mixing ratio profile.
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Introduction:
Radio occultation technique is applied for the atmospheric and ionospheric 
investigations since interplanetary missions to Mars [1] and Venus [2]. Quite 
soon the general formulae for the radio occultation data inversion, based 
on the geometrical optics approximation and the local spherical symmetry 
assumption, have been derived [3]. During further progress in this field, 
new sophisticated approaches for investigations of the fine ionospheric 
structure have been proposed [4]. The report outlines the measurement 
technique and the new mathematical model underlying the data processing, 
providing for their possible implementation in the Venera-D mission.
The results of the analysis of occultation data:
Numeric modeling of experiments revealed the nature of influence of various 
disturbances on the reliability of determination of multilayer plasma struc-
tures in Venusian ionosphere observed in radio occultation data. It was shown 
that precision of interpretation of occultation data depends on the selections 
of equipment and experiment parameters. Quality of obtained information 
depends on the interrelations between radio physical effects, determined 
by the studied medium, and the hindering factors. How informative the radio 
science occultation experiments are depending on the energy ratios along 
the signal path and on the stability of the transceiver using coherent mono-
chromatic radio waves. Proper selection of frequencies is an important task 
in the planning of the occultation experiments for the coming Venus-D mis-
sion. Under optimal conditions there appears a possibility to acquire infor-
mation about the atmosphere and ionosphere of the planet, not obtainable 
before, which is important for the study of anomalous properties of the gas-
eous atmosphere on Venus and a study of propagation of gravity waves from 
the atmosphere into the ionosphere.
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Introduction:
UV (365 nm) images obtained by Venus Monitoring Camera [1] onboard Venus 
Express spacecraft from 2006 to 2013 were used to study the mesosphere 
dynamics. More than 44,000 wind vectors (received during processing 262 
orbits) derived by digital cloud tracking [2, 3] were analyzed in the latitude 
band 0-30°S. Due to a big data set, the dependence of zonal and meridional 
winds was studied not only on longitudeand latitude, but also on local time.
The behavior of the zonal wind in the first and second half of the mission was 
also investigated.
Results:
Detailed analysis of the cloud top zonal wind deceleration, found in [4], 
showed [5] that the braking of the zonal wind at 13.4 ± 4.4 m/s is observed 
above Aphrodite Terra, which is the highest region in equatorial latitudes. 
The surface topography also affectsthe meridional wind component. The 
influence of topography on the cloud top winds was found as a function of 
local solar time. A study of slowest wind positions in the latitude band 10±5ºS 
above Aphrodite Terra as a function of longitude shows that the wind velocity 
minimum (in module) is reached above OvdaRegio (the highest region, 90±5º 
E) at noon local time. The amplitude of the wind deceleration decreases and 
shifts downstream when moving south from Aphrodite Terra. The horizontal 
flow at the cloud top level in the equatorial region is perturbed at 13-14 h. 
A solar tide can be an explanation ofthe perturbation of both zonal and 
meridional wind components.
Results obtained from Akatsuki images [5] confirm the deceleration of the 
zonal wind connected with the solar tide, but don’t confirm the deceleration 
above Aphrodite Terra. Venus Express observed Venus from 2006 to 2014. 
Akatsuki began to operatein 2015continuing in time the observations started 
by Venus Express.Comparison of the zonal wind behavior in the first and sec-
ond half of the Venus Express mission in the latitude band 10±5º S shows 
that the zonal wind minimum, connected with Aphrodite Terra,is observed 
over mission time, but changes its location. It is less noticeable at a higher 
speed observed in the second half of the mission, and displaced downstream 
from Aphrodite Terra.The number of orbits available in the second half of the 
Venus Express mission is two times less than in the first half. Smaller number 
of orbits and poorer quality of the images in the second half of the mission 
leads to sparser spatial coverage especially in equatorial regionsabove Aph-
rodite Terra, and this may distortthe result. A longer observation series is 
required to investigate the influence of topography on the atmosphere cir-
culation.
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Introduction:
Past Venus missions did little to clarify the true complexity of Venus’ Atmo-
sphere because they did not have the ability to collect and transmit con-
tinuous data over a significant period of time. The AARDVARC mission will 
collect and relay atmospheric data from a wide range of latitudes throughout 
a Venusian year using a deployable and inflatable electrically powered air-
craft at 65 to 45 km above the surface.
Mission details:
The AARDVARC mission, Autonomous Aerodynamic Repeating Diver 
For Venus Atmospheric Research Of Clouds, is composed of three main com-
ponents — the Relay Satellite, the Deployment Mechanism, and the Inflat-
able Aircraft.
Modeled after the Mars Reconnaissance Orbiter, the Venus Orbiting Commu-
nication Satellite (VOCS) should continue to be operational well after the end 
of the AARDVARC mission providing communications infrastructure for later 
missions.
The Deployment Mechanism is deployed from the VOCS. The mecha-
nism releases the inflatable airplane at 50 km above the surface and then 
the Deployment Mechanism burns up in the lower atmosphere.
The Diving Atmospheric Research Aircraft (DARA) then stabilizes its flight 
at 65 km above the surface. The plane will dive into the clouds for 15 min 
approximately once every 24 hours. During that time it will collect meteo-
rological data including wind speed and direction, temperature, humidity, 
and pressure. It will also collect data on atmospheric chemical composition, 
cloud particle density, particle size, and cloud composition. When not per-
forming periodic dives the aircraft will collect, at a lower sampling rate, 
the same data for the upper atmosphere of Venus.
The Diving Atmospheric Research Aircraft (DARA) will operate for a mission 
time of 116 Earth days. After deployment and stabilization, it will navigate 
to Venus’s equator, staying at constant solar noon. To maintain this position 
DARA will compensate for winds and Venus’ rotation by maintaining a veloc-
ity of 335 km/hr above the clouds and a Velocity of 190 km/hr at the low 
points of its dives. This means that Venus will rotate beneath the plane like 
a treadmill. Because one full rotation of Venus is 116 Earth days, this tread-
mill effect allows DARA to sample the equatorial atmosphere of the entire 
planet during its planned mission lifetime.

The optimal Launch date for AARDVARC 
is Friday November 16, 2029, which 
would result in an estimated arrival 
on Sunday February 9, 2031 (450 days 
en-route). The orbit insertion is as fol-
lows. The VCOS approaches Venus 
with its initial Type IV trajectory before 
performing a down transfer to reach 
the optimal location for releasing 
the deployment mechanism. The VCOS 
then performs an up transfer to a High Fig. 1
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Altitude Venus orbit at 33,663 km (Fig 1). After being released the deployment 
mechanism is in an Aerobraking Decaying Entry Orbit. Once the Deployment 
Mechanism reaches 2 000 km the orbit becomes unstable and the mecha-
nism formally enters the Venusian atmosphere (Fig 2)

Fig. 2

AARDVARC’s strategy for exploring Venus allows a long mission duration 
and global data collection. The plane will avoid the thermal degradation 
experienced by past probes by loitering at a high altitude. At its cruising alti-
tude of 65 km the temperature is −43°C and during its dives it will encounter 
only 15 min at 100°C. DARA will also remain at noon solar time for the dura-
tion of its mission. This allows for the maximum collection of solar energy 
while cruising. Additionally, because DARA is an inflatable structure, buoy-
ancy will keep the aircraft aloft so there is no need to create lift during cruise. 
This reduces the power requirement for the plane. The inflatable structure 
also allows for a large surface area at low mass commensurate which lowers 
both launch vehicle constraints and aircraft power consumption.
With an array size of 304 m2, the power provided by the photovoltaic array 
integrated into the wing’s upper surface is 155 kW. Considering 20% losses 
for regulation, power conversion and storage, total power available for pro-
pulsion and avionics is 124 kW, providing an end-of-life power margin 
of 19%. Of this power 100 kW are used to maintain the speed of the plane. 
The remaining power is used for the science instruments and avionics includ-
ing computers, radios and controls.
The attitude control of DARA is unique because of its inflatable design (Fig 3). 
DARA has four control modes — charging cruise, diving, data collection cruise, 
and rising. These modes are controlled by an Automatic Flight Control System 
and a Stability Augmentation System. Both of these systems also work to coun-
teract the effects of unpredicted wind gusting and debri. The ADCS hardware 
consists of inflatable ailerons, various sensors and a propeller/motor.

Fig. 3
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The uplink from DARA to the VOCS is the critical element of the communica-
tion systems design. The main parameters driving the design are the data rate 
and the time available for the DARA to transmit that data to the VOCS. Total 
daily data collection is 140 Mbit. The VOCS has an orbital period of 24 hours 
allowing it to connect to the DARA daily for about 8 hours, resulting in a data 
rate requirement of 5kbps. With 10 Wt of transmitter power, a 1 m diameter 
antenna on the VOCS, and an antenna gain of 3 dB on the DARA the achieved 
link margin is 7.54 dB for 10-6 bit error rate. The frequency of the transmis-
sion is 928 Ghz which is the same frequency that was successfully used 
on the Venera—9, 10, and 11 Venus decent missions. Modulation is BPSK 
and QPSK with R-½ Viterbi Decoding.
The downlink from the Relay Satellite to Earth is a similar, but less powerful, 
variation of the connection for the Mars Reconnaissance Orbiter. The VOCS 
will connect to the DSN at duty cycle 14% (e.g. 24 hours of contact per week 
for the 17 week mission) with a data rate of 11.4 kbps. In order to close 
the link from the VOCS to the 70m DSN dishes over the Earth–Venus dis-
tance of 40 000 000 km, the Satellite will be fitted with a 2m diameter para-
bolic antenna providing 29 dB gain. This antenna will use gimbals for antenna 
pointing, similar to those used for solar panel orientation. Transmission 
is at Xband, 12 GHZ with 15 watts of power. Overall this connection has a link 
margin of 7.7 dB, sufficient to accommodate changes in distance between 
Venus and Earth during the duration of the mission.
AARDVARC’s unique mission design makes it possible to have a long-term 
mission on Venus. This will provide consistent and comprehensive data that 
will allow scientists to gain a more complete understanding of Venus’ atmo-
sphere.
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Introduction:
Radio occultation (RO) measurements of signal intensity (λ=32 cm) from 
the Venera–15 and –16 satellites provide complementary information about 
small-scale structure of internal waves in the Venus’s polar atmosphere. Our 
method of analysis is similar in many respects to that used in previous stud-
ies [1, 2]. Authors of above indicated works suggested that radiative damp-
ing is the principal process to dissipate internal atmospheric waves having 
vertical wavelengths <4 km, which have been observed by radio occulta-
tion experiments. Figure 1 shows the basic signal intensity measurements. 
The RO signal intensity remains nearly constant until the occultation by neu-
tral polar atmosphere begins at a relative time of about ~0 sec. From that 
time onward the RO signal exhibits rapid fluctuations (scintillations) super-
imposed on a gradually decreasing trend. Figure 1 clearly shows the signal 
intensity responses (see selected fragments on the right) when radio waves 
pass through the Venus’s daytime (solar zenith angles Z¤ are correspondingly 
equal 85.8° and 87.2° for sessions 24 and 30) and nighttime (Z¤=95.4° for 
session 42) ionosphere near terminator. It is known that the signal intensity 
minima correspond to electron density maxima in the ionospheric layers [3]. 
Taking into account that the apparent ray velocity normal to the radio path 
was equal here ~4.3 km/s [4], one can find that the ionospheric electron den-
sity maxima near terminator both for the day and for the night sides of Venus 
are located at altitude of ~150 km.
It is convenient to represent the RO signal intensity data as a func-
tion of the instantaneous ray path height (ray perigee height). The ray 
path height (h) as a function of time is obtained as a natural byprod-
uct of the steps of data analysis that yield atmospheric density, pres-
sure and temperature profiles [5]. We applied a high-pass spatial filter 
to the signal intensity data to isolate the scintillations. This is filter oper-
ates as follows:

( )
( ) ( )

( )
I h I h

i h
I h

-
≡

 
(1)

Here, I(h) is the measured signal intensity and h is the ray perigee height. 
Angle brackets denote the local mean computed by fitting a quadratic poly-
nomial to I(h) over a 4-km interval centered on height h. By definition I(h)>0, 
so that i(h)>–1. However, the value i(h) can exceed +1 by a significant margin 
as a result of large spikes in signal intensity, which are commonly observed 
in the RO experiments of Venera–15 and –16 satellites.
In the case of weak scattering when |i(h)|<<1, the RO signal intensity fluc-
tuations i(h) are proportional to variations ρ′(h) in atmospheric density [6]. 
According to the internal gravity wave (IGW) theory, the following expression 
can be written [1]:
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Fig. 1. Measurements of signal intensity (λ=32 cm) versus time in the Venus’s polar 
atmosphere for three radio occultation sessions: 24, 30 and 42 (ingresses) of the Ven-
era–15 and –16 spacecrafts. Time t=0 sec corresponds to a ray path height of~100 km 
(Venus’s mean radius is 6051 km). Tropopause of the probed atmospheric regions is 
located at altitude: ~57.6 km (sessions 24, 30) and ~59.0 km (session 42) [5].

where m=2π/λz is the vertical wave number, λz is vertical wavelength, j 
is imaginary unit. Amplitude function Gρ here is described by the formula (3):

3 1/2( ) ( ) exp ,
( )

h
b b

r

dh
G h N

L hρ
 

≡ ρ - 
 
∫

 
(3)

where ρb and Nb are the background values of atmospheric density and 
Brunt-Vaisala frequency, respectively; Lr is the radiative damping length scale. 
In the absence of wave energy dissipation, ρ′(h) will generally decrease with 
altitude as ( ) ,b hρ  but with additional modulation due to the vertical varia-
tion of Nb

3/2(h). The radiative damping is described by the radiative damping 
length scale Lr, given by [1]:

2 ,r rL
m
ω

≡ τ
  

(4)

where τr is the radiative relaxation time [7], and ω is the IGW intrinsic fre-
quency, which means the wave frequency relative to an observer moving with 
the background wind speed [8–12]. The radiative relaxation time τr (Figure 2) 
is estimated from the model result λz = 7 km given in the work [13] by assum-
ing that the damping time is proportional to the vertical wavelength.
The altitude dependence τr(h) for the λz=1 km was determined by us for 
the analysis of signal intensity fluctuations i(h), and the graphs τr(h) for verti-
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cal wavelengths of 5 and 2.5 km, obtained earlier in the work [14, see Fig. 7], 
are shown in Figure 2 for comparison.

Fig. 2. Altitude profiles of the radiative relaxation time τr(h) in the Venus’s atmosphere 
for vertical wavelengths of 5 km (dashed), 2.5 km (dotted), and 1 km (solid) obtained 
by extrapolating the model prediction [13].

Figure 3 shows examples of the signal intensity fluctuations profiles i(h) 
observed in RO sessions 24, 30, and 42 (jagged lines). The ray path height is 
measured here from the level of the Venus’s average surface with a radius 
of 6051 km. The rapid intensity fluctuations represent diffraction effects due 
to small-scale inhomogeneities in the Venus’s atmosphere. As follows from 
results of the work [4], the diffraction pattern of the RO signal intensity scin-
tillations at tropopause level in the Venus’s polar atmosphere is produced by 
the small-scale refractive index inhomogeneities with a vertical size of <0.32 
km (radius of the first Fresnel zone). Inhomogeneities with larger vertical 
sizes, observed in the RO experiments, do not contribute to the diffraction 
pattern and may be due to the influence of thin regular layers or internal 
atmospheric waves. Early, thin stable layers in the Venus’s polar clouds were 
found at altitudes of 59.0–61.5 km [4]. At altitudes above ~61.5 km, where 
the effects of radiative attenuation are significant, the fluctuations i(h) are 
probably caused by internal atmospheric waves, and we have found that 
their dominant vertical size is of ~1 km. The dashed curves in Figure 3 show 
the wave envelope, Gρ(h), computed with aid of Eq. (3) and profiles ρb(h) 
and Nb(h) appropriate to each RO occultation.

Fig. 3. Signal intensity fluctuations, i(h), observed during three RO sessions 24, 30 
and 42 (jagged lines). Altitude refers to the ray path height above Venus’s mean 
radius 6051 km. Smooth lines show how magnitude of fluctuations varies with height 
according to wave theory (including effect of radiative damping). Vertical length scale 
for radiative damping (Lr) in the Venus’s atmosphere is equal Lr=8700 m (reference 
altitude below is href=61.8 km) for session 24; Lr=6500 m (href=61.5 km) for session 30; 
Lr=12000 m (href=62.3 km) for session 42.

The key IGW characteristics in the Venus’s polar atmosphere, obtained from 
the analysis of seven RO sessions of signal intensity (λ=32 cm) measure-
ments from Venus–15 and –16 satellites are given in Table. 1. The formula 
(4) is used when calculating the wave parameters. First, analyzing the vertical 
profile of the signal intensity fluctuations, the vertical scale of the radiative 
attenuation (Lr) is determined for a given measurement session. At the next 
stage, the radiative relaxation time (τr) in the Venus’s atmosphere is calcu-
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lated for the analyzed intensity fluctuations with λz=1 km, localized in a given 
altitude interval (see Figure 2). Then, using the formula (4), the intrinsic fre-
quency (ω) of the identified internal wave is determined. Further, on the basis 
of the dispersion equation, ω/Nb = |kh|/|m| = λz/λh, for internal waves 
in the interval of intermediate intrinsic frequencies  2 2 2

( )bf Nω   and 
the background estimate of Brunt-Vaisala frequency Nb=0.02 rad/s, the hor-
izontal wavelength (λh) was calculated. At the last stage, the intrinsic hor-

izontal ( )/in
ph hc k= ω  and vertical ( )/in

pzc m= ω  phase speeds are 
determined, as well as the intrinsic period for IGWs [3, 8–12]. The vertical 
wavelength of these fluctuations is about 1 km at the altitude of >61.5 km. 
The developed model for radiative damping implies that the intrinsic fre-
quencies of identified IGWs vary from 3.5·10-4 rad/s to 9.5·10-4 rad/s, and 
their horizontal wavelengths are confined in the interval from 21 to 57 km.

Table 1. Internal gravity wave characteristics in the Venus’s atmosphere inferred from 
the radio occultation signal intensity (λ=32 cm) measurements of Venera–15 and –16 
satellites

Se
ss

io
n 

N
um

be
r

href, 
km Lr, m τr, sec Lr/(2τr), 

m/s
ω, 

rad/s
τi, 

hrs
Nb, 

rad/s λz, m λh, m ,in
phc

m/s
,in

pzc
m/s

10 62.2 4.6·103 41.0·103 0.056 3.5·10-4 5.0 2.0·10-2 ~103 57·103 3.2 5.6·10-2

12 63.0 5.2·103 36.7·103 0.071 4.5·10-4 3.9 2.0·10-2 ~103 44·103 3.2 7.3·10-2

20 62.4 8.4·103 39.8·103 0.105 6.6·10-4 2.6 2.0·10-2 ~103 30·103 3.2 11·10-2

24 61.8 8.7·103 43.2·103 0.100 6.3·10-4 2.8 2.0·10-2 ~103 32·103 3.2 10·10-2

30 61.5 6.5·103 44.3·103 0.073 4.6·10-4 3.8 2.0·10-2 ~103 43·103 3.2 7.4·10-2

32 62.3 12.2·103 40.1·103 0.152 9.5·10-4 1.8 2.0·10-2 ~103 21·103 3.2 15·10-2

42 62.3 12.0·103 40.1·103 0.150 9.4·10-4 1.9 2.0·10-2 ~103 21·103 3.2 15·10-2
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Introduction:
Interior structure models of Venus are based on the topography and gravity 
field data: mass, mean radius, moment of inertia and tidal Love number k2, 
which is a functional of the distributions of elastic moduli K and m  and den-
sity. The value of k2 was obtained from КА Magellan and Pioneer Venus Orbi-
ter, but it has significant error bar (k2=0.295±0.066) [1]. The value k2 depends 
on the inelasticity of the interiors at a tidal period of 58.4 days.The interior 
structure models of the Venus are elastic, while k2 contains both elastic 
and inelastic components. When constructing an interior structure model, 
the elastic component is calculated. It is necessary to introduce the correc-
tion to the elastic value due to the inelasticity of the interior.
Effects of inelasticity:
The problem of partitioning of the Love number k2 into elastic and inelastic 
components for Mars was examined in detail in [2]. In this study we assume 
that Venus is similar to the Earth by mechanical parameters (radius and den-
sity), therefore for a Qµ(l) distribution in the silicate envelope of Venus we 
use Qµ(l) distribution in the interiors of the Earth – four-layer piecewise-con-
stant QML9 model [3] (see Table): (0–80 km), Qm=600; (80–220 km), Qm=80;  
(220–400 km), Qm=143 and (400–670 km), Qm=276.  
In a dissipative medium, as in the interiors of Venus, the dissipative func-
tion Q(l), the shear modulus μ0(r) and tidal Lobe number k2 are functions of 
frequency. Frequency dependence of dissipative factor Qi for the interiors 
of the Earth is based on seismic data and laboratory data [4]. The review on 
recent study of dissipative properties of Earth’ interiors one can find in [5].
In the reference Earth model PREM in the period interval from ~1 still ~1 h 
(3.6х103 s), which corresponds to Earth seismology, Qµ is constant. This case 
corresponds to the logarithmic creep function (Lomnitz rheology model) [4], 
and the shear moduli ratio m0(s) at frequencies s1 and s2  is expressed 
in the following form [6]
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In the interval of long periods Qm weakly depends on frequency, which refers 
to the stage of transient (unstedy) creep [7, 8, 9]. In this case we have [4, 6]

0 2 1

0 1 1 2

( ) 1
1 ( ) 1

( ) ( ) 2
n n

ctg
Qm

 m s s π
= - - m s s s 

. (2)

2
2 1

1
( ) ( )( )nQ Qm m

s
s = s

s . (3)

The value of n in (2–3) is in the interval в ~0.1–0.2.
In this study, in the interval of periodsfrom 1 s to 1h we use the Lomnitz rheo-
logical model, formula (1) for the ratio of shear modulus μ0(σ). In the interval 
of periods from 1 h to 58.4 days we use formulas (2). Let σ1 be the frequency 
corresponding to the period of 1 s, σ2- the frequency corresponding to the 
period of 1 h = 3.6x103 s, σ3 – the frequency corresponding to the period 
of Solar-induced tide of about 58.4 days = 5x106 s. Formulas (1) and (2) allow 
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us to estimate the decrease in the shear modulus at the transition from fre-
quency σ1 to σ2 (Table 1).
The numerical results of transformation of Qµ(l) distribution at transition 
from seismic band to the period of 1 h and 58.4 days, corresponding changes 
of shear modulus in four layers in silicate envelope of Venus and total change 
of shear modulus are given in the Table. Based on the laboratory data and the 
experience of studying this problem for the Earth, we take n in the interval 
of 0.15–0.2.
Due to inelasticity, m(5x106 s) is lower than m(1 s) by 5, 35, 23 and 11% in 
four layers, respectively. The Love number k2 is approximately proportional 
to the shear modulus, and inelasticity leads to the increase of Love num-
ber k2 in comparison with the value for an elastic model. Numerical model-
ing shows that at n in the interval of 0.15–0.2, Love number k2 increases by 
8–12 percent. By this estimate the difference between k2 (5x106 s) and k2(s) is 
about 0.02–0.03, respectively, and is within the error bars of k2 .
The values of Love number k2 for the interior structure models of Venus with 
solid and liquid cores are noticeably different. For the models with solid core 
k2 is about 0.17, while for the liquid core being about 0.25–0.27. The authors 
of paper [10] came to the conclusion that because of inelasticity one cannot 
conclude if the core of Venus is liquid or solid. The estimates of corrections 
due to inelasticity depend on the choice of dissipative factor in the interiors 
of the planet and the value n in the creep function. If n=0.25-0.3 we also can-
not exclude the presence of a solid core. The clue to the solution of this pro-
blem is in decreasing the uncertainty of k2, that also could accurate the radius 
of the core and the content of iron in the mantle. 

Table. Values of the dissipative factor Qm (l)  and the decrease ratio of shear modulus 
in four silicate layers of Venus at the transition from 1 s to 58.4 days and values of  n 
=0.15 and 0.2 in formulas  (1) and (2).

n 0.15 0.2

Глубина (km) 0-80 80-220 220-400 400-670 0-80 80-220 220-400 400-670

Q(s1) 600 80 143 276 600 80 143 276

Q(s2) 202 27 48 93 140 20 35 65

m(s2)/ m(s1) 0.991 0.935 0.964 0.981 0.991 0.935 0.964 0.981

m(s3)/ m(s2) 0.96 0.7 0.903 0.91 0.93 0.5 0.71 0.85

m(s3)/ m(s1) 0.95 0.65 0.77 0.89 0.92 0.47 0.68 0.83

Conclusion:
It is demonstrated that in order to put restriction on the interior structure 
model of Venus it is worth taking into account the effects of inelasticity 
on Love number k2. Numerical modeling shows that inelasticity of venusian 
interiors leads to the increase of k2 by several hundredths. The value of k2 
observed at the period of solar tide on Venus (the period 58.4 days), should 
be decrease, at least, by 0.02–0.03, when comparing with model values. This 
correction is still within the error bars of k2 determination.
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Introduction:  
Coronae on Venus represent circular and often axisymmetric landforms that 
are characterized by an annulus of densely packed grooves and, in some 
cases, ridges [1–3]. The annulus encircles corona interior where volcanic 
features dominate [3]; at some coronae, distinct lava flows extend from the 
annulus into the corona surroundings [4]. The circular shape of coronae, 
their non-random spatial distribution, and prominent volcanic and tectonic 
components indicate that these volcano-tectonic complexes are the surface 
manifestations of mantle diapirs [5–7]. In this interpretation of coronae, their 
topographic configuration is important because it should reflect different 
stages of the coronae evolution [8]. Numerical simulations of a mantle diapir 
evolution on Venus suggest a sequence of characteristic topographic profiles 
ranging from a dome-shaped uplift during a progressive stage of the diapir 
development (diapir impinging against lithosphere and warps it up) to a topo-
graphic depression at the final stage of diapir evolution (loss of extra heat, 
relaxation and sinking). In our study, we investigated topographic configura-
tion of all coronae and corona-like features in order to classify them by their 
characteristic topographic profiles and assess a possible stage of mantle dia-
pirs evolution that the profiles may illustrate.
Data and methods:
In this study, we used published catalogues of coronae on Venus [3, 9] to col-
lect a population of features for the topographic analysis. We inspected these 
catalogues to exclude repetitions and combined the catalogues together into 
one list of structures. We examined morphology of each coronae from this 
list to determine their lateral extent using mosaics of the Magellan C1-MIDR 
images (resolution 225 m/px). Then we mapped each feature as a polygon 
in an ArcGIS project and defined its area from an equal-area projection 
(Mollweide). The area was a key parameter to calculate an effective radius (r) 
of each feature (r=sqrt(Area/pi)). When coordinates of the centers and radii 
of the mapped coronae have been determined, we constructed their aver-
age topographic profiles. For this, we used gridded Magellan topographic 
data presented as a topographic map with resolution ~5 km/px. Each point 
of an average profile represents a mean elevation value in a circular zone, 
which is concentric relative to the corona geographic center. Width of each 
zone is equal to the spatial resolution of the topographic map.
Results and discussion:
In our work, we investigated 551 corona and corona-like features and ana-
lyzed their topographic profiles. By this characteristic, all studied features 
can be divided into five categories. (1) Dome-shaped coronae, the interior 
of which is uplifted and occurs at higher elevations that the annulus and 
the broader corona surroundings (Fig. 1a). We counted 99 such coronae 
that make ~ 18% of the entire analyzed population. (2) W-shaped coronae. 
For these features, the interior is characterized by a central dome-like struc-
ture surrounded by a circular, moat-like depression (Fig. 1b). We identified 
189 such coronae (~34% of the population). (3) W-W-shaped coronae that 
are mostly correspond to the double-rim coronae [3]. The interior of such 
structures represent a broad depression surrounded by an additional inte-
rior rim (Fig 1c). In our study, we have found only 18 such features (~3% 
of the population). (4) W-V-shaped coronae, the interior of which represents 
a topographic depressions surrounded by a topographically prominent rim 
(Fig. 1d); there are 59 such coronae (~11% of the population). (5) Coronae 
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the interior of which represents a broad U-shaped topographic depression 
(Fig. 1e). The annulus of such coronae is topographically indistinctive feature. 
There are 186 such coronae (~34% of the population).

Fig. 1. Five categories of topographic profiles of coronae on Venus.

A series of model topographic profiles illustrates different phases of the pro-
gressive and regressive stages of evolution of the corona parent dia-
pirs (Fig. 2). The initial phases of the progressive stage are characterized by 
growth of a dome-shaped structure above a diapir that impinges against 
the bottom of a lithospheric rheological barrier (Fig. 2a–c). This character-
istic topographic profile corresponds to the dome-shaped coronae (Fig. 1a). 
According to the model results [8], these coronae represent a stage of corona 
evolution when the parent diapir still possesses sufficient positive buoy-
ancy to be able to displace the lithospheric barrier upward. About one fifth 
of the entire population of coronae and corona-like features belong to this 
category. These coronae are strongly concentrated within the Beta-Atla-The-
mis (BAT) region outlined by the major branches of rift zones and showing 
abundant fields of lobate plains. Both rifts and lobate plains are characteris-
tic features of the later network rifting-volcanism regime of resurfacing [10]. 
Close spatial association of the dome-shaped coronae with the BAT region 
suggests that about 20% of coronae on Venus formed during the network 
rifting-volcanism regime.

Fig. 2. Topographic profiles of a corona at different stages of its evolution (modified 
from [8]).

For all other coronae, the principal feature of their topographic configuration 
is a longer-wavelength depression within the corona interior, which is compli-
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cated by shorter-wavelength positive topographic features. According to the 
model results [8], the presence of the subsided interior indicates that these 
coronae are at their regressive stage of evolution when the parent diapir lost 
positive buoyancy due to melt escape and cooling. The W- and W-W-shaped 
coronae, which form ~ 37% of the entire corona population, may correspond 
to the earlier phases of the regressive stage (Fig. 2d,e).
About half (45%) of the analyzed coronae represents either rimmed or rim-
less topographic depressions (categories W-V and U, Fig. 1d,e) that may cor-
respond to the late phases of the regression stage of the diapirs evolution [8]. 
Our results indicate that the majority of coronae on Venus manifest the later 
stage of evolution of the mantle diapirs when the diapir bodies gained neg-
ative buoyancy. The absolute majority of these coronae are spatially asso-
ciated with groove belts and characterize the later episodes of the tectonic 
regime of resurfacing [10]. Numbers of coronae that may manifest the ear-
lier and later phases of the regressive stage are about the same (37% and 
45%, respectively). This suggest that the corona parent diapirs formed during 
a broader time interval by the end of the tectonic regime but this activity 
ceased before the emplacement of vast lava plains (shield and regional 
plains) that have embayed the tectonic components of most coronae during 
the volcanic regime of resurfacing.
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Introduction:
Irregular Mare Patches (IMPs) [1–3] are an unusual and distinctive manifesta-
tion of lunar volcanism [4–6]. Initial age estimates for the largest IMPs using 
Neukum’s impact crater chronology model ages resulted in very young age 
interpretations for large IMP extrusive basaltic lava flow activity (<100 Ma) 
[3], while others [4–8] expressed concern about these estimates on the 
basis of the close association of these IMPs with ancient (~3.5 Ga) edifices 
and structures. It was proposed instead that the IMP mounds were formed 
by ancient extrusion of porous highly vesicular magmatic foams predicted 
theoretically [4] to form in lava shield summit pit craters, and that the young 
ages were caused by substrate effects with superposed impacts smaller 
by a factor of ~3 due to their formation in compressible magmatic foam [7–8]. 
In a previous contribution [9] we assessed the nature of laboratory experi-
mental data for impacts into highly porous materials, outlining several key 
points about target cohesion, small crater degradation target layering, and 
scaling to high impact velocity. The recent intensive multidisciplinary charac-
terization and analysis of the major IMP Ina [10] provides a basis for further 
IMP assessment. The goal of this work is to help distinguish among theories 
for the formation of IMPs by assessing the nature, physical properties, strati-
graphic relationships, and ages of the two major units in Ina using the com-
mon theme of impact cratering.  
1) What is the predicted regolith thickness on Ina units?: For an impact-gen-

erated regolith developed on lava flows emplaced on the floor of Ina at 
~59 Ma [3], a regolith thickness of less than a meter would be expected; 
however, regolith thicknesses on Ina mounds are of the order of 3–5 m 
(Fig. 1 and [10]), although regolith thickness on surrounding hummocky 
terrain appears to be less.  An impact-generated regolith developed on an 
~3.5 Ga age extrusive basalt lava flow unit emplaced contemporaneously 
with the surrounding volcanic shield would be expected to be >5 m.  The 
situation is much more complex for a 3.5 Ga summit pit crater lava lake 
model [4]: in this case,1) the hummocky unit represents the macro-porous 
lava lake floor (thus, regolith thickness development is retarded by drain-
age into the macro-porous substrate and may be very uneven); 2) mounds 
are interpreted to be magmatic foams extruded out from the lava lake 
below onto the lava lake floor (foams on top of solidified lava lake): the pro-
cess of emplacement of foams into the lunar vacuum produces a fragmen-
tal layer on top of the foam, creating an initial “auto-regolith” layer [11], 
and a three-layer substrate (“auto-regolith” layer, magmatic foam layer, 
underlying basalt lava lake floor)on which the impact generated regolith 
is developed.  More specific models for the physical properties of each 
of these units need to be developed to compare to experimental data.   

2) What are the stratigraphic relationships of the Ina units?: Most 
of the recent (<100 Ma) volcanic activity models call on extrusion of solid 
basalts onto the surface (mounds) and in some cases, the hummocky 
floor is younger material extruded from inflated flows and embaying the 
mounds and is thus younger (see review in [10]).  The lava lake model [4] 
predicts magmatic foam flowing out over the solidified lava lake floor; the 
mound would thus currently underlie meters-thick fragmental “auto-rego-
lith” and impact generated regolith [4]. We analyze an ~75 m diameter, 
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12–14 m deep crater on the floor of Ina (Figs. 2–3) that impacted the con-
tact between the mound and hummocky floor units; the crater has pene-
trated through the mound unit and into a blocky substrate that we inter-
pret to be an extension of the adjacent hummocky floor unit underneath 
the mound, thus supporting an extrusive foam model. The crater has exca-
vated a large number of solid blocks and scattered them on the crater 
rim on top of the surrounding mound and hummocky units: the mound 
to the SE appears at first glance to embay (and thus postdate) the crater, 
but the presence of boulders on top of this mound, and images from dif-
ferent illumination geometries (Fig. 2–3), clearly show that this is apparent 
relationship is caused by post-event mass wasting of fragmental mound 
material down the crater wall.  The fragmental nature of the upper half 
of the crater wall in the mound areas is clearly seen, consistent with an 
ancient age and/or unusual target properties.   

3) What are the implications of Ina target properties for  crater formation, 
degradation and retention?: Our analyses clearly show that the hum-
mocky and mound materials have different physical properties (Figs. 1–3), 
and thus these differences must be taken into account in interpreting the 
impact crater size-frequency distributions and ages. The convex-up topo-
graphic profile of the mounds has been shown to affect the distribution of 
superposed craters, with fewer on the steeper marginal areas [10].  Still 
to be determined is the energy partitioning in impacts into targets consist-
ing of magmatic foams, foam “auto-regolith”, foam-derived impact rego-
lith, and macro-porous lava lake floor material.  These differences could 
affect their initial depth and diameter in substrates where crushing may 
be relatively more important than fragmentation and ejection; these fac-
tors could also influence crater degradation as a function of time, poten-
tially making fresh craters appear degraded, or not easily recognizable.   

Conclusions: 
Detailed analysis of the Ina IMP reveals important new information about 
target characteristics and stratigraphy.  More sophisticated models need 
to be constructed and more specific laboratory experiments need to be 
undertaken to explore this improved parameter space.  
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Fig. 1. Four craters in  an Ina Mound with central floor mounds, D=20 to 32 m. DTM 
estimated depth for D=32 m is about 3 m (d/D~0.1). The ratio of the substrate depth 
T to the crater diameter is T/D~1/6 to 1/4–the proper range for central mound forma-
tion (a layer at 3 to 5 m depth?).
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Fig. 2. A flat floor crater with D=75 m (Ina) penetrated the mound material of ~8 m 
thickness. Left and right shadowed DTM-based images illustrate the crater perception 
at various illumination.

Fig. 3. ~75 m-diameter fresh blocky impact crater superposed on the border between 
Ina floor mounds and hummocky floor material, showing topographic profiles.   
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Background: 
Needham and Kring [1] have proposed that a transient, more prominent atmo-
sphere may have been present on the Moon at several times during its geologic 
history as a result of gases released in volcanic eruptions. On the basis of their 
analysis of the volumes and dates of lunar mare basalt eruptions, assumptions 
about the buried structure of mare-filled lunar impact basins, and volatile 
release patterns of erupted magmas, they conclude that during an interpreted 
peak volcanic and volatile release flux at ~3.5 Ga, “maximum atmospheric 
pressure at the lunar surface could have reached ~1 kPa” (~1.5 x Mars’ cur-
rent atmospheric surface pressure) and that the atmosphere “may have taken 
~70 million years to fully dissipate.” Schulze-Makuch and Crawford [2] explored 
the possibility of transient niches in which life could have evolved accompany-
ing such an atmosphere. Needham and Kring [1] further explored the possibil-
ity that this transient atmosphere may have been a source for the hydrogen, 
presumably present as water, located in cold traps at the lunar poles, and con-
clude that “even if only 1% of the mare water vented during these eruptions 
remains in the polar regions…volcanically derived volatiles could account for 
all hydrogen deposits” currently observed in the lunar PSRs. 
On the basis of recent work in assessing the generation, ascent and erup-
tion of lunar basaltic magma [3, 4], we adopt a more detailed approach and 
forward-model the production of volatiles in individual eruptions [5, 6], and 
compare these with the results from the Needham and Kring approach [1]. 
We utilize our treatments [3–5] to forward-model magma emplacement and 
volatile release patterns and abundances, and then proceed to assess the 
likelihood of sufficiently abundant eruptions occurring to produce a transient 
atmosphere similar to that found by Needham and Kring [1]. 
The issues requiring examination are 1) the range (and mean value) of magma 
volumes in individual eruptions, 2) the masses, and hence volumes, of the 
various gases released in any one eruption, 3) the duration of the eruption 
and hence the gas release rate (possibly varying significantly as the eruption 
progresses), 4) the typicaltime intervals between volcanic eruptions on the 
Moon as a function of geologic time and 5) the timescale for the dissipation 
of an atmosphere once one is emplaced. 
Input data: 
Eruption volumes: Individual eruption volumes, V, of typical visible and there-
fore most recent lava flow deposits [3], are at least ~200–300 km3, with some 
potentially up to 1000–2000 km3 (Table 1) and we can estimate the minimum 
volumes of lava, ~100 km3, needed to thermo-mechanically erode the pre-
served sinuous rille channels [7]. 
Total mare basalt erupted volumes: Using mare basins lava fill depth esti-
mates, we have a reasonable value for the total volume, Vt, of all volcanic 
products erupted on the Moon over its lifetime, close to ~107 km3 [8]. We 
do not know the absolute dates of specific eruptions but we can use cra-
ter size-frequency distribution-derived dates of units mapped from orbit, 
and stratigraphic relationships, to estimate  the overall time span, τv, ~2 Ga, 
of the vast majority of the Moon’s volcanic activity [9,3]. 
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Number of eruptions, average rates and estimated repose periods: Using the 
100–300 km3 average eruption volume, the total erupted volume of mare 
basalts, and the duration, we calculate a total of ~30,000 to 100,000 erup-
tions in the 4–2 Ga period, and an average repose time of 20,000 to 60,000 
years.  Accounting for lunar thermal evolution in terms of mare mantle pro-
duction rates and the evolving state and magnitude of stress in the litho-
sphere [3] we would predict greater volumes generated and released in 
earlier periods than later.  Assuming that three times as much magma was 
erupted in the 4–3 Ga period than in the 3–2 Ga period, this suggests that the 
earlier eruptions could have occurred every 13,000 to 40,000 years. 
Volatiles and release patterns: What volatile components were released, in 
what order, quantity, and in what relative abundance?  We have good esti-
mates of the mass fractions, n, a few hundred to perhaps 1500 ppm, and 
species, dominated by CO, water and sulfur compounds, of volatiles released 
from lavas and pyroclastics sampled by the Apollo missions [5, 10]. 
Eruption durations: Analyses of the dynamics of lunar eruptions allow us to 
estimate the volume fluxes, Fl, of lava forming surface flows and sinuous rilles 
[4–6]; coupled with the erupted volumes, these give values for the typical 
durations, τe, of these eruptions.
Volatile input to the atmosphere: Multiplying the dense-rock-equivalent 
erupted volume V by the typical density of lunar basaltic magma, ρm = ~3000 
kg m-3, yields the magma mass erupted, and multiplying that by the released 
gas mass fraction n gives the total gas mass released, G. Finally dividing G by 
τe yields the gas mass input rate to the atmosphere, Fg. Table 1 summarizes 
these values.
Analysis: For each of the released gas masses in Table 1 we can find the 
properties of the lunar atmosphere that would be created if the gas release 
rate from the erupted magma was much greater than the total loss rate 
of the atmosphere into space by whatever mechanisms were relevant (which 
we shall show shortly is the case). Based on [5] we assume that the volcanic 
gas consists of CO, H2O, sulfur compounds and traces of halogens [10] such 
that the mean molecular mass is m=~25 kg/kmol. We then find the scale 
height of the resulting atmosphere, H = (QT) / (mg) where Q is the universal 
gas constant, 8.314 kJ kmol-1 K-1, T is the mean lunar surface temperature, 
~235 K, and g is the acceleration due to gravity at the lunar surface, 1.62 m 
s-2. These values give H=48 km. The surface density of the atmosphere, τs, is 
equal to its mass, M, from Table 1, divided by the volume equivalent to the 
surface area of the Moon multiplied by the scale height, i.e. τs = M/(4 πR2H) 
where R is the lunar radius, 1738 km. Finally the surface pressure is Ps = ρsgH. 
Table 2 lists the values of ρs and Ps corresponding to eruption types in Table 1. 

Table 1. Parameters of various types of lunar eruption. Cobra Head is the source 
of VallisSchroeteri [3] and FFC is a typical floor-fractured crater [11–12]. Released vol-
atiles assumed to be dominated by CO and to form n=1000 ppm by mass of a magma 
that has a liquid density ρm = 3000 kg m-3. V = lava volume; Fl = lava volume eruption 
rate; τe = eruption duration; M = total gas mass released; Fg = gas mass release rate. 
Typical values for parameters are quoted but individual eruption values may vary by 
a factor of at least 2 to 3.

Feature 
V/km3

V/km3 Fl/(m3 s-1) τe/days M/kg Fg/(kg s-1)

Cobra Head 2000 1.4×105 165 6×1012 4×105

FFC 1000 ~105 115 3×1012 3×105

long flow 30 30 9×101 3×106 3×106

small flow 200 105-103 100 6×1011 3×105

sinuousrille 100 1.6×10-7 50 3×1011 105

sinuousrille 1.3×10-2 950 105

Discussion: The implied atmospheric gas masses due to typical types of lunar 
volcanic activity (see Table 1) are of order a few times 1011 to a few times 
1012 kg. As part of an extensive review of three possible types of lunar atmo-
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sphere, Stern [13, his section 5.2.2] treats a hypothetical volcanically-induced 
atmosphere, and with some prescience chooses a total gas mass of 1014 g, 
i.e., 1011 kg, for his illustration, the same order of magnitude as the small-
est value that we predict. We therefore follow his arguments about the rate 
at which such a collisionally dominated atmosphere would be lost to space, 
and like him we adopt the loss rate calculated by Vondrak [14] of 104 g s-1, 
i.e., 10 kg s-1. This leads to the timescales for atmospheric decay, τd, shown 
in Table 2, between~1,000 and ~20,000 years.These are likely maximum 
atmosphere durations because as the density becomes very small, other 
loss mechanisms come into play. These values need to be compared with 
the likely intervals between eruptions on the Moon. With a total volume of 
volcanics of Vt = 107 km3 [1, 5], a typical erupted volume of 200 ± 100 km3 
(Table 1), and a total duration of volcanism of τv=~2Ga, the average interval 
is 20,000 to 60,000 years. Assigning higher eruptions fluxes to the early part 
of the mare volcanism era does not change this conclusion greatly. 

Table 2.  Initial values of the surface density, ρs, and surface pressure, Ps, in a transient 
atmosphere produced by the five types of volcanic activity listed in Table 1. The max-
imum duration of the atmosphere, τd, is indicated.

Feature ρs/(kg m-3) Ps/Pa τd/years
Cobra Head 3.3×10-6 0.26 19,000

FFC 1.6×10-6 0.13 9,500
long flow 4.9×10-7 3.8×10-2 2,900
long flow 3.3×10-7 2.6×10-2 1,900

sinuousrille 1.6×10-7 1.3×10-2 950

Conclusions: 
The implied intervals between typical lunar eruptions, ~20,000 to 60,000 
years, are an order of magnitude greater than the likely durations of the vast 
majority of individual transient atmospheres, between ~1,000 and 3,000 
years, though for some floor-fractured crater events and the extreme exam-
ple of Schroeter’s Valley the time scales are comparable. Otherwise, only if all 
of the Moon’s ~107 km3 of basaltic volcanism were to have taken place within 
a 200 Ma interval would the time scales be comparable. We therefore think it 
unlikely that the Moon had a semi-permanent (as long as ~70 Ma) volcanical-
ly-driven atmosphere as proposed by Needham and Kring [1].  We attribute 
the differences between our estimates and those of Needham and Kring [1] 
to their use of maximum impact basin depths as average depths, and assign-
ment of all excess volumes below datable units to one age (e.g., 5.9 x 106 km3 
assigned to 3.5 Ga in the case of Imbrium).
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Introduction: 
Growing global interest in human and robotic lunar and extraterrestrial 
exploration is creating new opportunities for lunar transportation. We pres-
ent a modular autonomous instrumentation host suitable for research 
at any location on the lunar surface. The system provides power, communi-
cations, thermal control and instrument control and data collection buffer-
ing with the capability to sustain operations throughout a two week lunar 
night time. Up to 1 kg of scientific payload is supported on the lunar surface 
for up to three years at a total mission cost including integration, transpor-
tation and operations less than $10M. This new capability will enable more 
experiments to be conducted allowing for rapid expansion of knowledge 
of the Moon.
Orpheus Overview:
Orpheus is a small lunar laboratory in a 20 cm×20 cm×20cm (comparable 
to an 8U cubesat) enclosure, equipped with its own communication, deploy-
ment and power systems. Orpheus houses a 1 kg payload that is deployed 
onto the lunar regolith (seen in Fig. 1A).  The user can configure any exper-
iment or mix of instruments compatible with the mass and volume enve-
lope for extended operation anywhere on the lunar surface. A detachable 
lid on the box forms as a high gain communication antenna, compatible with 
one or more low cost ground stations on earth. The parabolic antenna is sup-
ported on linear actuators that point the antenna towards the Earth (Fig.1B). 
Orpheus’ onboard systems provider power to the science payload as well 
as communications of experiment data and control commands with Earth. 
Deployable solar panels on each face of the box provide power for opera-
tions in sun illuminated periods, and recharge of internal batteries (Fig. 1C) 
for operation during lunar night time

Fig. 1: Orpheus overview (A) basic overview of Orpheus structure, including general 
payload and electronics placement. (B) 3D model of Orpheus. The communication array 
lid (gold) is tilted towards the Earth by vertical actuators (purple) to transmit data from 
the deployed payload (pink). (C) Top view of Orpheus, showing deployed solar panels
Methods:
Orpheus operates in four primary modes: deployment; alignment; transmis-
sion and nighttime.
Deployment: 
In deployment, Orpheus is ejected from the lunar lander onto the lunar 
regolith. Initial operations such as satellite lid release and solar panel deploy-
ment will occur in this phase (Fig. 2). While different methods of deployment 
(launching straight from the lander, using a rover, using a robotic arm etc.) 
have been discussed, the exact method of implementation will be deter-
mined based on the lunar lander used. 
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Fig. 2: After landing on the lunar regolith, solar panels will be deployed to beginning 
powering Orpheus systems. 

Alignment and Transmission:
A defining feature of Orpheus is its transmission of experimental data 
towards the Earth. The lid (which acts as the communications array) is placed 
on four linear actuators. During the alignment phase, linear actuator deploy-
ment will allow for alignment of the antenna with the ground station (Fig. 3). 
An Earth sensor on the lid will be used to direct alignment. Once aligned with 
the Earth, experimental data can be continuously transmitted to the ground 
station while it is within range. Alignment will be repeated as necessary 
to maintain contact.

Fig. 3: Using an Earth sensor, vertical actuators attached to the lid will tilt towards 
the Earth, before beginning transmission of data. 

Nighttime:
Due to extended day and night cycles on the Moon (14 Earth days with sunlight, 
14 Earth days without), Orpheus will be powered solely by its batteries during 
nighttime. To allow for payload operations while minimizing battery weight, 
only essential Orpheus systems (processors and memory boards) will be run, 
while payload operations will be run at the minimum possible power and duty 
cycle (Fig. 4). Data transmission will not occur during this phase, and data will 
be stored and transmitted in bulk at the beginning of the next transmission 
phase. Dependant on client needs however, payloads can also be run at higher 
operational levels at the cost of decreasing mass of the payload (which will be 
taken up by the batteries needed to support increased power draw). 

Fig. 4: In nighttime mode, Orpheus shuts down all non-critical processes to maximize 
battery power, leaving only the payload (light blue) running. 

Systems:
Communication:
Onboard Orpheus will be a mechanically steered 24 db gain parabolic dish 
and an omnidirectional 3 db antenna. In normal operation (at a bit rate 
of 300 baud) the 24 db dish has a healthy link margin with a 1.8 m diameter 
ground station dish. In the unlikely circumstance the dish does not respond 
or is misaligned, an 8m ground station (assumed rented for a short period 
of time) dish can issue reboot protocol to Orpheus via the 3db antenna. 
This setup was chosen for availability of smaller ground station dishes, 
and relative cost of a high gain spacecraft antenna versus a large ground dish. 
This keeps both budget down and potential markets open.
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Power: 
For alignment and transmission modes, power will be provided by solar panels. 
One solar panel will be placed on each face of the box, and the panels will open 
up during the deployment phase. With an area of 400 cm2 on each face, a total 
area of 1600cm2 available for solar panel use. The nighttime phase will last 
14 days, and must be battery powered. To reduce battery weight on Orpheus, 
all non-essential systems will be shut off during this mode, and the only thing 
being consistently run will be the payload and the payload interface board. 
The duty cycle of the payload will also be kept as low as possible to reduce 
power consumption. As mentioned above however, there is flexibility to 
increase payload operation during this phase at the cost of reducing payload 
mass, and we are willing to work with the clients on this aspect. 
Thermal:
Given the aim of trying to land on the equator of the Moon as the main 
challenge of Orpheus, this leads to a very difficult thermal problem. Between 
the lunar day and night, the surface can fluctuate in temperature from 95 K 
to 350 K [1]. Hence, not only does Orpheus need to be insulated from the sur-
face, but also the payload; which is touching the surface. The shell is in direct 
sunlight and will also fluctuate in temperature. The outside of Orpheus will 
be heavily insulated with MLI, and painted to ensure minimum heat transfer 
to the electronic components and batteries inside.The solution to this prob-
lem is to isolate the electronic components (the ‘insides’) from the structure 
(the ‘shell’). On the lunar surface, as Orpheus is stationary, the insides will be 
suspended on 4 Kevlar fibers. More than strong enough to hold the equip-
ment and batteries the Kevlar fibers also have small enough surface area 
to not impact the thermal transfer to the electronic components. On takeoff, 
all electronics will be bolted into the shell, which will purposefully and slowly 
outgas once on the lunar surface. In our thermal models, if 1 % of the inci-
dent radiation on Orpheus is transferred to the insides, the temperature 
range of all temperature sensitive equipment can be kept within ±20C.
Model:
We completed a prototype of the deployable high gain antenna to demon-
strate the capabilities of the communication system and thermal protection 
(seen in Figure 5).

Fig. 5: Left and Middle: Orpheus prototype system, modeling the communications 
array (the parabolic lid) and the insulation (the aluminum foil). Input from the photo-
resistors attached to the lid is processed by the Arduino, which then powers the step-
per motor and custom actuation system to angle the lid towards the light source. 
Right: The lid is angled towards a cell phone flashlight acting as a lightsource. To model 
the Alignment phase of the mission (where the high gain antenna is directed towards 
the Earth using an Earth sensor), we used four photoresistors to detect a specific light 
source. The angle needed to tilt the dish was calculated based on the distance from 
the light source calculated by each photoresistor using an Arduino microprocessor. 
To physically angle the dish, we custom designed, 3D printed, and built a low-cost 
vertical actuation system, using stepper motors to provide torque to raise and lower 
the system, as seen in Figure 5. 
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Introduction:
The thermal environment of the lunar surface is extreme. At the equator, 
temperatures drop ~300 K between local noon and night [1]. Here we are 
interested in how this drastic thermal environment may affect the reflec-
tance of the lunar surface. A variety of laboratory studies have demonstrated 
that minerals common to the lunar surface (e.g., pyroxene, olivine) show 
spectral changes with respect to temperature in near infrared wavelengths 
[e.g., 2–4]. Specifically, an increase in reflectance is observed with decreasing 
temperatures at key wavelengths [2–4]. Over temperature changes equiva-
lent to the lunar thermal environment (∆T ≈ 300K), the reflectance of pure 
pyroxene samples can vary by a factor of two [4].
For almost a decade, the Lunar Orbiter Laser Altimeter (LOLA) onboard the 
Lunar Reconnaissance Orbiter (LRO) [5,6] has been acquiring measurements 
of the Moon’s surface reflectance by measuring the strength of the returned 
altimetric laser pulse. Measurements are acquired at a wavelength of 1064 
nm, which is coincident with a diagnostic absorption feature of pyroxene (cen-
tered near 1 µm) due to the presence of Fe2+ in the M2 site of the crystal [7]. 
At LOLA’s wavelength, this iron absorption feature has been observed in labo-
ratory studies to reveal temperature-dependent spectral changes [2–4]. Here 
we are interested in how the surface reflectance of the Moon as measured 
from orbit by LOLA changes during the extreme temperature fluctuations 
experienced by the surface over the course of a lunar day.
Methods:
We analyze the normal albedo of the lunar surface using the highest quality 
calibrated LOLA data, which was acquired by Detector 3 on Laser 1 [8]. The 
normal albedo is the reflectance of the lunar surface measured at zero phase 
angle relative to a Lambertian surface illuminated at normal incidence angle 
and the same phase. During the nine years of still ongoing operations, LOLA 
has nominally collected data throughout the lunar day, although returns are 
minimal when the LRO spacecraft crosses the terminator due to instrument 
cooling and contraction [5]. Here we analyze the LOLA data for differences in 
mean normal albedo during the cycle of the lunar day by sorting the data into 
two groups based on the local time at which the data were acquired: mid-day 
(11:00–13:00) and morning/evening (06:00–07:00 and 16:00–17:00). These 
two groups are chosen to represent times at which surface temperatures are 
at a maximum and minimum, respectively, and times for which LOLA data exist.
We target regions of interest (ROIs) within the mare and highlands between 
65°S and 65°N, latitudes between which temperature fluctuations are great-
est. Each ROI is only 1° x 1° in spatial extent, representing surface areas that 
are ~30 km x 30 km depending on the specific location. The individual ROIs 
are binned to this size so that there are enough returns within each ROI 
for statistical analyses, yet compositional variations are minimized within 
each ROI. For example, latitude-dependent variations in reflectance have 
been observed with LOLA [6, 8, 9], and thus, larger ROIs may include latitudi-
nal reflectance artifacts. Data that were acquired when the received energy 
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was < 0.14 f, when the spacecraft was pointing off-nadir, or when the range 
was > 70 km, are excluded as well, due to cited reflectance anomalies [8]. To 
date, our analysis includes 65 ROIs located within the maria and 383 ROIs 
located within the highlands.
Discussion:
The ROIs that show lower mean albedos during mid-day are consistent with 
laboratory studies that observe a temperature-dependent spectral change 
for common lunar minerals [2–4]. Of particular interest are previous labo-
ratory measurements of returned lunar soils, which revealed a change in 
relative reflectance with temperature o ~1% or less per 100 K near-IR wave-
lengths [4]. This is similar to what we observe in the majority of mare ROIs.
It is possible that we do not detect a clear temperature-dependent albedo 
change in the highlands due to a variety of factors. For example, surfaces that 
are low in iron will show a weaker change because iron is responsible for the 
temperature-dependent absorption near 1064 nm, the wavelength at which 
LOLA observes the surface [4]. In addition, mature soils show less contrast 
due to the attenuating effect of submicroscopic iron that has accumulated 
through time [10, 11]. The reflectance may also be affected by grain size 
effects, where particularly fine-grained regions have a decreased reflectance 
in comparison to a region of similar composition with larger grains [12, 13].
Conclusions:
Here we provide the preliminary results of a new analysis investigating diur-
nal changes in the normal albedo of the lunar surface. Our statistical analysis, 
incorporating over 200,000 individual LOLA shots, suggests that temperature 
variations do have a measurable effect on the normal albedo of the surface 
at 1064 nm wavelength in the maria, and this may be due to temperature-in-
duced spectral changes. However, the diurnal differences discussed here are 
only on the order of a few % change in normal albedo, indicating that tem-
perature changes do not have a large effect on measurements of the lunar 
surface at the sensitivity of the LOLA instrument. An ability to understand 
how the lunar surface varies with temperature will provide important con-
straints for future remote sensing observations of the Moon [e.g., 14, 15]. 
Such observations can help constrain the relative abundance of particular 
minerals (here, pyroxene) that exhibit a change in spectral reflectance with 
temperature independent of spectroscopic methods.

References: 
[1] Williams J.-P. et al. (2017) Icarus, 283, 300–325. 
[2] Singer R.B. and Roush T.L. (1985) JGR, 90, 12434–12444. 
[3] Roush T.L. and Singer R.B. (1986) JGR, 91, 10301–10308. 
[4] Hinrichs J.L. and Lucey P.G. (2002) Icarus, 155, 169–180. 
[5] Smith D.E. et al. (2010) SSR, 150, 209–241. 
[6] Smith D.E. et al. (2017) Icarus, 283, 70–91. 
[7] Adams J.B. (1974) JGR, 79, 4829–4836. 
[8] Lemelin M. et al. (2016) Icarus, 273, 315–328. 
[9] Lucey P.G. et al. (2014) JGRP, 119, 1665–1679. 
[10] Hapke B. (2001) JGR, 106, 10039–10074. 
[11] Pieters C.M. (2000) MAPS, 35, 1101–1107. 
[12] Hapke, B. (1993). Cambridge University Press, NY. 
[13] Clark R.N. and Roush T.L. (1984). JGR, 89, 6329–6340. 
[14] Cohen B.A. et al. (2015) LEAG, Abstract #2008. 
[15] Lucey P.G. et al. (2017) LEAG, Abstract #5048.

10MS3-PS-35



341-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

DISTRIBUTION OF SURFACE WATER ICE 
ON THE MOON: AN ANALYSIS OF HOST CRATER 
AGES PROVIDES INSIGHTS INTO THE AGES 
AND SOURCES OF ICE AT THE LUNAR SOUTH 
POLE

Аriel N. Deutsch1, James W. Head1, Gregory A. Neumann2

1 Department of Earth, Environmental and Planetary Sciences, Brown 
University, Providence, RI 02912, USA(ariel_deutsch@brown.edu);

2 NASA Goddard Space Flight Center, Greenbelt, MD 20771

Keywords:
Moon; ice; impact craters; ages
Introduction:
Over the last several decades, ground- and spacecraft-based observations 
have provided data to support the presence of water ice at the poles of 
the Moon [e.g., 1–5]. The polar ice appears to be spatially heterogeneous 
in distribution. For example, mapping of UV albedo spectra and surface tem-
perature measurements reveal a highly spatially heterogeneous distribution 
of water frost within PSRs [3]. Enhanced surface albedo suggestive of water 
frost [4] and detections of exposed water ice [5] also indicate a patchy distri-
bution of surface water ice.
Impact gardening can produce spatial heterogeneities in ice distribution 
because these processes cause loss and redistribution of volatiles [6, 7]. 
Impacts remove volatiles via vaporization and also preserve volatiles through 
the emplacement of ejecta, with a net effect of breaking up and burying 
the ice [6, 7]. Because these processes take time, the spatial heterogeneity is 
highly likely to be related to the exposure age of the ice.
Objective:
Here we assess the distribution of surface water ice [5] at the south polar 
region of the Moon (80°S–90°S). We estimate ages for host craters to provide 
upper limits for any ice contained within the craters, and examine the rela-
tionship between the patchiness of the ice within each crater and the age 
of each host crater. Finally, we discuss possible sources for the ice, given the 
results of our age analyses.
Methods:
Age estimates for lunar cold traps. From crater-counting statistics, we esti-
mate ages of 20 south polar lunar craters that are located between 80°S 
and 90°S. In combination with previous estimates of south polar crater 
ages [8, 9], our catalogue represents 24 large polar craters, capturing all 
permanently shadowed craters in this region that have at least 100 km2 of 
flat-floored regions (<10°) for counting statistics. The count areas are in per-
manent shadow, so we create artificially illuminated hillshade maps (pixel 
resolution of 20 m) at various azimuth angles from a gridded digital elevation 
model that was derived from Lunar Orbiter Laser Altimeter data. For each 
host crater, superposed craters with diameters >200 m are catalogued. Obvi-
ous secondary craters (those that appear elongated in form, or in chains or 
clusters) are systematically excluded from the counts. CSFDs are produced 
and fit to models of the production function [10] in order to estimate ages 
using CraterStatsII [11]. The ages of the host craters provide a maximum age 
of any surface ice contained within each crater.
For age analyses, we require count areas to be ≥100 km2 and have slopes 
<10°, and thus not all south polar impact craters (particularly impact craters 
<20 km) are analyzed. Some smaller impact craters also host surface water 
ice, and here we identify all simple craters that have crisp-looking rims, but 
are too small in size to accurately date with from crater counting statistics. 
From this dataset, we determine what population of small (<100 km2) craters 
with morphologically fresh characteristics host surface ice.
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Patchiness of lunar surface ice. The patchiness of surface water ice within 
each of the 24 south polar craters analyzed here is quantified as the percent 
of the current cold trap surface area that is occupied by surface water ice. 
Cold traps are defined as surface areas with maximum surface temperatures 
≤110 K, as measured by the Diviner Lunar Radiometer Experiment [12], rep-
resenting temperatures at which surface water ice is stable. Direct detections 
of exposed surface water ice [5] are used as surface ice detections. These sur-
face water ice detections were made using NIR data acquired by the Moon 
Mineralogy Mapper (M3) instrument, specifically from diagnostic overtone 
and combination mode vibrations of water ice that occur near 1.3, 1.5, and 
2.0 μm [5].
Results:
The majority of surface water ice at the lunar south pole [5] is found in large, 
old (~3.5 Gyr) craters, which comprise the majority of the cold-trapping area 
available. We also identify 301 small (<15 km in diameter) impact craters 
that are likely to be relatively young, given sharp crater rim morphologies. 
We find that ~5% of these craters, which are too small for crater counting 
analyses, have at least one pixel with a positive ice detection [5]. Thus, while 
surface ice is predominantly located in ancient craters (Fig. 1), it is found in 
relatively young craters as well. Furthermore, given that the footprint size of 
the M3-derived surface ice detections [5] is ~280 m×280 m, it is possible that 
many additional surface ice deposits are cold-trapped below this resolution 
[13, 14], both in ancient and young craters.
There are also some ancient craters that are present-day cold traps, but do 
not host surface water ice (Fig. 1). Our age-dating analysis strengthens the 
interpretation [5] that the retention of volatiles within cold traps may have 
been affected by the stability of these cold traps on long timescales, related 
to true polar wander (TPW). Under predicted paleo-conditions [15], the ther-
mal surface environments of these craters would not have been stable for the 
survival of surface water ice. Thus, our results suggest that the patchy distri-
bution of surface ice observed at the lunar poles today may be controlled by 
ice supply rate, impact destruction rate, and an additional factor that affects 
the long-term stability of volatiles in individual cold traps, such as TPW.
Discussion:
Patchiness of lunar ice. No more than ~11.5% of the surface areas of the 
polar craters in this study are occupied by water ice. The precise surface areas 
of cold traps occupied by water ice may be even less given that an M3 spec-
trum of only ~30% water ice is classified as a positive ice detection, resulting 
in a single detection at the spatial scale of a M3 pixel (~280 m×280 m) in reso-
lution. Overall, the very patchy surface distribution of lunar ice suggests that 
the rates of destructive processes (regolith gardening) exceed the rates of ice 
emplacement through time.
Possible sources of ice. The majority of detected surface water ice [5] is con-
fined to large, ancient (>3.5 Gyr) cold traps and appears to be re-worked, 
given its very patchy spatial distribution within individual cold traps. Ancient 
ice may have been delivered by impactors [e.g., 16] or volcanically outgassed 
volatiles [e.g., 17]. Early in the Moon’s history, the flux of impactors was much 
higher than present-day rates [16], and these early impactors were likely to 
be delivering ice to the lunar poles, in addition to breaking up and covering 
the ice [6, 7], consistent with the patchy surface distribution observed today.
Because we also identify a population of small (<15 km) impact craters that 
appear to be young, it is possible that some surface water ice has been 
delivered to the south pole recently. The presence of ice in fresh craters sug-
gests that ice delivery rates to these cold traps are greater than the ongoing 
destructive and burial processes at these cold traps. Candidates for recent 
delivery of surface ice include solar wind interactions with the lunar regolith 
[e.g., 18] as well as micrometeorite delivery.
Differences between ice on the Moon and Mercury. The low percentages 
of cold trap surface areas that host surface water ice on the Moon are in stark 
contrast to the host craters on Mercury that are interpreted to be occupied 
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by laterally contiguous ice deposits [19–21]. If ice deposits on Mercury are 
relatively young [e.g., 14, 19–22], then they have not been ex-posed to exten-
sive regolith gardening that would break up, destroy, or bury the ice [22]. 
The same impact bombardment and space weathering processes oper-
ate on Mercury and the Moon, and Mercury’s regolith may be overturned 
even more frequently than the lunar regolith due to higher impact rates and 
speeds [23]. Thus, it is possible that relatively ancient, degraded ice depos-
its exist below the extensive, pure deposits observed on Mercury’s surface 
today. The lunar polar deposits therefore provide an important opportunity 
to inform us about the ultimate fate of mercurian polar deposits, as well 
as ices on other airless bodies.

Fig. 1. The percentage of specific cold traps occupied by water ice is plotted 
with respect to the estimated model ages of the host craters. The modeled impact 
flux for the Moon [16] is plotted in the thick dashed line, and estimated effusive vol-
canic flux [17] is plotted in the thin dashed line. Lunar geologic eras are separated 
by vertical lines.
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Introduction:
The ³He content in returned lunar samples increases with increasing soil 
maturity degree and TiO2 content [1]. For a set of 25 Apollo samples, thecor-
relation coefficient wasfound to be 0.938 [1]. Based on this very high empir-
ical correlation,global maps of the ³He distribution on the surface of the 
Moon have been constructed in [1, 2]. In this study, we constructeda global 
³He map as well as³He maps of candidate landing sites on the Moon based 
on an alternative technique for TiO2 abundance estimation.
Methods:
Our³He abundance maps were constructed using TiO2 abundance data 
derived from data of the Moon Mineralogy Mapper (M³) instrument [3] in 
combination with maps of the OMAT parameter [4]. TiO2 abundance maps 
of the regions under study were constructed using the method of [5]. The M³ 
data were corrected for the effect of topography using [6, 7], the thermal 
emission component was removed from the M³ level 1B radiance spectra 
based on [8]. For the regions under study, we computed maps of the ³He 
abundance and the monthly average solar wind flux according to [1].
The study of the distribution of surface slopes is an important component 
during selection of candidate landing sites [9]. The surface slope maps on 
spatial scales of  140 m were derived from topographic maps constructed 
using the shape from shading based framework of [6, 7]. For selected areas 
of interest we provide slope maps of 2 m resolution obtained by shape from 
shading analysis of LRO NAC images [10]using the technique of [11].
Results:
A nearly global map of the calculated ³He content on the Moon has been 
constructed. The ³He content is higher in the maria (especially high-Ti maria) 
than in the highlands. The obtained ³He map shows good agreement with 
previously published ³He maps [1, 2]. Our main focus is to find sites with high 
³He content, low slopes and good illumination conditions, in order to pro-
pose ³He-rich landing sites. A moderately high ³He content of 10–15 ppb 
is predicted in western Oceanus Procellarum, the craters Grimaldi, Riccioli 
and Tsiolkovsky, the Apollo basin, Mare Orientale, Mare Fecunditatis, Mare 
Crisium, Mare Moscoviense, and Mare Marginis. The highest ³He concentra-
tions of up to about 24 ppb are predicted for parts of the lava-flooded floors 
of the craters Grimaldi and Riccioli, in the south-western part of Oceanus 
Procellarum, the north-eastern part of Mare Fecundidatis, the north-western 
part of Mare Tranquillitatis, the southern part of Mare Moscoviense,the east-
ern part of Mare Crisium, and in Mare Marginis.
It is shown that the first six abovementioned sites fulfill the following criteria 
for landing site selection: (1) high ³He content (20–25 ppb), (2) local slopes 
on 2 m scale less than 10 degrees, (3) located such that they are illuminated 
and can be continuously in contact with an orbiter or facilities on the Earth. 
Based on the technical requirements for soft landing, the craters Riccioli and 
Grimaldi were selected as first priority potential landing sites.
Regions with high ³He content in the crater Riccioli usually have a low 
albedo and a high FeO and TiO2 content. The largest ³He-rich region is 
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located on the partially lava-flooded floor of crater Riccioli(2.63 S, 73.95 W). 
It is an approximately rectangular area of about 20×40 km² size oriented 
in northeast-southwest direction. In this region, slopes at 2 m resolution are 
usually less than 2 degrees. The required landing accuracy is about 5 km.
The second-best candidate landing site is within crater Grimaldi. The region 
with the highest ³He, FeO, and TiO2 content is located in the south-western 
part of crater Grimaldi (7° S, 69° W). The required landing accuracy in the cra-
ter Grimaldi is about 15 km. For the proposed landing site in the crater 
Grimaldi, the typical slopes are lower than 3 degrees at 2 m spatial resolution.
Conclusions:
The global distribution of the ³He content on the surface of the Moon has 
been mapped with a modified method of TiO2 abundance estimation and has 
been applied to M³ high-resolution observations for the first time. Regions 
of highest ³He content and, respectively, highest TiO2 content on the Moon 
are located mainly near the edges of nearside maria. The craters Riccioli 
and Grimaldi were selected as the most promising candidate landing sites. 
Detailed high-resolution studies of topography and slope distribution favor 
the possibility of safe soft landing in these regions. The obtained ³He and TiO2 
content at these candidate landing sites can be verified by in situ measure-
ments from lunar rovers. The proposed most promising sites of highest ³He 
content can be further studied by the LUTI camera of the upcoming Korean 
Pathfinder Lunar Orbiter (KPLO)[12].
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Introduction:
Polar areas of the Moon are one of the most perspective regions of explora-
tion of this body including building there a lunar base(s). Presence of water ice 
in regolith of many polar localities is important both as a resource for needs 
of lunar base(s) and as a subject of scientific studies. The mountain Mons 
Malapert near the South pole (about 86°S 0°E) was mentioned as a perspec-
tive place for potential lunar base [1, 2, 3]. Malapert mountain rises above 
the surrounding surface by ~5 km, has reliable visibility from and to Earth and 
long periods of sunlight (87 to 91% of the year). Its 5×15 km top at the base 
of hundreds of meters is almost flat (<5°) although most slopes are relatively 
steep (20–25°). The Mons Malapert mountain massif was interpreted by [4] 
as a part of the South Pole – Aitken (SPA) basin rim. This abstract considers 
issue of selection of potential landing sites for the Mons Malapert base, while 
issues of topography, geology and trafficability of this locality are discussed 
in [5]. In the following consideration we suggest that top of Malapert Mons 
is the locality of potential base or locality of some its parts (radio antenna, 
solar batteries, instruments for distant observations).

Fig. 1 Potential ellipses of landing sites in the vicinities of Mons Malapert.

Selection of landing sites.
The main problem of selection of landing site(s) in this region is deficit of large 
enough flat areas to be possible landing ellipses. Four nearly flat places in the 
vicinity of the mountain were initially considered as possible landing sites 
(ellipse 1 — north-east, ellipse 2 — south (crater Haworth) and ellipse 3 — 
south-west of region) and one — ellipse 4 on the top of mountain (fig. 1). 
These ellipses have the following sizes: ellipse 1 — 12×26 km; 2 — 9×16 km; 
3 — 6×9 km; 4 – 2×4 km. Ellipses 1–3 are not included in the subsequent 
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analysis, because their location is too far (several tens of kilometers) from the 
mountain, steep slopes of which make difficult the rovers’ drive and logistics 
between the landing site and the base [5]. As an alternative option can be 
construction of base in the footnote of the mountain and location of radio 
antenna, solar batteries and other facilities on the top/slope. However, this 
task, no matter needs a transportation of goods to the tens of kilometers and 
then, lifting of the antenna and other issues to the mountain top.
We have chosen the ellipse 4 as the main landing site, if base construction 
going to be located on the top of the mountain. For slope analysis LOLA-based 
GDR DTM with 20 m/pix resolution was used. Using this DTM, five classes of 
slopes for ellipse 4 were calculated (<7° — 28%; 7°-10° — 21%; 10°–15° — 
39%; 15°-20° – 10% and >20° - 2%). Allowable slopes for safe landing (<10°) 
compose only 49% of the ellipse, that undoubtedly, brings certain risks in 
landing processes. However, measuring the surface roughness at the latest 
stages of landing combined with possibility for horizontal maneuver like it 
was done in the case of NASA Curiosity and Chinese Yutu 1 and 2 should 
decrease the risk of robotic landing. Landing the piloted spacecraft showed 
its relative safe as early as in the Apollo era.

Fig. 2. Eastern top of the Mons Malapert with landing ellipse 4 (4×2 km in size) and 
potential base place (blue star). A – slopes; B — solar illumination; C — hillshade relief 
(270° azimuth and 45° sunlight angle); D — topographic map.

In the future research, the preflight estimating of the slopes’ steepness 
at this landing ellipse on the baseline of the lander’s pads may be done 
by different techniques including by measuring the shaded area percentage 
in the LROC NAC images taken at different Sun elevation [6, 7]. Rock boul-
ders’ presence was explored by radar Mini-RF data [8, 9] and showed reason-
ably good, acceptable for landing, values for this region.
Suggested location of lunar base disposed on the top of eastern site of the moun-
tain with coordinates 2°E 85°59’15”S. Distance between potential base and sug-
gested landing site is more than one kilometer, that provides comfortable dis-
tance for logistic and protection from regolith dust, lifted by the landers.
Results and discussion.
As it was shown above, Mons Malapert is a perspective place to construct 
lunar base at its top. Although most slopes are significantly steep ~20 to 25 
and 30° [5], on the top of mountain there is nearly flat surface (less than 5° 
at the baseline of hundreds meters) 5×15 km in size. Within this flat area we 
suggest to put the base and at some distance from it the landing area: 2×4 km 
ellipse centered at 2°59’34”E 86°0’9”S. More studies are needed to measure 
topographic and soil-mechanics characteristics of this and adjacent areas.
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In view of the need to prevent a sudden warming of the Earth global cli-
mate, it is proposed to consider lunar exploration for the purpose of using its 
resources to address energy and climate problems on Earth [1].
Lunar exploration effort, to be carried out in a phased manner, is to be spread 
over three phases, each of which is supposed to achieve a certain milestone.
The first milestone is to establish a sustainable lunar outpost capable of con-
ducting scientific research and developing industrial infrastructure technol-
ogies for in-situ resource utilization, to support both the outpost itself and 
the efforts to achieve further milestones in lunar exploration. The funding for 
this milestone is to be provided through international investment and credit.
The second milestone is to start mining, processing and delivering to Earth 
the rare-earth metals recently prospected on the Moon. Selling them back 
on Earth may help to solve the problem of funding the efforts to prevent the 
global threat and adapt to it. To achieve this milestone it will be required 
to build up a significant infrastructure for power-generation, mining, process-
ing, manufacturing and other industries, as well as a transportation system 
to support traffic between the Moon and Earth. The funding for this mile-
stone is to come from payments under international investments and credits, 
self-financing of this and the next milestones.
Achieving the third milestone consists in further expanding the industrial 
infrastructure in order to utilize a wider range of lunar in-situ resources and 
develop a circumlunar orbital assembly facility for large-scale space struc-
tures, including Solar Sail Vehicles (SSV). Stationing a fleet of SSVs in the vicin-
ity of the linear Lagrange point L1 of the photogravitational Sun-Earth field 
would make it possible to reduce the flux of solar energy toward Earth, and, 
accordingly, its global temperature.
At present, it is possible to build a small-scale SSV and run a math simulation 
of the proposed concept to confirm its feasibility.
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Introduction:  
World Space Week (WSW) will be celebrated on October 4–10, 2019 under the 
motto “Moon: Gates to the Stars” in recognition of the 50th anniversary of the first 
human landing on the Moon. We propose to celebrate WSW 2020 under the 
motto “Space robots for humans.” This will be a recognition of the 50th anniver-
sary of the first return of the lunar soil by the automatic station Luna-16 and the 
first lunar track laid by Lunokhod-1 (Fig. 1). On August 7, 1971, when Lunokhod-1 
“woke up” after the 10th lunar night, the Lunar Module of the Apollo-15 landed 
and brought to the lunar surface Lunar Roving Vehicle (LRV) (Fig 1), actively used 
by the Commander David Scott and Pilot James Irwin. Our report considers 
results of the work of robotic and manned LRVs from the standpoint of modern 
technologies and the tasks for Moon and Mars exploration.

 
Fig. 1. Lunokhod-1 (left) and Lunar Roving Vehicle (right)

1. Robotic and Manned Lunar Rovers: Similarities and differences — what 
is still relevant?  
The initiative to create the Soviet lunar rover was born in OKB-1 almost imme-
diately after the successful flight on October 4, 1957 of the first artificial sat-
ellite of the Earth. The head of that team, Sergey Korolev, after several years 
of searching, had chosen the main partners: VNII-100 (1963) and the Lavoch-
kin Association (1965). The design, testing and production of flight models 
of the self-propelled chassis (chief designer Alexander Kemurdzhian, VNII-100) 
as well as the Luna-17 station and the Lunokhod-1 with this chassis (chief 
designer Georgy Babakin, Lavochkin Association) were completed in 1968 [1].
In the USA, the first impulse to the lunar program was given personally 
by President John F. Kennedy. In 1961, he set a national task for the country: 
to carry out a manned flight to the Moon before 1970. To create the LRV, 
an open competition was held, in which the leading high-tech companies 
in the country took part. Already at this stage, the head of the lunar pro-
gram Vernher von Braun participated in the testing of running models [2]. 
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The state order was won by the tandem of Boeing Co — General Motors 
Co. Key to ultimate success of the Apollo lunar rovers was the ability to fold 
them up and store those vehicles in an unused quadrant of the Lunar Module 
lander, and the decision to have 4 individual electrically powered motors and 
drive systems for the USA lunar rovers.
In the USSR, the task of performing a manned flight to the moon using an 
N-1 rocket was first set forth in a government decree of August 3, 1964. How-
ever, launches of four missiles in 1969 -1971 failed and the N-1 program was 
closed. At the same time, flights to the Moon of the lighter automatic space-
craft (SC) could be performed using the Proton rocket. The design of moon 
rovers in the USSR and the USA was carried out completely independently 
of each other. Interesting that in both countries common theoretical and 
experimental approaches to the creation of new machines for unprepared 
terrain prevailed. This became clear to Soviet scientists and engineers after 
the publication in the USSR of the Russian edition of a generalizing mono-
graph by M.G. Becker [3]. There are some general technical solutions that 
are still relevant today. This is the choice of all-wheel drive scheme, includ-
ing a self-propelled chassis with independent hinge suspension, elastic 
wheel suspension with built-in electromechanical traction drives, as well as 
brake and parking brakes. With a certain difference in suspension schemes 
(with longitudinal rotation of the levers in the USSR and transverse rotation 
of the levers in the USA), both designs ensured optimal plane-parallel trajec-
tories of vertical wheel movements on an uneven surface. For elastic suspen-
sion elements were selected torsion bars.
The differences were associated only with the different purposes of the new 
machines. In both the USSR and the USA, the advantages of elastic wheels 
of sufficiently large diameter were revealed when tested on terrestrial analogs 
of loose lunar regolith. At a relatively high LRV speed (up to 13 km/h), elastic 
tires of such wheels, to some extent, increased the smoothness on uneven 
terrain and allowed the driver to maneuver with the help of steering gears. 
With a lower speed of movement of the Soviet lunar rovers (up to 2 km/h), 
turning on the spot and maneuvering on the move were easily accomplished 
by only adjusting the traction drives. But it was necessary to increase the 
number of motor-wheels, at least up to six and have wheels with a hard 
rim. In one of the key problems — the choice of the type of contact surface 
of the wheels, the developers of the two countries were surprisingly unani-
mous! Both the hard wheel rim of Lunokhod-1 and the elastic tire LRV wheels 
are made of wire mesh, albeit with different characteristics.
2. Critical moments of operation of Moon rovers through the eyes 
of drivers, researchers and engineers 
The only failure of the self-propelled chassis occurred on the first lunar day 
of Lunokhod-1 (Fig. 1). At the 104th communication session, when turning in 
motion by 20°, the flight engineer recorded increased values   of the motor-wheel 
motor current. After analysis of telemetry data, the failure of the control electro-
magnets of the parking brakes of all 8 motor-wheels was detected. So all subse-
quent drive was undertaken at the first speed of movement (about 0,85 km/h), 
and maneuvering was carried out only by turning in place. Movement at the sec-
ond speed, and turns during movement were excluded, to protect the electric 
motors against overcurrent triggers. The reasons for the termination of Lunok-
hod-1 operation on the 12th lunar day were the development of a resource of an 
isotopic heat source and a decrease in the charge of the backup battery. Its total 
path for 11 lunar days was 10540 m. 
At Lunokhod–2, a significant anomaly developed during the flight — the local 
vertical sensor failed. This greatly complicated the remote control of Lunok-
hod-2: drivers lost instrumental ability to determine the angle of inclination 
of the mobile spacecraft relative to the longitudinal and transverse axes. 
Visually, they could estimate the spatial position of the vehicle approxi-
mately only if the horizon was in the field of view of the navigation cameras. 
This navigational anomaly led to the fact that the head of the control group 
on the fourth lunar day made not the best decision: to leave the class B crater 
with a diameter of about 6 meters in reverse. 
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At this exit, Lunokhod-2 hooked the regolith with the open solar battery 
lid that became clear due to a decrease in the battery charge current. 
On the fourth night the lid was closed, that put the soil on an isotopic heat 
source radiator. On the 5th lunar day, a temperature increase in the con-
tainer and a decrease in the charging current were observed. Nevertheless, 
Lunokhod-2 crossed 880 m on this day, but on May 10, 1973, it stopped 
communicating [4]. The length of its entire route was about 40 km. Never-
theless, the assigned scientific and applied tasks for both lunar rovers were 
carried out. A large territory was surveyed where high-quality panoramas 
were obtained, hundreds of measurements of the mechanical properties 
of the soil and analyzes of its chemical composition were carried out. Both 
moon rovers overcame routes with difficult terrain and loose soil without 
loss of mobility.
LRVs were used in the Apollo J-missions 15, 16, and 17 to significantly 
expand the surface area of the moon, which was studied by astronauts, 
and to expand lunar science, which was carried out in these missions. 
In the Apollo 15 expedition, LRV made 3 voyages with a total length 
of 27.9 km in 3 hours and 8 minutes. During the first trip, the front wheel 
steering wheel did not work, but on two subsequent trips, both front and 
rear wheel roles worked. However, the turns of both axles were more dan-
gerous. LRV was superb. But on the steep slopes, the LRV might slip off 
if both crew members left it. More dangerous was the movement on steep 
slopes with one driver. As soon as the team checked the LRV transmission 
at hand, it was not difficult [5]. The trip to Rovers significantly reduced 
the heart rate and the use of consumables for oxygen and water for these 
astronauts and allowed them to collect 291 kg of lunar regolith material 
using 3 Rovers compared to 97.6 kg for the 3 previous missions. The main 
problems included changes in slope and grip, which may be major local 
obstacles to driving, as well as the direction of sun light and the angle of the 
sun, which may restrict the hemisphere to optimal or acceptable driving 
conditions. An important factor in all missions was an attempt to cope with 
moon dust on thermal radiators and other equipment. The inability to ade-
quately clean the radiators in combination with the accidental loss of wing 
extensions created a problem with dust and even caused the batteries 
to exceed their design temperatures and the need to turn them off from 
time to time, but there were no battery failures.
3. Thermal control system of future Moon rovers — a prototype of a smart 
climate in the premises of the lunar base Lunokhod-1 was designed to oper-
ate for 3 Earth months. At the same time, research was not foreseen during 
lunar nights; it was only necessary to maintain the efficiency of all service sys-
tems and instruments during daytime operation. The LRV resource on Apollo 
expeditions 15, 16, and 17 was about 3 Earth days each, and no overnight 
stays were planned. These circumstances, as well as the formation of strong 
dust when the LRV moves at high speeds on the Moon, determined the fun-
damental differences in the thermal control systems of the manned and 
robotic lunar rovers.  
Plans for future Apollo missions after the third LRV, included the concept 
of a Dual-Mode Lunar Roving Vehicle (DMLRV) in which the Astronauts would 
outfit the LRV with an instrument trailer at the end of their mission, and 
the two vehicles would traverse from one site to the next landing site (hun-
dreds of km away) by remote operation, obtaining important scientific infor-
mation to allow interpolation between the sites.
Nuclear energy for supplying heat is presently the only near term solution, 
as was accomplished on previous surviving Russian and USA Moon experi-
ment systems. Other kinds of non-nuclear heating systems are presently low 
on needed “technology readiness levels” for implementation.
Coping with Lunar Dust is an equal challenge for extended Moon exploration.  
Experience has shown that dust behavior on the Moon is very much different 
than simulation on the Earth can provide.  System designers are encouraged 
to develop systems that provide isolation from exposure to lunar dust, and 
avoid attempts to remove the lunar dust.
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The report also discusses some areas of development of new generation 
planetary rovers, which are based on the experience of exploiting moon rov-
ers of the twentieth century and modern American rovers. This applies pri-
marily to the systems of locomotion, navigation, thermal control, and auto-
matic locomotion control algorithms. 
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Introduction:
For the TERMO-LR experiment, a deep logging probe is created for geophys-
ical contact studies to study the electromagnetic and physicomechanical 
properties of regolith and the temperature distribution in the Phobos soil 
to a depth of 2 m with a resolution over the regolith layers ≥2 cm.
The optomechanical mechanism on the coil, consisting of an LED, a photo-
resistor, and a shutter, measures with high accuracy the speed of rotation 
of the coil, unwinding of the tape and, accordingly, the depth of the ham-
mer, which depends on the physico-mechanical properties of each soil layer. 
The well-known geometric parameters of the hammer cone, impact energy, 
and penetration rate of the embedder will allow the distribution of physical 
(density), mechanical (angle of internal friction, cohesion, and shear strength) 
and deformation (general deformation modulus) soil properties in depth and 
for each regolith layer.
Data and area of research:
It is planned to obtain data on the layering of the regolith at Phobos and 
the distribution of the physical and mechanical properties of the soil (density, 
etc.) to a depth of two meters..
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Introduction:
The concentration of implanted solar wind gases in the particles and minerals 
of lunar regolith depends on the chemical and mineral composition of the par-
ticles, on the degree of maturity of the regolith (the degree of radiation imper-
fection of the mineral crystal lattice) and on the particle size, and can vary 
in a very wide range — up to three orders of magnitude and more [1]. The low-
est concentrations of noble gases are observed in impact and volcanic glasses. 
Similar low concentrations of implanted helium in the crystalline minerals 
of lunar regolith are observed only in plagioclase (bitovnite). The highest con-
centrations of implanted helium are observed in ilmenite, which is the main ore 
mineral in marine lunar basalts. Selective enrichment depending on the min-
eral composition leads to an inhomogeneous regional distribution of the con-
centration of helium isotopes and other implanted gases in the lunar regolith. 
The distribution areas of the increased content of Ti oxides (5–10%) according 
to spectral data [2–4] actually reflect the ilmenite content in the regolith and 
the distribution of high-titanium marine basalts.
The objective of this work is to identify and outline several main categories 
of ilmenite content from low-titanic to high-titanic lunar rocks on the basis 
of mapping the distribution of TiO2 according to the spectral data of the Clem-
entine spacecraft.
Results of mapping:
High-titanium marine basalts are common in the Sea of Tranquility, in Sea 
of Vapors, in the Sea of Rains, in the Ocean of Storms and in a subordinate 
meaning in the Sea of Humidity and in the Sea of Clouds (Fig. 1).

Fig. 1. Map of the distribution of TiO2 content (wt.%) according to Clementine space-
craft data (left) on the Near side of the Moon, and the selected and contoured cate-
gories of TiO2 content (right).
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Maps of distribution of the content of TiO2 on the lunar surface were obtained 
according to the spectral survey. The base represents the Clementine Ultra-
violet/Visible (UVVIS) warped color-ratio mineral map. This was generated 
from the UVVIS mosaics using three spectral filters (415, 750, and 1000 nm) 
and which were previously warped (spatially adjusted) to the ULCN2005 con-
trol network. The mosaic is a composite in which the ratio of the 750/415 nm 
bands is used for the red-channel brightness, 415/750 nm for the blue chan-
nel, and the 750/1000nm ratio controls the green channel [2–4].
The distribution of TiO2content varies from 0.01 to 10 % (Fig. 1). Depending 
on the TiO2 content (wt.%), six main categories were isolated and outlined on 
the Near side of the Moon: VI — 0.01–0.1, V — 0.1–0.5, IV — 0.5–1.0, III — 
1.0–5.0, II — 5.0–8.0 and I — 8.0–10.0 wt.% respectively (Fig. 1).
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Introduction:
High-resolution observations of the solar wind interaction with crustal mag-
netic fields of the Moon (known as Lunar Magnetic Anomalies, LMA) indicate 
the presence of ion-scale mini-magnetospheres. One of the most interest-
ing features of LMAs, given their spatial scales, is the possibility to reflect 
and deflect ions impinging on the magnetic structure away from the lunar 
surface. LMAs typically possess a non-dipolar magnetic topology [1], but 
for simplicity a magnetic dipole or a combination of magnetic dipoles [2] is 
often used as a modelingapproximation [3].
Due to its small scales a full kinetic approach is required to model the near-sur-
face plasma environment. We use Particle-in-Cell code iPIC3D [4] to investi-
gate the distribution of self-consistent electromagnetic field and solar wind 
ion demagnetization effects. Decoupling of ion and electron components close 
to LMA is possible because the electrons move with the solar wind magnetic 
field and hence cannot access the core of anomaly, where |B| is large [5]. 
Strong “vertical” Hall electric field is formed due to this decoupling. The effect 
of this antimoonward electric field can be quantitatively measured by intro-
ducing the electrostatic potential. It is important to notice that this electro-
static potential does not consider the effect of the Lunar surface charging and 
photoemission which might be responsible for generation of the potential drop 
of the order of the first few hundred electronvolts [6] at strong anomalies.
In order to avoid the effect of the solar wind motional electric field, we 
approximate the electrostatic potential by integrating this vertical electric 
field along the solar wind direction (but not along ion streamlines as in [7]). 
Our results can be summarized as follows: (1) The potential goes from zero 
(far from the LMA, just unperturbed solar wind flow) up to the value com-
parable to the upstream solar wind kinetic energy. (2) For solar wind slow 
enough, the potential is biased by temperature. (3) Magnetic pressure is just 
~1% of the dynamic pressure upstream, but the structure of magnetic con-
nectivity influences electron fluid distribution which in turn pulls ion compo-
nent. Therefore, the effectiveness of ion reflection depends crucially on the 
interplanetary magnetic field direction and strength.
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Introduction:
Lunar rock boulders were the subject of intense studies since the 1960–70’s 
as obstacles for safe landing and indicators of thickness of the regolith layer 
[e.g. 1, 2, 3, 4]. New possibilities to study them appeared since the Lunar 
Reconnaissance Orbiter Narrow Angle Cameras (LROC NAC) started to provide 
to the scientific community images of the lunar surface with a resolution of 
~ 1 m and locally even higher [5]. Combined with other scientific information 
this led, in particular, to estimations ofthe lifetime of lunar boulders exposed 
on the surface of the Moon [e.g., 6, 7]. This fact provided again, a possibility 
to estimate the absolute ages of small craters based on the measured spatial 
densities of boulders in their ejecta, and to use these ages to estimate the times 
of formation of other lunar landforms [e.g., 8]. Characteristics of tracks formed 
by boulders bouncing on slopes allowed one to estimate bearing capacities 
of surface materials in some usual and specific geologic environments [9]. 
In the present work we consider rock boulders and their tracks on lunar slopes 
as a tool to understand episodes of recent geologic history in the studied 
areas. We consider LROC NAC images and LOLA-based topographic informa-
tion for the NW inner slopes of the 320 km crater Schrodinger and the NE part 
of the South massif in the Taurus-Littrow valley.
The crater Schrodinger NW inner slope:
Under study was the 13× 10 km area which included the Schrodinger inner 
slope, as well as the sub-horizontal surfaces above and below it (Fig. 1).

Fig. 1. Left is LROC WAC mosaic showing a position of the study area in the NW rim 
of crater Schrodinger.Right is the mosaic of LROC NAC images showing boulders 
with (red) and without (blue) associated tracks.

We analyzed a mosaic of LROC NAC images with resolution 2 m per pixel using 
the Photoshop program and measured the vertical (a) and horizontal (b) 
dimensions of theilluminated parts of the boulders and selected for further 
study those which had 5 pixels at least in one dimension. The total lengths 

of the illumination parts ( )2 21 a b= +  were calculated and presented 

in meters. Outlines of selected boulders were marked and thus mapped. 
This procedure led to the mapping of 211 boulders. The length of the illu-
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minated partof the boulders ranges from 13 to 80 m, with a median size 
of 17 m, the average size is 20 m. Ninety-eight (46%) boulders are associated 
with tracks whose width is about the boulder size, and 113 (54%)are without 
tracks. Most mapped boulders are located on the slopes whose inclinations 
are in the range of 20 to 25o. In the upper part of the slope there areareas 
with numerous no-track boulders (pink-colored areas in Fig. 1). These areas 
seem to be sourceregions of the boulders we observed on the slope below.
Taurus-Littrow — NE slope of South massif:
This study area is 7.4× 9.2 km2 and includes parts of the South massif, its NE 
slope, anda small portion of the Taurus-Littrow valleyfloor (Fig. 2). 

Fig. 2. Left is LROC WAC mosaic of Taurus-Littrow valley; Right is the mosaic of LROC 
NAC images showing boulders with (red) and without (blue) associated tracks.

Here we analyzed mosaics of the LROC NAC images with resolution 0.43 m 
per pixel performing all of the procedures as described in the above section 
of the paper. This led to a mapping of 249 boulders.The length of the illumi-
nated part of the boulders ranges from 4 to 23 m, with a median size of 7 m, 
and an average size of 8m. Thirty-two (13 %) boulders have as sociated tracks 
whose width is about the boulder size, and 217 (87%) are without tracks. 
Most mapped boulders are located onslopes of 20 to 25o steep. In the upper 
part of the slope there are areas with numerous no-track boulders (pink-col-
oredin Fig. 2). As in the Schrodinger study area, these seem to be source 
regions of the boulders observed on the slope below.
Discussion and conclusions:
The above considered study areas are on the slopes of pre-mare landforms 
which evolved for 3–3.9 Ga. During this time period the slopes represented 
an areawhere the slope retreat via down-slope material movements, includ-
ing a supply of boulders from the mentioned source regions, was accom-
panied by destruction of the bouldersby meteorite impacts and thermal 
fatigue. The lifetime of the meter-sized rock boulders (T) was estimated as 
200-300 Ma, with half of the new-formed ones being destroyed within a 
time of ~ 50 Ma [e.g., 6-8].  New boulders appeared on the surface of the 
above shown slopesand produced tracks consisting of chainsof crater-like 
pits. The track lifetime can be roughly estimated as the lifetime of a cra-
ter with a diameter equal to the track width; in our cases this is onaverage 
~ 10–20 m. For craters of this size the lifetime was found to be t = 2.5D, where 
tis in Ma and D is in meters [10]. In our cases t could be 25 to 50 Ma. But 
this is an estimate for craters on sub-horizontal surfaces. On slopes as steep 
as 20–25o the crater lifetime is by an order of magnitude shorter [10]; in 
our case t = 2.5 to 5 Ma, that is by an order of magnitude shorter than the 
boulder lifetime T. If on some slope the rate of the boulders’ appearance (per 
unit of time) is close to constant, then the ratio R of the number of boulders 
with tracks (Nt) to the total number of boulders (NT) should be proportional 
to t/T, in our case ~ 0.1.
In the above considered cases, R was found to be 98/211 = 0.46 for the Schro-
dinger study area and 32/249 = 0.13 for the Taurus-Littrow area. This prob-
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ably means that in the Taurus-Littrow area for the latestgeologic time 
period (probably ~ 100 Ma [11]) the interaction between the appearance 
of new boulders and their destruction by surface processes was close to equi-
librium, while in the Schrodinger study area some catastrophic event which 
provoked the appearance of many new boulders occurred recently (moon-
quake, meteorite impact).
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We used Marcov chain Monte Carlo method MCMC for inversion of sele-
nodetic and seismic data together with thermodynamic approach (to calcu-
late physical properties in mantle layers). Bulk FeO and Al2O3concentrations 
and magma ocean condition were considered as geochemical constraints.
Internal structure models which are consistent with both geochemical and 
geophysical constraints were obtained including probable temperature dis-
tribution in the lunar mantle is calculated. 
The model of the Moon:
We apply viscoelastic, spherically symmetric model of the Moon consisting 
of nine layers: megaregolith, core, four mantle layers, low-viscosity (LVZ) layer, 
liquid outer core and solid inner core. The physical properties in each zone 
are assumed to be constant (for the mantle they are calculated in the middle 
of the layers). The division of the mantle into layers was carried out in accor-
dance with the model [1]: the boundaries between the layers are located 
at depths of 250, 500 and 750 km.
The concentrations of the main oxides were set equal in the four upper layers 
of the mantle, the magma ocean model was used to calculate the concentra-
tions in the lower mantle (the concentration of oxides in the lower mantle is 
equal to the average concentration in the upper mantle and crust and equal 
to the bulk concentration in the Moon [2]).The models of the magma ocean 
in such a formulation were considered in our previous study [3]. Parameters 
in the crust (thickness, density, shear and bulk modulus) were fixed.
We considered linear temperature distribution in the lunar mantle: 
T(H) =Ta∙H+Tb (1),
where H – depth (km); T – temperature (oC) at the depth H; Ta, Tb - dimen-
sionless coefficients.
Ta and Tb are model parameters.
Geochemical models of bulk composition in the mantle: 
Models of the lunar composition can be conventionally divided into two 
groups: 1 — bulk Al2O3 content is close to Earth’s value, 2 — bulk Al2O3 con-
centration is higher than 4,5 wt.%[2].The analysis of majority of current 
Moon’s composition models [5] revealed that Al2O3 = 4,05 ± 0,36 wt.% for 
group 1 and Al2O3 = 5,91 ± 0,39 wt.% for group 2, FeO = 12,25 ± 1,33 wt.% 
for both groups. 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.
Inversion: 
A Bayesian inversion approach is an effective method to solve for a non-
linear problem such as planetary internal structure modeling ([4, 5] et al.). 
This study utilizes Markov chain Monte Carlo (MCMC) algorithm to infer 
the parameters of the lunar internal structure.The solutions of the param-
eters and their uncertainties are obtained from the posterior distribution 
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which is sampled by the MCMC algorithm. Then the likelihood function L(m), 
which is a measure of misfit between the model predictions and the observa-
tions, is calculated. [2] Bulk chemical composition of the Moonis considered 
as observed data and is included into L(m). Bulk Al2O3 and FeO concentra-
tions are included into L(m) as observed data.
Thermodynamic modeling of phase relations and physical properties in the 
multicomponent mineral system CFMAS was used for mantlephysical prop-
erties calculation [2].
Results and conclusions:
Seismic velocities, main oxides (Al2O3, FeO, MgO, SiO2) concentrations and 
temperature distribution in the mantle, core sizes (for inner and outer core), 
viscosity exponent in LVZ for two types of bulk chemical composition models 
were calculated from the inversion.
The results of inversion for some calculated parameters are shown in fig. 1 
and fig. 2: in fig. 1 - seismic velocities Vp, Vs and temperature distribution and 
in fig. 2 - distribution of main oxides Al2O3, FeO and MgO.
The results indicate that for both types of models in a wide temperature range 
it is possible to obtain solutions that are consistent with geochemical and geo-
physical constraints. Calculated distributions of concentrations and seismic 
velocities are in a good agreement with the results obtained by other authors.

  

a) b) c)
Fig. 1 Probable distribution of seismic velocities Vp (a), Vs (b) and temperature (c) in 
the lunar mantle for type-1 models (bulk Al2O3 similar to Earth)

  

a) b) c)
Fig. 2. Probable distribution of oxides Al2O3 (a), FeO (b) and MgO (c) in the lunar man-
tle for type-1 models (bulk Al2O3 similar to Earth)
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Introduction:
The Lunar Reconnaissance Orbiter mission (LRO) opens to us new possibili-
ties to achieve knowledge about morphology of Lunar craters of smaller diam-
eters than studied before. Global coverage and high resolution of the new 
images and digital elevation models (DEM) with GIS technologies make 
it possible to compute morphometric characteristics of craters and calculate 
some statistics. Our work at this stage focuses on creation of a global cata-
logue of Lunar craters with their main morphometric parameters to provide 
data for further analyses. 
Crater Catalogue:
Although there are some methods and tools for image analysis in order 
to recognize craters automatically, in this study we preferred manual cra-
ter identification for our catalogization, as it is still the most easy and reli-
able way. For this purpose we used LRO WAC Global Morphologic Map 
(http://wms.lroc.asu.edu/lroc/view_rdr/WAC_GLOBAL) with pixel size 
of 100 m, which confidentially shows most of the craters more than 1 km 
in size. During two years we were thoroughly looking through the parts of 
global orthomosaic and digitizing visible craters using ArcMapCraterTools 
module (Kneissl et al., 2011). We managed to catalog about 350 000 craters 
more than 1 km — determine their center coordinates and size.
Moreover, due to stereo imaging and laser altimeter measurements we now 
have digital elevation models (DEMs) for the whole surface of the Moon. 
This makes possible determination of crater depth and other morphometric 
parameters, such as steepness of slopes, height of the rim, form of crater 
depression (e.g., bowl-shaped, conical, with flat floor). However, automatic 
calculation of crater morphometry is complicated because of irregular craters 
shape – different stages of their degradation and destruction by superim-
posed craters – as well as due to different surrounding surface. Therefore, 
special algorithms have to be used to reduce the influence of all these factors 
on the resulting value.
In our study for morphometric calculations of crater depth we used special 
program CRaMo (Kokhanov et al., 2015) and DEM GLD100 (Scholten et. al., 
2012). However, because of the problems mentioned above, automatic 
determinations of crater depth are possible not for all craters. 
Maximal value of inner slopes for each crater was determined using zonal 
statistic function in ArcGIS based on raster of slopes calculated from GLD100, 
so the accuracy of the steepness determination mostly depends on the DEM 
and its correlation with orthomosaic used for crater identification. 
The determined parameters (slopes and depth to diameter ratio) can be 
of great importance for estimations of crater degradation rates and their 
dependence on crater age and diameter (Basilevsky et al., 2018). 
The resulted catalogue will be available via MExLab Planetary data Geopor-
talhttp://cartsrv.mexlab.ru/geoportal/.
Conclusions:
In the future, we plan to consider the ways to deal with the complications 
to make automatic morphometric determinations more accurate and reli-
able. Also we plan to investigate the obtained results in order to find princi-
pal similarities of differences in crater morphology in different Lunar regions, 
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or between craters of different age. Another big work is creation of a mor-
phometric crater catalogues on other solid planetary bodies (e.g. Mercury) 
and their comparative studies.

Acknowledgements:
The work on creation of a morphometric lunar catalogue was supported by Russian 
Foundation for Basic Research (RFBR), project № 16-37-00323. 

References:
[1] Basilevsky A.T., Kozlova N.A., Zavyalov I.Y., Karachevtseva I.P., Kreslavsky M.A. 

2018. Morphometric studies of the Copernicus and Tycho secondary craters 
on the Moon: Dependence of crater degradation rate on crater size. Planetary 
and Space Science, 162, DOI: 10.1016/j.pss.2017.06.001.

[2] Kneissl T., van Gasselt S., Neukum G., Map-projection-independent crater 
size-frequency determination in GIS environments — New software tool for Arc-
GIS, Planetary and Space Science, 59, 1243–1254.

[3] Kokhanov A.A., Kreslavsky M.A., Karachevtseva I.P. 2015. Small impact craters 
in the polar regions of the Moon: peculiarities of morphometric characteristics. 
Solar System Research. 49 (5): 295–302. doi:10.1134/S0038094615050068.

10MS3-PS-46



366-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 201910MS3-PS-47

THERMAL REGIME AND REGOLITH PARAMETERS 
OF LANDING SITE OF PROBE CHANG’E

D.V. Petrov 1, S.G. Pugacheva 2, E.A. Feoktistova 2,V.V. Shevchenko 2
1 Crimean Astrophysical Observatory of Russian Academy of Science 

(CrAO RAS), Nauchnyj, Russia
2 Sternberg Astronomical Institute, Moscow State University, Moscow, 

Russia

Keywords:
Moon, impact crater, landing site.
Introduction:
China’s Chang’e — 4 lunar probe landed in the south part of the far side 
of the Moon in the Von Karman crater (44,3° S, 176,2° E) on the floor of the South 
Pole-Aitken basin. The probe delivered to the Von Carman crater the automatic 
lunar rover Yutu — 2, which began its movement across the bottom of the crater.
Von Carman is a lunar crater with a diameter 186 km and a maximal depth 
is about 3 km. It lies is in the largest lunar impact basin — South Pole — 
Aiken basin. In this paper we investigated the thermal regime, Chemical 
composition and characteristics of the regolith in the area of the landing site 
of the Chang’e — 4 probe.
We studied such mechanical properties of lunar soil as a density, porosity, 
strength and other at the floor of Von Carman crater. Based on the obvious 
idea that the denser the regolith, the stronger the multiple scattering devel-
oped among its constituent particles, we conducted a computer simulation 
of single and double scattering particles. For computer simulation, we used 
the Sh-matrix method [1–3]. Using this method, we estimated the effect 
of multiple scattering among olivine particles on the photometric and pola-
rimetric scattering characteristics, such as the photometric color, the degree 
of linear polarization P, and the color of polarization CP = Pred−Pblue. It is known 
that multiple scattering at phase angles less than 100° leads to an increase 
in color. Thus, the areas inside the crater with the maximum photometric 
color are the most dense and the most suitable for landing spacecraft.
We also investigated the chemical composition of rocks in the Von Karman 
crater area. There are no signs of active volcanic processes in this area, 
no tectonic faults. The data from the Lunar Prospector [4] probe show that 
in the area of the crater there is an increased content of Fe, Th, as in the whole 
South Pole — Aitken basin. The Ti content in the crater area is insignificant.
We used the data from altimeter LOLA [5] onboard probe LRO to study the tem-
perature regime in the Von Carman crater area. To do this we used the model, 
described in [6]. At nighttime temperatures decrease to about 100 K in this area.
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Introduction:
Exploration of the Moon is the main direction in the development of astronautics 
in the world. The Moon is the closest and human-accessible source of extrater-
restrial matter, natural resources, minerals, volatile compounds, water, a natural 
testing ground for technological research and testing of new space technology. 
According to research results, the polar areas of the moon are of special interest. 
Temperature differences in the regions of polar areas are minimum; the average 
temperature is 223.15 °K.Darkness and permafrost reigns in the craters of a kilo-
meter depth. Nevertheless, the peaks of eternal light are observed on the north 
and south Poles of the Moon. So, at the north pole a small area of the north pole 
is illuminated by the sun during the whole lunation. This area is called the Peak 
of Eternal Light; this phenomenon is associated with the inclination of theMoon 
rotation axis by 1.5 degree relative to the earth’s orbit plane around the Sun 
[1, 2]. As a result, there are little distinguishable seasons and efficient illumina-
tion of the poles on the Moon. In the Northern Hemisphere, sunlight illuminates 
the shaft of the Piri crater. There are also areas of eternal light in the South-
ern Hemisphere. These are the peaks of the mountains surrounding the cra-
ter of Malapert, as well as the peaks and slopes of the high crater shafts. The 
mountains around the crater of Malapert are illuminated by sunlight for 78% 
of the time. Sunlight illuminates the crater shafts located around the South Pole 
over 80% of the lunar day time (Fig. 1). The bottom of most craters of the South 
Pole of the Moon is in constant shadow.

Fig. 1. The hills of ever-shaded craters are almost always lit by sunlight.

Craters of the lunar South polar area. 
In a lot of constantly shaded craters of the South Pole of the Moon, there 
are the areas containing relic ice. The craters of the south pole of the Moon 
are of unique nature since the sunlight never illuminates their bottom. Our 
calculations of the illumination and temperature of crater soil demonstrate 
that  he areas of some craters being in constant shade, the soil temperature 
is about 25 °K, such craters are called “cold traps”. Water ice on the Moon 
surface can be located only in the places where the surface is heated below 
373.15 °K and all the ice evaporates at a higher temperature under vacuum 
conditions. In addition to water, these lowlands may contain the simplest 
organic compounds of non-biological origin (for example, methane) brought 
to the Moon by comets. Substance of the crater soil may contain records 
about the early stage of the Solar system existence. In this article, we explore 
the craters of the lunar South polar area, the bottom soil of which is in con-
stant shadow, and the crater shafts are illuminated by sunlight for a long 
time. According to satellite imagery, the soil surface temperature in areas 
constantly illuminated by sun can reach more than 300°K [Fig.2].
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Fig. 2. Photo of the South pole in the infrared range (photo by KA LRO).

Constantly shaded craters of the South Pole of the Moon: De Gerlache, 
Shackleton, Sverdrup, Haword, Shoemaker, Faustini, Cabeus the craters 
are located near the South Pole of the Moon.  The report shows the graphs 
of distribution of the listed craters according to their diameter and geological 
age, the height profiles of the crater shafts are built. According to the data 
of the Lunar Prospector spacecaft, the chemical composition of the craters 
soil surface is determined. 
Conclusions:
The South Pole of the Moon was explored by the spacecrafts of many coun-
tries. The USA launched a series of 5 automatic spacecrafts Lunarorbiter 
in 1996-1997 to map the lunar surface at the South Pole of the Moon. 
The Clementine spacecraft (USA, 1994) is the first scientific explorer con-
firming the hypothesis of the presence of water at the Moon poles. Lunar 
Prospector (USA, 1995), investigated the gravitational and magnetic field, 
made a global survey of the elemental composition of the Moon surface. 
The LRO spacecraft (Lunar Reconnaissance Orbiter, USA, 2009) performed 
surface surveys and studies of the Moon lunar topography. A Russian sci-
entific instrument LEND (Lunar Exploration Neutron Detector) was installed 
on the LRO spacecraft to build a global map of hydrogen content in the lunar 
soil. The Kaguya spacecraft (India, 2007) received a high-definition video 
from the Moon’s orbit, and also discovered the last landing site for Ameri-
can astronauts. In 2009, the Indian Chandrayaan-1 spacecraft and the NASA 
LROSS unit discovered a large supply of ice in the craters of Shakleton and 
Cabeo. In 2019, China landed the Chang’e-4 lunar probenear the South Pole 
of the Moon near the Aitken South Pole basin (crater Von Karman). 
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Introduction:  
Currently, there is no doubt that geological processes on the Earth are cycli-
cal. The most complete information about these cycles is systematized in a 
Stratigraphic (geochronological) scale, built in the form of a hierarchical sys-
tem of geological cycles of various duration nested in each other.
In connection with the discovery of the phenomena jet outflow of gas and 
dust from the nuclear disk of our Galaxy [1, 2], the author discovered that the 
Stratigraphic scale serves as a unique indicator of powerful quasi-periodic 
cosmic impacts that the Earth has experienced since formation. Throughout 
the entire history of the Earth, these impacts have not changed and in fact 
boiled down to the bombardments of our planet by galactic comets, as well 
as the fall of large interplanetary bodies on it.
Therefore this scale can be considered [3] as empirical classification of aggre-
gate response individual Earth’s subsystems (biosphere, tectonosphere, atmo-
sphere and hydrosphere) to falls of large cosmic bodies, is ranked by three 
parameters: 1) amount of highlighted energy, 2) of prevailing type of falling 
bodies (comets or asteroids) and 3) character of their falls (single or mass).
Nomenclature of the subdivisions of the stratigraphic (geochronological) 
scale of with indication of the possible energy of cosmic impacts at borders 
of this scale is given in Table 1 [3].

Table  1. Reflection of cosmic events by boundaries of the stratigraphic scale

Cosmic impact
(event cause)

Subdivision of 
Scale

Repetition 
period  of 
events

Impact 
energy, J *

1. Numerous falls of large 
interplanetary bodies

Eonothem, 
Eon 

1 billion years ~1028÷1031

2. Bombardments by galactic comets:
in Galaxy arms at distance of 
corotation radius from Galaxy center

Erathem,
Era

250 mln years ~1029

of jet streams in gas-condensation 
zones of Galaxy arms

System,
Period

20÷80 mln 
years

~1028 ÷1029

of jet streams outside Galaxy arms Departments,
Epoch

19÷37 mln 
years

~1026÷1027

3. Falls of interplanetary bodies with a diameter of:
> 3.5 km Stages, Age 2.9±0.2 mln 

years
~1022÷1023

~1-2 km Zone, Section ~0.01÷1 mln 
years 

<1022

*) Energy estimates are obtained from the Earth geology data [1].
Table 1 shows that cosmic cyclicity is a phenomenon inherent in the entire 
Solar System, and the Earth is just a planet where this phenomenon is stud-
ied incommensurably better than on others planets.
The author developed a theoretical model [2], which with an accuracy not 
inferior to accuracy of empirical construction of the Stratigraphic scale itself 

10MS3-PS-49



370-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 201910MS3-PS-49

according to geology data, made it possible to calculate the moments of com-
etary bombardments, corresponding to the scale boundaries, starting from 
the rank of departments (epochs) and higher.
Subject matter: 
Many natural sciences adhere to outdated notions. Therefore, they face prob-
lems that are easily solved by the Galactocentric paradigm. Consider two such 
problems: one in stratigraphy, and the other in comparative planetology.
Stratigraphy. In our country, it is recommended to use two stratigraphic 
scales: the General Stratigraphic Scale (GSS) of Russia [4] and International 
Stratigraphic Scale (ISS) [5]. Both scales are based on a unified system of geo-
logical data; however, they differ in the age of same borders (Table 2). 
In Table 2, estimated times of cometary bombardments (Table 1) are com-
pared with the SNR-1993 and MSS-2019 scales borders.

Table 2. Times of borders of the Phanerozoic scale according to our calculations and 
GSS-1993 and ISS-2019 data
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ErasSystems
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188

Solid and dashed lines in columns 1 and 2 show the borders of systems and 
departments, respectively, and the thin dotted lines in column 3 are the 
stages borders. Age of same-name borders in the GSS and ISS scales as a rule 
is different, that is a serious unsolved problem in stratigraphy [4, 5].
In essence this problem is a consequence of two modern approaches to 
construction of the Phanerozoic stratigraphic scale [6] which are considered 
alternative however they are not quite the same. The ISS scale is based on 
fixing the moments of large interplanetary bodies fall, and the GSS scale is 
on identifying epochs of mass extinction of living organisms caused by cyclic 
bombardments of Earth by galactic comets, what geologists don’t know 
about. Therefore this problem is automatically eliminated by a transition in 
geology to the Galactocentric paradigm representations [2].
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Comparative planetology. Due to ignoring the galactic comets falls and in this 
science there are also serious problems. The main difficulties are related to 
the explanation of the origin of water, as well as large craters and mares on 
the Moon, Mars and Mercury. What cannot be explained [7, 8] by the fall 
of cosmic bodies with the same size distribution as in the asteroid belt.
These problems are also fundamentally solved [9, 10, 11] with the participa-
tion of galactic comets. However, unlike the Earth, on Moon, Mars, Mercury, 
as well as in the Solar System as a whole, there is reliable evidence of only 
the latest cometary bombardment on the N-Q boundary (Table 2).
Along with formation of craters, mares and mascons on Moon, Mars and 
Mercury the consequences of this bombardment also are: modern “peculiar-
ity” of the Sun [12]; strong turbulence of giant planets atmospheres [13]; 
excited state of asteroid belt bodies [14]; significant “dustiness” of the inter-
planetary space [15], as well as presence in it of a large number of comets, 
meteorites and asteroids with dynamically short (~106 years) lifetime [16].
It was concluded [1] that these facts are a complex of interrelated residual 
phenomena caused by the presence of the Sun from 5 to 0.7 million years 
ago in a stream of galactic comets of the Orion-Cygnus branch.
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Introduction 
The study of the Solar System planets and their satellites in recent years has 
put a number of fundamental problems before the comparative planetology. 
The first is the discovery water on Moon, Mars, Mercury, as well as satellites 
of giant planets and large asteroids. The second problem is the presence of 
large craters and mares on Moon, Mars and Mercury. In the lunar mares with 
D>218 km under a layer of basaltic lava, clusters of mantle matter – mas-
cons, creating positive Bouguer gravity anomalies have been revealed [1–3]. 
It is believed [4, 5] that most of craters and mares on Moon, Mars and Mer-
cury were created by interplanetary bodies, which fell from 4.1 to 3.8 billion 
years ago during so-called “late heavy meteorite bombardment” [6].
The problem of interpretation crater data
These views however face serious difficulties caused by explaining the 
size-distribution of craters. These difficulties apply both to “continental” cra-
ters on upland areas of surface (Fig. 1), and “marine” craters in mares (Fig. 2). 
Density of continental craters is 1–2 orders of magnitude greater than craters 
in mares, and at this their size distribution is equally complex for different 
planets. The authors of [2, 7] believe that it is impossible to explain the origin 
of continental craters by the falls of cosmic bodies with size distribution, as 
in the modern asteroid belt.

Fig. 1. Craters density in upland portions 
of Moon, Mars and Mercury (upper 
graph) and in mares (lower graph) [8]

Fig. 2. Craters density with a diameter 
from 0.01 to 200 km in mares on Moon. 
Curves – theoretical craters description [5] 

It is equally difficult to explain the origin of marine craters (Fig. 2). The authors 
of [5]  approximate their distribution by a polynomial of 12 members, which 
is then used in estimating the age of a planetary surface from the density 
of craters existing on it. This relationship is expressed by the formula:

( )-14 -4N(1) = 5.44 ×10 exp(6.93T) -1 + 8.38 ×10 T ,  
Where: N(1) is the number of craters with D > 1 km on an area of 1 km 2; T is 
the time of accumulation of craters in billion years.
When deriving the formula, it is assumed [5] that: 1) the density of craters 
on Moon is determined by the age of rock samples brought to Earth from 
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the Apollo landing sites; 2) the size distribution of crater-forming bodies and 
their frequency of falls have been relatively stable over the past 4 billion 
years; 3) the size distribution of crater-forming bodies in the first approxi-
mation is similar to modern distribution of bodies in the asteroid belt, and 
4) with an increase in the craters density, the age of the surface increases.
This theoretical model is very far from reality.
New approach to interpretation of craters data
As a result of the discovery in astronomy of the phenomenon of jet out-
flow of matter from the center of spiral galaxies [9] and the creation on its 
basis of the Galactocentric paradigm [10], it has now been established that 
the Solar System is cyclically subjected to powerful bombardments by high-
speed galactic comets. The fall of galactic comets is the main relief-forming 
factor for the planets, as well as the supplier of water to the planets [11].
The last comet bombardment occurred from 5 to 0.7 million years ago. The 
comets are moved relative to the Sun at a speed of about 450 km/s, consisted 
mainly of water ice, had mass of ~1012–1017 g and energy of ~1020–1025 J, and 
their size distribution was exponential. During this bombardment, an area of 
the surface of the planet with an area of 100×100 km2 could fall ~13 comets 
of all sizes [12].
The study of the mechanisms of interaction of galactic comets with planets 
[9–16] shows that such a density of comet fallings leads to different effects on 
areas of planets with “thick” and “thin” lithosphere. In the first case (Fig. 3), 
comets repeatedly “plow up” the surface, which leads to its full saturation 
with comet craters. And in the second (Fig. 4), the imposition of craters is 
accompanied by melting of rocks with formation of larger mares.
We explain the lower density of cometary craters on Mars (Fig. 3) by the pres-
ence of a rarefied atmosphere in it [10], and the differences of the size-dis-
tribution of mares on Fig. 4 by the greater thickness of lunar crust on back 
side of Moon [14].
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Fig. 3. Cumulative size-distribution 
of “upland” craters on the Moon, Mer-
cury and Mars [10] 

Fig. 4. Cumulative size-distribution 
of mares on near (red icons) and back 
(black icons) sides of the Moon [2]

Our other findings are as follows:
• Craters and mares on Moon, Mars and Mercury (Fig. 1) arose during 

the last comet bombardment 5–0.7 million years ago.
• The continents of Moon, Mars and Mercury (Fig. 3) are completely sat-

urated with cometary craters with diameter D≈10÷180 km, outside this 
range, comet craters are absent. Craters with D<7–10 km are “leveled” 
by later falls of comets, and with D>180 km, these structures qualify as 
mares.

• Mares arise as a result of the imposition of crater funnels from the fall 
of many (k>1) comets. With an increase in k, the diameter of the mares 
and the volume of magmatic melts accompanying their formation grow. 
Starting from D>218 km [3], heating and melting of rocks reaches the man-
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tle depths, which causes formation of mantle diapirs, creating Bouguer 
anomalies.

• Craters with D<7 km on mares (Fig. 2) are created when interplanetary 
bodies fall. The size distribution of these craters follows the inverse qua-
dratic dependence inherent in the asteroid belt bodies. These craters have 
an age of not more than 700 thousand years; they arose after the end 
of the last cometary bombardment and continue to arise today.
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In [1], some preliminary results were obtained on the density structure 
of the lunar crust. In the present work, on the basis of the theory developed by us 
and the complex of programs for solving the inverse problem of gravimetry [2], 
the possible distribution of density and stresses in the depths of the Moon 
is determined. For this purpose, applied a new solution to the incorrect 
inverse problem of gravimetry, we have tested for the Earth and Mars [2, 3]. Its 
essence lies in the fact that the possible depths of isostatic compensation are 
determined for the harmonics of the decomposition of the relief heights with 
respect to the equilibrium ellipsoid for various degrees and orders of harmon-
ics. Since each relief heterogeneity is characterized by a certain set of harmon-
ics, the maximum compensation concentration of this set in a limited depth 
range may indicate the most probable compensation depths for the relief het-
erogeneity under consideration. The compensation depths obtained in this 
way will make it possible to solve the problem posed: to find the lateral distri-
bution of the compensating masses at the selected depths.
Before calculating the internal anomalous structures of the moon, the con-
tribution of the relief in the quadratic approximation was subtracted from 
the gravitational field of the moon. Formulas and programs to solve this 
problem were obtained by us in earlier works by mathematical modeling 
of symbolic calculations in computer algebra systems [4].
The study of the solution for both Earth and Mars [3] showed that com-
pensation of the relief masses at one level is possible only for a certain set 
of harmonics. For the remaining harmonics, two compensation options were 
chosen, which to the least extent lead to deviations of the internal structure 
from the equilibrium one: 1) compensation is carried out at two levels, the 
first of which is the boundary the crust, the possible depths for the second 
level were determined from the analysis of the results obtained for the har-
monics for which a solution  exists. In this case, the final choice was made 
taking into account the weight function, inversely proportional to the devi-
ation of the interior structure from the equilibrium one; 2) uncompensated 
harmonics of the relief lead to stresses in the lithosphere, provided that the 
stresses do not exceed the tensile strength of the lithosphere.
The final result of the work was the distribution of density anomalies in dif-
ferent layers of the moon (up to the lower boundary at a depth of 528 km), 
as well as the distribution of vertical compressive and tensile stresses. Figure 
1 shows a histogram of the distribution of depths for compensating the har-
monics of the relief based on the isostatic compensation hypothesis. 
The histograms and average compensation depths were calculated taking into 
account weights corresponding to the contribution of the considered harmon-
ics to the gravitational field (in%). From Fig. 1 it can be seen that the main com-
pensation of the relief is carried out in the crust and in the tops of the mantle 
(up to a depth of 280 km), as well as on the border of the upper and middle man-
tle (at a depth of 528 km). The main layers of compensation are clearly traced 
(0 ÷ 10 km, 20 ÷ 30 km, 90÷110 km, 160÷ 70 km, 190÷280 km, 520÷530 km). 
At medium depths for each layer (3.0 km, 24.6 km, 100.3 km, 161.1 km, 238.3 km, 
528.2 km), maps of lateral density anomalies for simple layers were constructed, 
taking into account all three compensation options, as well as a map of possible 
stresses in the lithosphere. The analysis of the maps shows that the main den-
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sity anomalies correspond to the upper layer of the crust (to a depth of 10 km), 
for which the range of density variations of a simple layer is (-11.0÷18.1)•106 kg/
m2). The maxima of positive density correspond to lunar mascons (Sea of Rains, 
Clarity, Crises, Nectar, Smith, Humboldt - on the visible side of the moon), and 
some of them are surrounded by a ring of negative anomalies (East Sea, Rydberg, 
Moscow  Sea — on the back side). The map for the tops of the crust (to a depth 
of 10 km) also shows that the visible hemisphere of the crust corresponds mainly 
to positive density anomalies, and the opposite hemisphere — to negative anom-
alies, which apparently causes a shift in the center of mass of the moon toward 
the Earth. At the same time, the maximum depth variations relative to the average 
depth can reach -4.3÷7.1 km (with an average crust density of 2.55×103 kg/m3). 
As for  maps at depths of 24.6 km, 100.3 km, 161.1 km, 238.3 km, there the den-
sity anomalies do not exceed 5.4×106 kg/m2. This leads, with variations in density 
at these depths of the order of 0.1×103kg/m3 [5], to maximum variations in depths 
of 25–50 km, which may indicate significant heterogeneity in the upper mantle. 
The maximum variations in the boundary between the middle and lower mantles 
at a depth of 528 km reach -32.4÷10.3 km at latitudes  of ± 2.5o, ± 32.5o, ±37.5o 
with an average density variation of 0.2×103 kg/m3 [5]. In the circumpolar regions, 
the elevation of the relief with respect to the middle sphere is determined mainly 
by the second zonal harmonic and reaches 40 km.
The resulting stress maps, caused by the pressure of uncompensated relief 
masses, recalculated to the depths of the upper crust, lead to a range 
of stress changes of -14.88÷14.90 MPa, while the compression stress max-
ima correspond to the lunar mascons (maximum — to the Sea of Crises), and 
the maximum tensile stresses correspond to the lunar craters (   maximum — 
Korolev crater). It can be noted that almost all mascons with positive com-
pression stresses are surrounded by a ring of negative anomalies of tensile 
stress, especially characteristic of some seas surrounded by mountainous 
areas (for example, Sea of Rains, Clarity, East, Humboldt, Nectar, Smith). And 
areas with negative anomalies of stretching are most common on the reverse 
side and in the southern region and are surrounded by rings of positive com-
pression anomalies (for example, Birkhof, Korolev, Gershprung, Bayi, Drual-
sky, Schrödinger, Mendeleev, Moscow Sea).
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Introduction:  
Classification of values of relief characteristics are widely used for descriptions 
and explanation of Earth’s geomorphology. Such parameters as interquar-
tile range of the second derivative of heights (IQR) and relative topographic 
position (RTP) can help us not only to distinguish and classify geological fea-
tures automatically but also to identify patterns in relief at the global level. 
However, methods that are usually applied to our planet can be effective for 
other celestial bodies with solid surface. In our work we not only calculate 
morphometric parameters and classify them to create morphological maps. 
Besides this we study distribution of parameters’ values for Mercury and the 
Moon and compare the obtained preliminary results.
Data:  
For Mercury we use high resolution MESSENGER DEMs: 1. The first global 
Mercury DEM with resolution 665 m/pixel (Becker et al., 2016); 2. DEMs 
on four Mercury quadrants with resolution ~222 m/pixel [1]. For the Moon 
we choose the global DEM GLD100  with a resolution of 118 m/pixel [2].
All DEMs listed above are obtained as result of photogrammetric image pro-
cessing, not altimetry data. Because maps based on processing of photo-
grammetric DEM have better isotropy than maps developed using altimeter 
data, which characterize the surface roughness in the main direction along 
meridional-oriented orbits. For this reason photogrammetric DEMs have 
some advantage in calculation of morphometric parameters. 
Methods:
Depending on the tasks we calculate different morphometric parameters. 
For example, we use interquartile range of the second derivative of heights 
(IQR), when we want to obtain the distribution of smooth and rough 
areas – plains and regions heavily covered with craters (Fig. 1a). To calculate 
this parameter we use a previously developed tool integrated into the ArcGIS 
software [3].
On the other hand, relative topographic position (RTP) applies when, when 
we want to select elevations (rims of craters and ridges) and depressions 
(bottoms of craters) automatically (Fig. 1b). RTP is almost identical to the 
topographic position index (TPI), but its values are normalized (converted 
to the range from 0 to 1) for ease of use.
The choice of these parameters is justified by the fact that they are quickly 
calculated by ArcGIS and clearly show the macrorelief forms (such as smooth 
volcanic plains, rough intercrater plains, rims of craters, relief depressions 
and tops of hills) without difficulties in interpretation of results. Further-
more, both parameters have already been used for transition from numer-
ical values of morphometric parameters to morphological classes on Earth 
[4] and development of the Moon maps [5], which confirms the correctness 
of the chosen approach.
After calculating morphometric parameters, we classified their values, 
in other words, we determinated ranges of numerical values associated with 
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particular types of planetary relief and made the transition from morphome-
try to morphology (Fig. 1c). 

a) b) c)

Fig. 1. Sihtu Planitia – small smooth plain on Mercury: a) with IQR values (dark areas – 
smooth plains, light – rough features); b) RTP values (dark areas – depressions, light - 
peaks); c) fragment of the global morphological map of Mercury with combined and 
classified IQR and RTP values.
We used areas of Mercury and the Moon surfaces – regions of interest with 
typical landforms – as training data for experiments with supervised classifi-
cation technique.
Main results:  
We distributed the most common large landforms among the parameters 
that best distinguish them and determined the ranges of numerical values 
that express each selected type of macrorelief (Table 1). 

Table 1. Forms of macrorelief, morphometric parameters and values correspond to  them.

Class on map Parameter Approximate range 
of values

Depression RTP 0 – 0,15
Smooth plains IQR 0,15 – 0,3
Hummocky plains IQR 0,3 – 0,5
Slopes of highland IQR 0,5 – 0,8
Peaks RTP 0,8 – 1

All steps divided by morphological classes range from 0 to 1, where 0 is 
the minimum display of the morphometric parameter and 1 is the maximum.
In addition, we worked on comparative analysis of the IQR and RTP values 
for Mercury and the Moon. We carry it out on the basis of comparing the 
distribution of areas occupied by the most common forms of macrorelief. Pri-
marily, surfaces of celestial bodies were divided into five parts by latitudes: 
two polar belts (from 90° to 60°), two temperate belts (from 60° to 20°) and 
one equatorial belt (from 20° N to 20° S). After that, a comparison of the 
percentage ratio of the areas occupied by certain forms of macrorelief to the 
total area of a particular latitudinal belt was made.
Statistical calculations for Mercury showed that   area of plains decreases from 
the North Pole of the planet to the south. The largest percentage of smooth 
plains on Mercury is observed within the northern polar belt (73.2%), where 
the Borealis Planitia is located. However, on the Moon the presence of the 
plains near the North Pole is not so significant (16.87% versus 45.03% within 
the northern temperate belt).
Conclusions:  
In the future, we plan to use a larger number of morphometric parameters to 
simplify detection of more specific relief features (grooves on the Moon and 
scarps on Mercury) and create more detailed maps.
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Such results can be used to perform comparative planetological analysis at 
deeper level and process data of European mission to Mercury – BepiCo-
lombo – successfully launched in 2018.
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Modern technologies make it possible to work not only with fresh data, but 
also involve archival information obtained during historical missions. So, fol-
lowing the example of NASA Regional Planetary Image Facility (RPIF), where 
photographic and digital data are included (https://www.lpi.usra.edu/library/
RPIF)we have started to collect information (mostly analog) available at MII-
GAiK and results of processing into an Archive of planetary data. Further 
plans are to represent the Archive as an open-access electronic museum, to 
preserve historical heritage in Space Research.
Nowadays, there is a strong breakthrough in digital technology: analog 
sources of information are rapidly replaced with digital format. At the same 
time, a large number of archival materials remain in analog form. To pro-
vide their safety and accessibility to potential users it is essential to convert 
the data into modern formats. So, the work on the creation of an electronic 
museum collection of planetary data has been started at MIIGAiK [1].
To provide access to the data we use MIIGAiK Planetary DataGeoportal 
(http://cartsrv.mexlab.ru/geoportal), where we publish results of the works 
of our Laboratory. However, we try to show not only new results but also 
archival materials for the same region of interest, so one could make a com-
parison or assess the quality of archival data. Practically all planetary data 
is so unique that it nearly never can become obsolete. For example, Lunok-
hods panoramic images obtained in 1970s became relevant again (after 
forty years!) when Lunar Reconnaissance Orbiter spacecraft (LRO) captured 
the Lunokhods landing sites and routes. At the Geoportal we have tried 
to fully provide Lunokhod data — both new (LRO NAC DEMs, orthomosa-
ics, refined tracks) and historic (old schemas, scanned panoramas [2]) — as 
well as compliment them with  supplementary materials, such as the names 
of craters along the tracks, photos of crew members, in whose honor the 
names were given to the craters, etc. It is important to notice that GIS tech-
nologies allow us to unite such heterogeneous data in a single spatial context. 
Thus, it is possible to trace how the form of data presentation has changed 
from the era of the USSR to the present.
It is important to note that our archive contains data not only on the Moon, 
but also on Mercury, Mars, Phobos, Io, Ganymede, Callisto, Enceladus.
Thus, the creation of an electronic museum of planetary data solves several 
problems at once:
• Save archive data.
• Structuring of various information on one portal, from morphometric 

relief parameters to historical maps.
• Visualize all data in chronological order.
• Ability to work with data remotely from anywhere in the world.
• Wide public access to the data: the Geoportal can be used not only by 

scientific community, but also at schools and universities at Astronomy 
classes.

• Popularization of planetary research.
It is worth noting the convenience of using a geoportal in the educational 
process. On the basis of the electronic museum of planetary data, you can 
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create educational games, tests, quests of various levels of complexity and 
orientation, to facilitate studying.
In the future, it is planned to expand the archive with such data as thematic 
articles, teaching materials, interactive maps of the Moon and other planets. 
And also to develop a series of tasks for high school students in the frame-
work of the curriculum of the subject Astronomy.
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Nowadays, one of the main directions in space research is the study of lunar 
topography and its implementation for geodetic support of the proposed 
lunar missions. A well-known approach to solving this problem is based 
on mathematical modeling. Taking into account growing requirements 
for the hypsometric and morphometric characteristics of the lunar relief 
(in terms of resolution and accuracy), we propose to use along with tradi-
tional digital elevation models, topographic models of a new class — based 
on the analytical approximation of the topographic surface [1]. 
Models of this class describe the relief using a linear combination of given 
analytical basic functions and numerical coefficients. These coefficients 
are calculated from the given relief heights under certain restrictions regard-
ing the properties of the approximating surface. The task is reduced to solving 
an appropriately compiled system of linear equations. The variation of the basis 
functions will allow one to obtain high accuracy characteristics of the approx-
imation in areas of almost any level of complexity. Analytical approximation 
methods based on integral representations (in particular, the S–approxima-
tion method [1]) provide wide possibilities of adaptation to the initial data 
and for increasing the accuracy of topography description. To date, there 
are such algorithms for solving systems of algebraic equations that can be effi-
ciently used in the numerical implementation of these methods [2].
The prerequisites for the use of analytical approximation methods for study-
ing the surface of the Moon can also be attributed to the fact that analyti-
cal models are convenient for studying and refining the main morphometric 
parameters of lunar craters, such as depth to diameter ratio, rim shape, slope 
steepness [3].
Another advantage of analytical approximation methods is that they 
can be used to simulate not only the topography field, but also other physical 
fields of the Moon, for example, the gravitational field [4]. The S–approxima-
tion method can reveal and clarify the depth of the anomalous substance 
under the surface of the lunar crust. Together with the morphometric charac-
teristics, refined using the analytical approximation methods, this will expand 
our understanding of the internal structure of the Moon and the history 
of its formation.
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Introduction:
For illustrative purposes of the simulation of the navigation situation while 
approaching the moon, an interactive globe was created using DEM inArc-
Gis(ArgGlobe).
The process of globe building:
First 10 DEMweredownloadedfromthesiteofNASA [1]: 8 parts 90×60 degrees, 
coveringtheallsurfaceoftheMoonup to 60 paralleland 2 DEM on the Poles. 
To facilitate the process all the data were combined into one common model, 
which was done by the Mosaic tool (datamanagementtools). Bythetool Hill-
shade (special analyst tools) white black map was create din rectangle pro-
jection on the scale of 1:40 000 000, where black colour means minimal 
heightand white – maximum height (Fig. 1). And 2 similar maps of the Poles 
in stereographic projection on the scale of 1:10 000 000 (Fig. 2).

Fig. 1. White-black relief map of the all Moon surface.

Fig. 2. White-black relief map of the Moon North Pole.
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ArcGlobe allows to reproject the data on the sphere. There life maps were 
added as draped layers,which use other layers as an elevation data source. 
The interactive globe can be rotate dand zoomed. Also, you can get coordi-
nates of any place within 0,0001 degree by clicking on it (Fig. 3). There solu-
tion of the globe is the same as data source – from 100 to 128 meters/pixel.

Fig. 3. Screenshot of the globe.

Results:
Eventually it was created some small-scale maps:
• small-scaleDEM with resolution 100 meters of middle latitudes by 60º 

on the scale of 1:40 000 000;
• small-scale DEM with resolution 128 meters of the Poles from 60º to 

90ºon the scale of 1:10 000 000;
• interactive globe of the all Moon surface based on these small-scale maps.
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CONDENSATIONS AND FORMATION OF THE 
EARTH-MOON SYSTEM

S.I. Ipatov
Vernadsky Institute of Geochemistry and Analytical Chemistry of Russian 
Academу of Sciences, Moscow, Russia, siipatov@hotmail.com

Keywords:
Rarefied condensations, angular momentum, satellite systems, the Earth-
Moon system 
Introduction:
It is considered that there was a stage of rarefied condensations during evo-
lution of the Solar System. Masses of the condensations could exceed masses 
of the largest asteroids. Condensations that formed at collisions of conden-
sations could acquire the angular momenta which are needed for formation 
of satellite systems as a result of compression of condensations [1]. Ipatov 
studied formation of trans-Neptunian satellite systems [1–2] and embryos 
of the Earth-Moon system [3] at the stage of condensations. The previous 
studies were based on the model of the collision of two condensations that 
moved in circular heliocentric orbits at the moment of the collision. Below 
we consider also eccentric orbits of collided condensations.
Angular momentum acquired at a collision of two condensations moved in 
circular orbits at the moment of the collision:
The angular momentum at a collision of two condensations (with radii 
r1 and r2 and masses m1 and m2) moved before the collision in circular 
heliocentric orbits is equal to Ks=kΘ·(G·MS)

1/2·(r1+r2)
2·m1·m2·(m1+m2)

-1·a-3/2, 
where G is the gravitational constant, MS is the mass of the Sun, and 
the difference in semi-major axes a of condensations equals Θ∙(r1+r2)[4]. 
At ra=(r1+r2)/a<<Θ and ra<<1, one can obtain kΘ≈(1-1.5∙Θ2). The mean value 
of |kΘ| equals 0.6. Below I present estimates for the model for which two 
collided condensations form a new condensation with mass m=m1+m2 and 
radius r=(r1

3+r2
3)1/3. The angular velocity of such condensation equals ωc=Ks/

Js=2.5∙kΘ∙χ-1·(r1+r2)
2·r-2·m1·m2·(m1+m2)

-2Ω, where Ω=(G∙MS)
1/2a-3/2 is the angu-

lar velocity of the motion of the condensation around the Sun. Js=0.4∙χ∙m∙r2 
is the momentum of inertia of the condensation, and χ=1 for a homoge-
neous sphere. Nesvorny et al. [5] made computer simulations of compres-
sion of condensations in the trans-Neptunian belt for initial angular veloci-
ties of condensations equal to ωo=kωΩo, where Ωo=(G∙m)1/2r-3/2 is the angular 
velocity of the motion in a circular orbit of radius r around the gravity cen-
ter of mass m.Nesvorny et al. [5] obtained binaries and triples only at kω 
equal to 0.5 or 0.75. For most their runs r=0.6rH, where rH is the Hill radius 
for mass m. Note that Ωo/Ω=31/2(rH/r)3/2≈1.73(rH/r)3/2, e.g., Ωo≈1.73Ω atr=rH. 
So ωo=kωΩo≈1.73kωΩkH

-3/2, where kH=r/rH.Galimov&Krivtsov [6] made calcu-
lations of compression of condensations which masses were equal to the 
mass of the Earth-Moon system, and which radii exceeded by a factor of 5.5 
the radius of the body of Earth’s density which mass equaled to the mass of 
this system (i.e., the radius of the condensation was smaller by a factor of 40 
than the Hill radius). In their 3D model, satellite systems formed at 1≤ωo/
Ωo≤1.5. These values of ωo/Ωo exceeded by a factor of about 2 the values 0.5 
and 0.75, at which formation of satellites was obtained in [5]. We can sup-
pose that formation of satellites is possible at smaller ratios of radii of pre-
planetesimals to their Hill radii (for not smaller values of ωo/Ωo) than in [5].  
At r1=r2, r3=2r1

3, m1=m2=m/2 and χ=1, we have ωc≈1.575kΘ∙Ω. Considering 
ωc=ωo≈1.73kωΩkH

-3/2, one can get kH≈(1.1kω/kΘ)2/3, e.g. kH≈(1.83kω)2/3 at kΘ=0.6. 
For kω=0.5 and kΘ=1, kH≈0.67. For greater kω and smaller kΘ, kH is greater 
than 0.67. The above estimates show that initial angular velocities at which 
satellite systems formed in simulations presented in [5] could be acquired 
at collisions of condensations that formed the parental condensation. The 
radii of collided condensations should not differ much from their Hill radii. 
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The values of kHcould be smaller than those for the above estimates, if we 
take into account the eccentricities of heliocentric orbits of colliding conden-
sations. A small increase of the estimates of the angular momentum could be 
due to initial rotation of condensations. If the value of ωc would be greater 
(mainly due to consideration of eccentric orbits) by a factor of ke than that 
for the model considered above (at the beginning of this paragraph), then 
the estimates of kH would be smaller by a factor of ke

2/3.  
Let us consider a collision of two condensations with masses km·m and (1-km) m 
(where 0<km<1), with initial angular velocity equal to 0.2Ω, and with the same 
χ and initial density ρ. In this case, the component of the angular momen-
tum Ks of the formed condensation caused by initial rotation equals to 
Ksi=0.2Ω(0.4χ∙m∙rin

2)[(1-km)5/3+km
5/3], where rin is the radius of a condensation 

of mass m and initial density ρ. The component of Ks of the formed planetes-
imal with a radiusrcol which is caused by the collision equals Ksc=kΘ∙Ω∙m∙rcol

2·k-
m(1-km)·[(1-km)1/3+km

1/3]2. Ksi>Ksc at rin/rcol>2.7, χ=1 and kΘ=0.6. This suggests 
that collisions produced the dominant contribution to angular momentum 
only when the sizes of homogeneous preplanetesimals did not differ signifi-
cantly (by not more than a factor of 3) from the initial sizes.At kΘ=χ=1 and 
rcol=rin the ratio Ksc/Ksiequals 12.5, 3 and 0.8 at km equal to 2-1, 9-1 and 28-1 (i.e., 
at the ratio kr of radii of collided condensations equal to 1, 2 and 3), respec-
tively. It means that for the considered model at the ratio krof radii of collided 
uniform condensations of different masses greater than 3, the role of initial 
rotation in the angular momentum Ksof the formed condensation is greater 
than that of the collision. 
Angular momentum acquired at a collision of two condensations moved in 
eccentric orbits:
As one of the model implementations, a disk with a width of 0.4 AU was 
considered, consisting of 100 identical condensations with masses equaled 
to 0.01mE(where mE is the Earth’s mass). At a=1 AU, the Hill radius rH of such 
condensation is about 0.002 AU. Let us consider a model for which a conden-
sation moves under the gravitational influence of the Sun and one another 
condensation. For initially circular heliocentric orbits of condensationsand 
not large time elapsed before the collision, two condensations with radii 
of Hill spheres could collideifthe difference da=a∙kabetweeninitial values of 
aof their orbits is less thanabout 3.5rH [8–9]. If the initial angle with avertex 
in the Sun between directions to two condensations is greater than 60o, then 
condensations withda<rHwill not collide. For such a model,if the difference 
between semi-major axes a≈1 AU of close orbits is about 0.004 a, then each 
condensation has about 5×0.002/0.004≈2 candidates for collisions (1 with 
greater, and 1 with smaller semi-major axis). So such estimate of the time 
elapsed before a collision would be similar to that for consideration of only 
two condensations. Actually all condensations did not form at the same time 
and could be smaller than rH. If there were only two condensations with 
masses of 0.01mE which could collide, then the mean value of theangular 
distance φ between two condensations is about πrad. As the period of a rev-
olution around the Sun is proportional to a3/2, then during one revolution 
around the Sun, the angle φ decreases by about 2π(3ka/2)=3πka. So about π/
(3πka)=(3ka)

-1 revolutions are needed to reach φ=0. At aka=2rH and rH=0.002a, 
we have ka=0.004 and the condensations could collide after about 100 revo-
lutions. As discussed above, the diameters of these condensations must not 
change considerably during this time. 
If an aphelion distance of an orbit of a “first”condensation is a+a·ka=a+rH·kHa 
and this condensation collides with a “second” condensation, which has 
a semi-major axis a and circular velocity vc, then its eccentricity ecan be about 
ka=kHa·(rH/a). At a collision of the condensations, the tangential component 
vteof thecollision velocity can be about e·vc, e.g. aboutkHa·vc·rH/a. At a collision 
of two condensations that moved before the collision in circular heliocen-
tricorbits, the tangential velocity of the collision equals to vtc=kΘ·vc·(r1+r2)/a. 
At kΘ=0.6 and r1=r2, vtc=1.2∙vc·rH/a. At kHa=2.4 the above value of vte=kHa·vc·rH/a 
is greater by a factor 2 than the above value of vtc. So the tangential velocity 
and the angular momentum of such collided condensations could be greater 
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by a factor of 2 than thosefor circular orbits. Due to gravitational influence 
of other objects in the forming Solar System, the eccentricities of condensa-
tions could be greater than those for the model considered above. For a grea-
ter tangential velocity, the formation of a satellite system can take place at 
a greater difference in masses of collided condensations and/or at smaller 
sizes of condensations. However, the greater is the velocity of a collision 
of condensations, the less material can be left in the condensation formed 
as a result of collision, and more material can left the forming condensation.
Conclusions:
The angular momenta Ks of rarefied condensations that are needed for for-
mation of satellite systems as a result of contraction of the condensations 
could be acquired at collisions of condensations. The angular momentum 
could be greater for eccentric than for circular heliocentric orbits of colliding 
condensations. At a greater Ks, collided condensations, that produce the con-
densation parental for a satellite system, could be smaller in sizes and differ 
more in masses. A time between formation of two condensations and their 
collision that produce the condensation which was parental for the embryos 
of the Earth-Moon system could be of the order of 100 years.
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Introduction:  
The important aspect in the study of the structure of the interiors s of plan-
ets is the question of the presence and state of cores inside them. While 
for the Earth this task was solved long ago, the question of whether the core 
of the Moon is in a liquid or solid state up to the present is debatable up 
to present. If the core of the Moon is liquid, then the velocity of longitudinal 
waves in it should be lower than in the surrounding mantle. If the core is 
solid, then most likely, the velocity of longitudinal waves in it is higher than in 
the mantle. Numerical calculations of the wave field allow us to identify the 
criteria for drawing conclusions about the state of the lunar core. 
In this report we consid the problem of constructing a stable analytic solution 
for wave fields in a layered sphere of arbitrary size. After the Fourier- Legendre 
transformations, the statement of the problem reduces to the consideration 
of a two-parameter family of boundary-value problems for ordinary differential 
equations. The solution of the latter problem in each spherical layer is in the 
form of a linear combination of Bessel functions [1]. The unknown coefficients 
are determined from known conjugation conditions on the boundary of spher-
ical layers. As a result, a matrix system of linear equations is obtained for their 
determination. For a small number of layers, its solution can be obtained in 
explicit form. Since Bessel functions of different types tend to zero and infinity 
rapidly, uncertainty arises in the solution. And the more the radius of the sphere 
in relative values (wavelengths), the faster it arises. In this situation, computer 
calculations become unstable. To construct a stable solution, it is proposed to 
use the classic asymptotic of Bessel functions [2]. In the article [3] it is shown 
that the classical asymptotic behavior of Bessel functions gives an error in the 
solution. To construct the solution, we use the new asymptotes of cylindrical 
functions obtained in the article [3]. This gives a stable analytical solution for 
wave fields in an inhomogeneous sphere of arbitrary size.
Formulation of the problem:
The mathematical statement of the problem of modeling the P-wave is for-
mulated in a spherical coordinate system 1(0 ,  0 ,  0 2 )≤ ≤ ≤ θ ≤ π ≤ φ ≤ πr R  as 
follows: define a function  from equation

2 2
2

2 2 2 2 2 2 2
1 1 1 1
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In (1), (2) R1 – the radius of the sphere, fr — is the source function over space,  
is the source function with respect to time t.
At boundaries  r=Rj where the velocity of longitudinal waves v(r) suffers a dis-
continuity, known conjugation conditions are introduced [1]:
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Analytical Solution Results:
Figure 1 shows the result of calculating P-waves for a simplified model of the 
Moon, consisting of a mantle and a low-velocity core. The velocity of longitudi-
nal waves in the mantle is 7.8 km/s, in the low-velocity core is 5.81 km/s. The 
radius of the Moon is 1,737 km. The radius of the low-velocity core is 380 km. 
Time source function f(t) is taken in the form of a Gauss-Puzyrev pulse [3]:
To clarify this effect, figure 2 shows the drawing of rays. The rays exit the 
source at a uniform pitch. Figure 2 clearly shows that the low-velocity core has 
the properties of a collecting lens. There is a focus area around 180 degrees. 
We can see a strong expansion of the amplitude around 180 degrees on this 
figure. This increase in the amplitude is denoted by L (Lens). This fully cor-
responds to the ray pattern shown in Figure 2. The low-velocity core on the 
Moon has the properties of a collecting lens. A focus area appears. This leads 
to the formation of a powerful wave. 
Figure 3 shows the result of calculating P-waves for a simplified model 
of the Moon consisting of a mantle and a high-velocity core. The velocity 
of longitudinal waves in the mantle is 7.8 km/s, in the high-velocity core — 
10.0 km/s. The radius of the high-velocity core is also taken equal to 400 km. 
Here the arrow indicates the beginning of the shadow zone for the direct 
wave P propagating in the mantle of the Moon. And Figure 4 shows the draw-
ing of rays. It can be seen from Figures 3 and 4 that the high-velocity core 
of the Moon does not possess the properties of a collecting lens.

Fig. 1. Fragment of the wave field of P-wave for the Moon model with a low-velocity 
core. The arrow marks the beginning of the shadow zone for the refracted wave. L - a 
focusing effect of the low-speed core of the Moon

Fig. 2. The pattern rays for the Moon model with a low-velocity core.

Fig. 3. Fragment of the wave field of P-waves for the Moon model with a high-velocity 
core with the first arrival of PKP-waves. The arrow marks the beginning of the shadow 
zone for the refracted wave.
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Fig. 4. The pattern rays for the Moon model with a high-velocity core.

Conclusions:
We obtained a stable analytical solution for the wave fields of longitudinal 
waves in a two- and three-layer sphere of arbitrary size. This made it possi-
ble to calculate the total wave fields for simplified models of the Moon and 
the Earth with real parameters. The results of mathematical modeling and 
ray pattern showed that the low-velocity cores of the Moon and the Earth 
possess the properties of collecting lenses. 
As a result of focusing, waves of considerable amplitude appear on the sur-
face of the Moon and the Earth. And on the surface of the Earth they come 
before the first entry of the PKP-wave. These are so-called “precursors” which 
continue in the subsequent arrivals of waves. 
We also note that the detection of the effect of focusing region appearance 
of the oscillations emerging on the surface in the first arrivals is extremely 
important in elucidating the question of the state of the core not only for the 
Earth and the Moon, but also for other planets. If it were possible to detect 
the above oscillations on lunar seismograms, the question of the state and size 
of the core, as well as the velocity of longitudinal waves in the lunar core, would 
be decided unambiguously. For the currently considered models of the inner 
structure of the Moon, the oscillations generated by focusing inside the core 
must reach the surface of the Moon at distances of 180–220 degrees, or in the 
opposite direction in the range of 140–180 degrees. Unfortunately, at present 
no such oscillations are detected in the indicated range of angles [5].
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Introduction:   
Intersecting ripples of certain wavelengths and produced them tectonic 
granules are inversely proportional to the satellite main orbital frequen-
cies ( 1/1 month — πR/4 and 1/1 year- πR/60 for the Moon) and calculated 
side frequencies (division and multiplication of the higher frequency by the 
lower one- πR/15 and πR/240) (Fig. 3) [4]. The granules can be observed 
on the lunar surface more or less pronounced. Often they are confused with 
impact craters but their even sizes and regular shoulder-to-shoulder disposi-
tion in lines and grids normally solve the problem.
Rare chances present the landings of the Chinese probes Chang’E 3 &4 
on the Mare Imbrium and SPA areas. Landing surface possibly cleaned by 
thruster jets of landing device revealed clear crossing lineation of a few cen-
timeters spacing and produced them granules. This very fine granulation for-
tunately can be calculated comparing it with a track of the Yutu’ rover weel. 
(about 10 cm wide) (Fig.1, 2). An explanation of the granule size should be 
done with the above modulation procedure using two frequencies as was 
done for some celestial bodies earlier [4–7]. The Moon main frequencies are 
1/1 year and 1/1 month, the modulating Galaxy frequency is about 1/200 
000 000 years. A scale is the Earth’s orbiting period 1 year with the corre-
sponding tectonic granule size πR/4 [6–7].                  
Calculations for the Moon:
(1y. : 200 000 000y)πR = (1 : 200 000 000) 3.14 x 1738 km = 5.46 cm wave 
length for the circumsolar orbiting (or 0.46 cm wavelength  for the around 
Earth orbiting). By the same galactic frequency modulation one obtains enig-
matic metric radio waves for the Sun and decametric waves for Jupiter [5–7]. 
Amalthea has 4.88cm (for the circumsolar fr.), 0.0028 mm (circumjovian fr.), 
the Moon 5.46 cm (circumsolar fr.), 0.46 cm (circumterrestrial fr.) [5–7]. It is 
interesting that an enigmatic extra heat emission of Amalthea and its pro-
nounced red color could relate to these calculated microwave and infrared 
emissions. Radio emission of the Moon at 2.5 cm wavelength was described 
in Berezhnoi et al., 2001 [1]. It is worth to note that well known radio wave 
and gamma-ray background observations are added by soft X-rays emitting 
from various celestial bodies – from cold comets to the hot Sun and mea-
sured by the Chandra X-ray Observatory [2].
The Chinese Chang’E-1 orbiter was equipped with a passive microwave radi-
ometer (MRM) to measure the natural microwave emission from the lunar 
surface. The microwave emission, characterized by a frequency-dependent 
brightness temperature (TB), is related to the physical temperature and 
dielectric properties of the lunar surface. By measuring the brightness tem-
peratures at different frequencies, detailed thermal behavior and properties 
of the lunar surface can be retrieved. The resulting maps show fine structures  
unseen in previous microwave maps that disregarded the local time effect. 
The new features revealed and their possible connections with the lunar 
geology were dicussed. Daytime brightness temperatures are found to cor-
relate well with TiO2 abundance by numerical analysis [8].
In an earlier publication Chan et al. [3] indicated that resulting maps from 
the high frequency microwave channel show lunar topographic signatures 
with close similarity to those seen in Clementine’s lunar topographic maps, 
while the low frequency channels reveal intriguing lunar surface properties 
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not previously observed. Two characteristics  displayed by the filtered bright-
ness temperature maps are discussed: in the high frequency maps the exis-
tence of an anti-correlation between daytime and nighttime brightness tem-
perature deviations in certain regions (especially in the lunar maria), and 
in the low frequency maps the appearance of cold spots which correspond 
with the hot spots observed in the infrared during lunar eclipses. 
Thus, some relationship between lunar microwave emission and the geolog-
ical background was discussed earlier [1, 3, 8]. In the present work we show 
existence of the fine crossing rippling of the lunar surface at the microwave 
lengths and its origin indicating at galactic structuring trace.      
Similar fine cm-size crossing rippling is clear in images of the Chang’E-4 (Fig. 2). 
Thus, this modulation process, involving orbital frequencies of the Moon and 
Galaxy, is observed at the northern and southern lunar hemispheres as well 
as in the near and far lunar sides. Now, one might speak about the whole 
Moon modulation event. It is worth to note that the same approach is applied 
to calculating frequencies of the martian global dust storms  (joint consider-
ation of the rotation and orbiting of Mars-spin-orbit coupling) [9, 10].

Fig. 1. Yutu’s rover weel track on Mare Imbrium surface clearly showing fine inter-
crossing lineation (centimeters spacing). A portion of Chang’E 3 image 00.  

Fig. 2. Chang’E 4 image. DwEFLIgUwAEMYFq-1.jpg . 

Fig. 3. Frequency-lunar crater size curve. Main and side  lunar frequencies and  corre-
sponding them crater sizes.
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Introduction:
Analysing the chemical composition of lunar polar volatile materials will give 
insight to the origin and evolution of solar system bodies. Additionally, if they 
are found in sufficient quantities, they willbe a valuable resource for future 
exploration missions, particularly of manned missions. The Russian Luna-Re-
surs mission (Luna 27) is a lunar landing mission designed to land in a polar 
region. Our Gas Chromatograph (GC) — Neutral Gas Mass Spectrometer 
(NGMS) [1] will analyse volatile materials trapped in the icy lunar surface 
when in GC-mode. An additional measurement mode will analyse the tenu-
ous lunar exosphere (exosphere mode).
Instrumentation and operation:

Fig. 1. The NGMS flight model and the flight spare unit during preparation for calibra-
tion tests. Eachunit consumes < 25 W when in GC-mode, at a mass of < 3.5 kg and size 
of 18 x 26 x 15 cm3.

The Gas Analytical Package (GAP) consists of a pyrolysis cell to thermally release 
the volatile material of the collected sample, a GC with Thermal Differential Ana-
lyzer (TDA) for chemical pre-separation and the NGMS instrument. In this mea-
surement mode (GC-mode), the NGMS instrumentwill quantitatively analyse 
the content and identity of volatile species of the lunar regolith. This time-of-
flight instrument includes an ion storage source [2], which allows for an analy-
sis of the continuous output of the GC. It is therefore capable of analysing the 
chemical composition including CHON elements and noble gases, their isotopes, 
organics and their molecular structure and water fraction. 
Results and discussion:
Measurements with calibration gas mixtures (exosphere-mode) showed that 
both flight units meet the scientific requirements of analysing the exosphere. 
Calibration measurements of the flight units indicated that their perfor-
mance in GC-mode is comparable to the prototype GC-NGMS instrument [3] 
where sensitivities of hydrocarbons of about 2·10–10 by mass and of about 
2 10–9 by mass for noble gases are demonstrated. Performance parameters 
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included a dynamic range of up to 106 within 1 second integration time and 
mass resolution M/ΔM up to 1200. Given this performance, the flightunit-
sare capable to detect and quantify even traces of species in the lunar rego-
lith and exosphere.
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Introduction:  
The process of formation of impact craters on the Earth and the moon 
not only led to local high temperatures and pressures, but also to the evapo-
ration of volatile, such as H2O, CO2, etc [1]. Also, a large amount of dust was 
emitted into space together with gases in the formation of craters. Therefore, 
the surface of the growing planet, very likely, were covered with rock frag-
ments and impact melt with a captured fugitive. It is well known that CO2 
and H2O, one of the most common separable volatiles, have intense absorp-
tion bands in the infrared region [2]. Therefore, at the origin of such a pri-
mary atmosphere, the energy released on the surface could not immediately 
go into space. Taking into account this “shielding” effect, it can be expected 
that the surface temperature of the early Earth has increased dramatically 
and began melting rocks
The aim of this study is an experimental quantitative assessment of volatiles 
contained in large groups of ordinary chondrites — H, L and LL. This class 
of meteorites is one of the main building blocks of the early Earth and 
the moon. This will allow us to clarify the physical parameters of the sec-
ondary (in relation to the gases of the protoplanetary nebula) atmosphere 
of the Earth and build a correct numerical model of the cooling of its surface.
Analytical procedure:  
For experimental quantitative determination of volatile compounds compo-
sition in the laboratory of Carbon Geochemistry of GEOKHI RAS, a special 
installation was developed and created, the schematic diagram of which 
is shown in Fig. 1.

Fig. 1. Schematic diagram of the installation: 1 — electronic control unit; 2 — induc-
tion heater (furnace); 3,9 — protective disc of thermal insulation wool; 4 — quartz 
boat with a loaded sample; 5,7 — a tube of special rubber for gas extraction; 
6 —  thermocouple; 8 — heat-reflecting screen; 10 — quartz glass reactor; 11 — pres-
sure gauge; 12 — pressure equalization tank in a closed circuit with a piston; 13 — gas 
leak; 14 —  needle of a gas-tight syringe

This unit is designed as an attachment to the gas chromatograph for degas-
sing solid and liquid samples at temperatures up to 1200°C in the carrier 
gas flow, to create the necessary atmosphere. Helium was chosen as a car-
rier gas for our experiments. The attachment of the crushed meteorite 
sample in a quartz boat (4) is placed in a quartz glass reactor in the center 
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of the heater (2), then the system is locked with a special heat-resistant vac-
uum rubber stopper (5) and fixed by a press sleeve. The plug made of special 
rubber allows the needle of a gas-tight syringe to be inserted without break-
ing the tightness (14). 
After that, the reactor with the sample placed in it is purged with helium 
and heated at a temperature of 100°C, the helium pressure inside the sys-
tem is 1.0±0.1 bar. The flow of helium is regulated with a gas leak (13) 
accurate to 0.05 bar and controlled by a pressure gauge (11). The outflow 
of helium, through the needle of a gas-tight syringe, through a fluoroplastic 
tube is connected to the chromatograph and periodically analyzed until there 
are no traces of atmospheric gases. This process takes about three hours. 
After the reactor and sample are cleaned of atmospheric gases, the system 
is disconnected from the chromatograph and the helium flow is blocked. 

The electronic control unit (1) sets 
the required temperature and 
heats the sample. Sample heating 
rate 4.5°C/sec. The temperature 
inside the system is determined 
by a thermocouple of high-tem-
perature oxidation-resistant alloy 
Nicrobell D (6) alloy in close prox-
imity to the quartz boat. Due to the 
high heating rate, the system was 
brought to the required tempera-
ture in no more than 5 minutes. 
During heating, the pressure is con-
trolled (1.0±0.1 bar.) inside the sys-
tem as the gas expands when heated. 
The excess pressure is equalized 
by the tank (12) with a variable 
volume in a closed circuit to avoid 
the beginning of the process of dif-
fusion of light gases through a quartz 
glass reactor.
Degassing experiments:  
During the experiment, the depen-
dences of changes in the concentra-
tion of the main gas components (CO2, 
CO, CH4, H2, H2O, H2S, N2) on time 
and temperature were obtained. 
The quantitative composition of 
gases determined by us is not com-
plete. Products such degassing, as 
the noble gases had not been deter-
mined because the measurement 
method did not allow to perform 
the calibration used by us. Depend-
ing on the type of meteorite (as well 
as on the content of Fe and FeO), we 
have a natural change in the content 
of the components we define. Due 
to the composition of the meteorite 
NWA 12730 (H5), we did not degass 
at 200°C, as this temperature was 
not enough to heat the entire sam-
ple matrix. We also came across dif-
ficulties in determining the so-called 
reducing components (CH4, H2, H2S) 
at temperatures below 500°C: due 
to the high content of iron acting 

Fig. 2. Contours of H2 content in meteor-
ites of different classes (from top to bot-
tom — Chelyabinsk LL5, Aba Panu L3, 
NWA 12370 H5. Figures indicate concen-
tration in µg/g
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as a catalyst. Carbon dioxide (COS) was detected in all meteorites in amounts 
ranging from 0.004 to 10 ng/g.
As example of the obtained results, we submit here data concerning H2 
(see Fig. 2). Already on the example of hydrogen, we see an increase in its con-
tent in the LL-L-H series twice. On all contours it is visible that the maxi-
mum of its allocation is at the initial stage of degassing. As an active reducing 
agent, it immediately interacts with other gas components and the meteor-
ite matrix, as evidenced by the decrease in concentration over time, which 
is seen on the contours of LL and L. On the contour H hydrogen is active 
for the first time, then its concentration goes to the plateau, i.e. its content 
becomes equilibrium. The amount of hydrogen depends on the content 
of CO and CH4, as will be discussed extra. Under experimental conditions, 
hydrogen can recover metals from their oxides, but this requires a sufficiently 
large amount of time. When comparing hydrogen and water circuits, it can-
not be said that the maximum hydrogen content will account for the max-
imum water content that should be formed during the reduction of these 
metals. Although under impact events a sharp spike in temperature and pres-
sure will provide flow of this process. The hydrogen content in all studied 
classes of ordinary chondrites varies from 0.10 to 1.20 µg/g. The average 
value of juvenile hydrogen is 0.65 µg/g. 
Conclusions:
H2O, CO2 and N2 contribute greatly to the formation of the proto-atmo-
sphere [3]. But the presence of other volatile and thermal processes 
in the impact of meteorites on the proto-planet provides the process of evo-
lution of the atmosphere. At very high temperatures, associated degassing 
from the melt is possible. We define components make up 10–15% of the total 
composition of volatile in the rest of the number consists of heavy noble 
gases and sulfur gases. In the future, it is necessary to carry out thermody-
namic and kinetic calculations to compare the experimental data with differ-
ent computational models.
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Introduction:  
Investigation of the molecular, elemental, and isotopic composition 
of the regolith and dust is an integral part of almost all landing space mis-
sions. Such assays are crucial to understand the past and future evolution 
of cosmic bodies, to study a number of their physicochemical characteris-
tics, to forecast the prospects for their exploration and to solve many other 
fundamental and applied issues. One of the most attractive methods for 
analyzing the elemental and isotopic composition of solids in space experi-
ments is laser ionization mass spectrometry (LIMS), due to it offers simplicity 
of operation, absence of necessity of sample preparation, high spatial reso-
lution, and robustness of the instruments construction [1–3]. LIMS for space 
applications has been developing rapidly over the past decades, and several 
LIMS prototypes as well as flight instruments are constructed to date [2, 4, 
5]. One of them, LASMA instrument, was onboard Phobos-Grunt spacecraft, 
and its modification, LASMA-LR instrument, is accepted for Luna-Resource 
and Luna-Glob missions [4, 6].
The measurement technique by LASMA-LR is as follows: after installing a 
sample of regolith on a rotating disk at a given distance corresponding to the 
focal length of the laser emission, it is pulsed by Nd:YAG laser at 1.064 µm 
wavelength with 7 ns pulse duration and with a power density of ~109 W/
cm2. Such an effect causes complete atomization and ionization of the sam-
ple substance, severe overheating, and emission of the formed ions as a 
plasma torch. High-speed ions in the free expansion mode fall into the time-
of-flight mass analyzer, where they are separated by the time of flight. The 
ions separated in time, after their reflection in the retarding field of the elec-
trostatic reflector, are registered by a secondary electron multiplier. Further 
the signal goes to a high-speed analog-to-digital converter and is stored in 
the device’s memory as a single spectrum. By the time of flight of ions and 
signal intensity, it is possible to determine ions mass and relative concentra-
tions with high accuracy [4, 5] (Figure 1).

Fig. 1. An example of the spectrum of enstatite (only the most sensitive registration 
channel is shown; only the spectrum fragment is shown).

It is important that the accuracy of measurements substantially depends on 
the size of the statistical sample of the spectra array. Due to it purpose of this 
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work was to study dependence of accuracy of elemental and isotopic compo-
sition measurement on the volume of statistical sample of the spectra array 
for the LASMA-LR instrument as well as to determine accumulation times 
of the spectra during the Luna-Glob and Luna-Resource missions, which are 
stipulated by the required measurement accuracy.
Materials and Methods:  
The object of the study was enstatite. This mineral is part of the lunar rego-
lith and some meteorites [7,8]. A sample of enstatite taken in Norway was 
obtained from the Museum of Natural History in Berlin, where it was char-
acterized using a JEOL 8500-F field emission scanning electron microscope. 
The sample contained oxides Al2O3, Na2O, TiO2, Cr2O3, SiO2, MgO, MnO, CaO, 
and FeO in concentrations of 0.09, 0.02, 0.04, 0.01, 57.15, 32.54, 0.04, 0.29, 
and 9.91%, respectively. Microscopic studies have shown that the sample 
is homogeneous, which eliminates the effects of the heterogeneity of the tar-
get on the results and allows to define namely instrument accuracy.
Studies of the accuracy characteristics of elemental and isotopic analysis were 
carried out using LASMA instrument of the Phobos-Grunt project, which is 
a complete analog of the LASMA-LR instrument (of the Luna-Resource and 
Luna-Glob projects) in the analytical part of the instrument. The device was 
placed in a vacuum chamber, where it was pumped to a working pressure 
of 5×10-6 Torr. Then a series of spectra of enstatite was registered. The reg-
istration of the spectra was carried out in the normal mode of operation 
of the instrument. Frequency of obtaining spectra was determined by the 
frequency of the laser and was 0.1 Hz.

Fig. 2. The dependencies of the accuracy of the elemental and isotopic composition 
measurement on the volume of spectra array obtained.

Results and Conclusions:  
The dependencies (for some elements and isotopes) of the accuracy of the 
elemental and isotopic composition determination on the number of spectra 
obtained are shown in Figure 2. Experimental studies to determine the mag-
nitude of the spectra array and the time of analysis of a single sample, to 
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achieve an accuracy of measurements of the elemental and isotopic compo-
sition of 10% and 1%, respectively, showed: 
1) this accuracy of elemental analysis is ensured by obtaining and processing 

an array of 300 spectra, which corresponds to the 4 h of continuous oper-
ation of the LASMA-LR instrument; 

2) the accuracy of isotopic distributions determining depends not only on 
the number of observations, but also on the concentrations of isotopes; 

3) for the same 4 h time interval, 1% accuracy of measurement of isotopic 
distributions is achieved only for intense isotopes that are in a ratio of not 
more than 10; 

4) measurement of low-intensity isotopes with 1% accuracy is possible, but 
requires an unjustified increase in analysis time.

Based on the conclusions made, and assuming a small variability in the isoto-
pic composition of different samples of the Moon’s regolith taken from one 
landing site, it is proposed to use at least a 4 h observation interval for a sin-
gle sample, and to measure isotopic distributions with usage of all the statis-
tics obtained during the experiment, to avoid the restrictions associated with 
the concentrations of isotopes.
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Introduction:
China’s lunar exploration project utilizes ground-based USB/UXB (Chang’e-1 
and Chang’e-4 relay satellites use S-band, the rest of the lunar exploration 
missions use X-band), and astronomical VLBI measurements to accomplish 
the tracking of Spacecraft[1-3]. Limited by the accuracy of measurement data, 
the orbit calculation of Chang’e-1 mission mainly depended on USB rang-
ing and VLBI delay and delay-rate measurement, and the orbital accuracy 
was better than 50m in the circumlunar phase. During Chang’e-2 mission, 
deep-space phase measurement experiments were carried out, and Doppler 
data with accuracy of about 0.1 mm/s were obtained. In Chang’E 3 mission, 
the accuracy of Doppler measurement in X-band was 0.2–0.4 mm/s (10 s 
integration period), and that of three-way Doppler measurement was about 
0.3-0.5 mm/s (10 s integration period). Chang’E-4 lander adopts X-band mea-
surement system. Thanks to the modification of the tracking equipment, the 
Doppler measurement accuracy has been further improved[4]. In this paper, 
the orbit of Chang’E-4 during the lunar flight phase is calculated, and the 
orbital accuracy is analyzed.
During the circumlunar flight phase, Chang’E-4 carried out attitude control 
jet about every ten minutes and directional bias setting every day to pro-
vide Transponder with proper pointing direction. The acceleration induced 
by attitude control is estimated during orbit determination. A constant-ac-
celeration motion model in orbital coordinate system is adopted to model 
the attitude control.
The performance of Doppler tracking data of Chinese Deep Space network 
has been significantly improved over the last ten years. To access the orbital 
accuracy obtained by Doppler-only solution, orbit determination is done 
with the time span of 00:00:00.000-1T:04:00:00.000, and the 4 hour arcs 
at the end is used to compare the overlap.
Fig. 1 shows the overlap comparison. The overlap statistics is better than 
35m for most cases. While for case 8–12 and 18–19, the accuracy slightly 
decreased because of the orbit maneuver.

Fig. 1. Overlap Comparison for Chang’E-4 during circumlunar flight phase
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The attitude control jets are performed more frequently in the 100 km×15 km 
stage. And the inaccuracy of gravity force acting on the spacecraft is more 
significant [5]. Fig. 2 shows the post fit residuals of Doppler. The ignorance 
of acceleration induced by attitude control will increase the post-fit residual 
significantly. The residuals have distinct periodic terms, which is consistent 
with orbital period. Comparing the orbit solutions, the unmodeled attitude 
control force only changes the orbit by less than 20 m.
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The accuracy of the orbit determined using USB combined with VLBI has 
been verified to be stabilized at 10-50m in previous lunar exploration mis-
sions. Fig. 4 shows the difference between the orbits obtained with different 
tracking data. The results show that the two data sources are highly consis-
tent, and the difference between them is less than 45 m. 
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The Doppler measurements of Chang’E 4 lander are processed. The accu-
racy level of Doppler measurements of Jiamusi Deep Space Network in China 
is similar to that of South America. The RMS of orbital determination resid-
ual is about 0.3 mm/s–0.8 mm/s (1s integration period). The data accuracy 
level of Kashi station is slightly worse, about 0.6–1.2 mm/s. Frequent attitude 
control jets and sun-directional offset have a slight acceleration effect on the 
lander and a 20–50m impact on orbit calculation. By overlap comparison, the 
three-dimensional accuracy of the independent solution based on Doppler 



405-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

data is 5–50m. The accuracies of orbits calculated by ranging and VLBIdata 
are relative, and their difference is less than 50 m.
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Introduction:
Chang’e-4 probe successfully landed in South Pole-Aitken (SPA)basin on  unar 
far side on 3 January 2019 [1], [2]. High accuracy orbit measurement strongly 
supported this lunar mission based on China’s Deep Space Network (CDSN) 
and astronomical VLBI system, provided tracking observations for probe orbit 
determination on probe’s Earth-Lunar transfer phase and circumlunar phase. 
A new Doppler signal processing technology and open-loop measurement 
experiment were introduced for Chang’e-4 probe orbit measurement based 
on China’s Deep Space Interferometry System (CDSIS)which belongs to CDSN.
Firstly, chang’e-4 probe’s carrier downlink signal was received by deep space 
telescope, and the carrier signal was sampled and recorded by deep space 
interferometry sample and record terminal system. The signal was recorded 
in VLBI Science Receiver (VSR) format, the frequency spectrum of carrier 
signal is shown in Figure 1.
Secondly, VSR signal was transformed to Beijing Interferometry Mission 
Center (BIMC) for signal processing to obtain high accuracyDoppler observa-
tion and VLBI observation.The mixed signal processing method of frequency 
and phase domain was utilized to process chang’e-4 carrier signal to estimate 
high accuracy Doppler frequency, the random noise level of the Doppler 
results was about 5  mHz, which was smaller than deep space station velocity 
baseband’s Doppler noise level. Figure 2 shows the different Doppler 
results obtained by different signal processing systems, in this figure, DTE 
means data terminal equipment’s results, which is obtained the station’s 
baseband measurement equipment. Phase means accumulation carrier 
phase measurement equipment’s results. IMC means interferometry 
mission center’s results. Figure 3 shows the different residual Doppler results 
obtained by different signal processing systems. It is obviously shown that 
IMC’s Doppler noise level is smaller than DTE and Phase’s Doppler noise level.
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Fig. 3. Residual Doppler results obtained by different systems

7 7.5 8 8.5 9 9.5 10 10.5

Time （ hour ）

-0.25

0

0.25

O
-C

 re
si

du
al

(m
m

/s
)

Fig. 4. Orbit determination residual based on open-loop Doppler observation

7 7.5 8 8.5 9 9.5 10

Time （ hour ）

-0.75

-0.5

-0.25

0

0.25

0.5

-0.75

O
-C

 re
si

du
al

(m
m

/s
)

Fig. 5. Orbit determination residual based on two-way Doppler observation

10MS3-PS-63



408-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 201910MS3-PS-63

Finally, the open-loop Doppler observation results were provided for 
chang’e-4 precise orbit determination. The orbit determinationaccuracy 
analysis shown that chang’e-4 open loop Doppler measurement accuracy 
is 0.1 mm/s on Earth-Lunar transfer phase, and 0.3 mm/s on circumlunar 
phase. Thisaccuracywas better than deep space station velocity baseband’s 
Doppler measurement accuracy, which were shown in Figure 4 and Figure 5.
This paper’s high accuracy Doppler tracking technology and software could 
be effectively utilized in future deep space probe mission and planet radio 
science application.
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Introduction:
Jupiter’s magnetosphere contains gigantic disc-shaped current system, placed 
near the magnetic equator of the planet. There are many models, describing 
its magnetic field and structure. Models developed in [1] and significantly 
improved in [2] and [3] solve a force balance equation, that takes into account 
plasma pressure, electromagnetic and centrifugal forces. This models allow to 
obtain the most detailed picture of the processes in the current disc. 
A different kind of model was developed in [4]. It specifies the current density 
a-priory and calculates the magnetic field of it. While this empirical model 
does not yield the same amount of detail as the dynamic ones, it is very use-
ful as a tool for computing magnetic field of the magnetodiscs. Model [4] was 
extensively used in many studies concerned with the structure of the Jovian 
magnetosphere and was adopted for using in the Saturn’s magnetosphere as 
well. Other empirical models of the current disc were presented in e.g. [5, 6].
In [7] we introduced an improved version of the [4] model. It employed dif-
ferent current density dependence on radial distance and took into account 
lagging of the current sheet from magnetic equator, according to [5, 8]. Mod-
els [7], [4], [5] and [6] were compared with the Juno Perijove–01 magnetic field 
data and the new model showed the lowest root-mean-square deviation.
Here we present an improved version of the model [7] tested extensively 
using Juno and Galileo magnetic field observations.
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Introduction:
Galilean moons play significant role in investigation of the Jupiter’s magneto-
sphere, because their field-aligned projections to the Jovian atmosphere are 
marked by bright emissions [1–3]. If the UV emissions in the footprints of Io, 
Europa, and Ganimede are often seen, the observation of Callisto’s trace is 
rather hard. One of the reasons is that the ionospheric field-aligned projec-
tion of Callisto is located very close to (or even inside) the main auroral oval. 
The other cause is that Calliso is not always located in the subalfvenic flow 
of the Jovian magnetospheric plasma. The third circumstance is that the Cal-
listo’s trace occurred to be rather weak. For these reasons, the Callisto’s 
footprint was observed only in 2018 for the first time using the special tech-
nique [4]. The problem of Callisto’s interaction with the Jupiter’s magneto-
spheric plasma flow is very significant and widely discussed in the literature. 
Its understanding highlights the key features of the Jupiter’s system.  
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Introduction:
The gaseous NH3 absorption bands’ intensities depend on the local abun-
dance of ammonia at different latitudes of the planet. In the main, the radi-
ation-convective regime of the atmosphere and the equilibrium between 
the gas and condensed phases of ammonia governits absorption, but its 
behavior and space-time variations are still very poorly studied. The conden-
sation of ammonia in the upper troposphere whereupon there is a sharp 
decrease in its abundance in the gas phase,affects the horizontal and vertical 
distribution of ammonia.
The authors of [1] show that global depletion and its band-zonal variations 
one can explain with using a simple model of the interaction of wet convec-
tion with circulation inside Jupiter’s stratus clouds. In the atmosphere with 
such powerful dynamics, which is Jupiter’s one, ammonia should undergo 
horizontal variations. Optical observations from the Voyager–1 satellite [2] 
and those with using the Hubble space telescope,as well as radio astronomy 
observations [3],revealed a difference in the latitudinal absorption of ammo-
nia on the Jupiter disk. 
Observations and processing
We performed a large cycle of spectral observations of Jupiter in March-June 
2018. We paid a main attention to scanning the Jovian disk from the south 
pole to the north one to obtain spectrograms of the entire sequence of lat-
itudinal belts (up to 60 or more zonal spectrograms in the same scan). The 
spectra of the central meridian of the planet were also recorded.
The vertical structure of clouds, their optical density and the position 
of the upper boundary of the cloud cover at different latitudes of the planet 
influence the behavior of the absorption bands of both ammonia and meth-
ane (which have different intensity) along the central meridian. But if we talk 
about ammonia, then its absorption bands intensities depend on the local con-
tent of gaseous ammonia at different latitudes of the planet. As mentioned 
above,the absorption is determined by the radiation-convective regime of the 
atmosphere and the equilibrium between the gas and condensed phases.
However, our task becomes more complicated because of that in the near-infra-
red spectral region (600–1100 nm) that is accessible to our devices, almost all 
ammonia absorption bands are blended by stronger methane absorption bands. 
So, our main aim was to separate these bands,i.e., make them “clean” ones.
Due to the large difference in the intensities of the studied absorption bands, 
it is difficult to compare the variations of both their depths and equivalent 
widths. A more demonstrative picture, in our opinion, is a comparison of vari-
ations in the central residual intensities of the absorption bands (Bλ), that 
we regard as Bλ = Iλ/ Ic ~ exp (- τλ*), where τλ* can be represented as a cer-
tain function of the wavelength.In the chosen modelBλ is proportional to the 
average number of molecules of the absorbing gas in the thickness of the 
investigated area of the Jovian atmosphere.
Asymmetry in the ammonia absorption processes in the northern and 
southern hemispheres of Jupiter
Figure 1 (left) presents a comparison of the effective optical paths forming 
ammonia absorption bands (τλ* NH3) for two spectral regions - 645 and 790 
nm. For clarity, here is an image of Jupiter on the same date 09/05/2018. [4]. 
On the right, we give a comparison of the latitudinal absorption variations 
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of ammonia and methane, expressed using equivalent widths of the bands 
normalized to their values in the equatorial zone. Each point on the graphs 
corresponds to a separate zonal spectrogram obtained by scanning the Jupi-
ter disk.

Fig. 1. The ammonia absorption meridional variations at two wavelengths of 645 and 
790 nm (left) and a comparison of the ammonia and methane absorption latitudinal 
variations presented by comparison of their equivalent widths normalized to their 
values in the equatorial zone (right).

Clearly noticeable ammonia deficiency in the northern hemisphere in a region 
of the Northern Equatorial Belt(NEB), as we have already mentioned in our 
earlier works [5, 6], is particularly pronounced in the 790 nm band. How-
ever, more interesting results are observed from a comparison of ammonia 
and methane absorption along the central meridian of Jupiter. We conducted 
a pair-wise comparison of the absorption intensity variations over the Jupi-
ter disk of ammonia and methane in two neighboring and close in inten-
sity absorption bands, and also compared the absorption variations across 
the Jupiter disk in two ammonia bands 645 and 790 nm. Figure 2 shows vari-
ations of the meridional absorption of ammonia in two wavelengths with 
respect to methane.

Fig. 2. Latitudinal (meridional) variations of the ratios of NH3 645 / CH4705 (left), 
NH3790 / CH4790 (middle) and NH3790 / NH3645 (right).

One can see from the figures that at low and middle latitudes there is an 
excess of ammonia (≈10%), while at high latitudes and near the poles there 
is a 10% deficiency. The influence of the structure of Jovian cloud bands is 
clearly visible.
In the 645 nm ammonia band, a particularly low (by 15%) ammonia abun-
danceis observed in the northern hemisphere in a region of the broad dark 
NEB, capturing the transition region between NEB and NTrZ.
In the 790 nm ammonia band, absorption variations during movement along 
the central meridian of Jupiter are muchmore noticeable. This band’sabsorp-
tion is very clearly correlatedwith the zonal structure of the cloud layers of 
the planet: the light zones correspond to the increased ammonia abundance, 
the darkbands(belts)–to the lowered one. Thedecline profile of the ammonia 
absorption during the NEB is more narrow in width (i.e., the NH3deficiency-
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takes up a small latitudinal interval) and it is deeperat the maximum (20%), 
pointing to the maximum NH3deficiency against a well-pronounced excess 
of the same ammonia in the light zones of STrZ (20%) and NTrZ (10%).
The ratio of the two ammonia absorption bands to each other (Figure 2 
on the right) shows for the stronger absorption band at 790 nm,when mov-
ing through a weakly pronounced zonal structure, the tendency to increase 
the ammonia absorption to high latitudes. One can consider it as evidence 
of an extended, cloudless, purely gaseous atmospheric layer under the upper 
visible cloud cover of Jupiter.
The course of the ammonia and methane absorption along the equator 
of Jupiter
It is noteworthy that if the brightness distribution in the continuous spec-
trum at 630 nm and in the deep absorption band of methane at 889 nm 
in the west-east direction is fairly symmetric, then in the smaller absorption 
bands of methane and ammoniasomeasymmetry is observed. It is espe-
cially well pronounced in the absorption band of 645 nm, which is formed 
at a great depth (according to some estimates, of the order of 10–20 bar). 
Recall that observations were made during the period of Jupiter’s opposition 
on May 9, 2018 at the zero phase, which in the case of horizontal homogene-
ity of the cloud cover also implies a symmetric absorption distribution.
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Introduction:  
The existence of an internal ocean in Titan interiors was predicted in the early 
cosmochemical and evolutionary satellite’s models and has been further con-
firmed by experimental measurements realized during Cassini spacecraft. The 
main evidence for the large water reservoir presence in the satellite depths 
is the Titan’s tidal Love number, k2, calculated from Cassini space observa-
tions. The obtained k2 values are equal to 0.589±0.150, 0.637±0.224 [1] and 
0.616±0.067 — refined data from [2]. These k2 values reflect the dynamic 
tidal response of the satellite’s gravity field on tidal perturbation caused 
by Saturn, and it is such large k2 values which indicate a global ocean exis-
tence at satellite’s depth. The volumes of the internal ocean, as well as its 
component composition remain uncertain. In this paper, theoretical assump-
tions about ocean composition agreed with the satellite’s gravity field mea-
surements were viewed.
Main results:  
We consider the model of partially differentiated Titan which includes the 
outer water-ice shell (outermost Ih-icy crust + water ocean), rock-ice man-
tle and the central silicate core [3]. For this model k2 values were calcu-
lated using special program code. Obtained results in comparison with k2 
data derived from another models [4–6] are shown in Fig. 1. The satellite’s 
surface heat fluxes (F) and their corresponding thicknesses of Ih-crust are 
shown as well. Maximum value of the total heat flux in Titan which cal-
culated as the sum of L/LL-chondritic rock radiogenic heat, satellite tidal 
heating and latent heat of ice crystallization (ocean solidification) does not 
exceed 6 mW/m2. Taking into account potential hydration of chondritic sub-
stance and/or possible presence of CI-chondritic material in the satellite 
rocky component, the probable value of Titan heat flux can be estimated 
as 5–6 mW/m2.
In general, k2 value depends mainly on the density and thickness of outer icy 
shell, on the ocean density, and to a lower extent on the other parameters, 
including model of satellite’s internal structure [4, 6]. Fig. 1 shows that in the 
range of F values 5–6 mW/m2 all satellite’s models with pure water ocean lie 
within two sigma measured values of k2 (0.589±0:075) but no model meet 
improved experimental k2 values 0.616±0.067 (shown by hatching). 
According to computed Love numbers [4, 5] k2 values tends to rise with 
increasing of subsurface ocean density and thinner outer ice shell. In order to 
harmonize all experimental and theoretical k2 data some Titan models with 
salt oceans were tested (Fig. 2). Reviewed models include the salt oceans 
of most likely compositions: water-ammonium, water-methanol, water-am-
monium sulfate and seawater. 
Line with a points and hyphens — ammonium sulfate (NH4)2SO4 solution, 
solid line — sea water, dashed line — water-methanol solution (10%), dotted 
line — water-ammonia solution (10%).
As can be seen from the Fig.2, Titan models with pure water-ammonium (10%) 
and pure water-methanol (10%) oceans do not satisfy any experimental k2 
within a wide range of satellite’s heat fluxes. So, such kinds of oceans are 
unlikely to occur in Titan. Only solutions with a very low NH3 and CH4 concen-
trations (<5%) can meet lowest k2 values. 
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Fig. 1. Tidal Love number k2 as a function of the Ih-ice shell thickness (Titan model 
with pure water ocean). 

The gray area — experimental k2 interval 0.589±0.150, hatching — k2 interval 
0.616±0.067. 
Solid line — this study, dashed line — [4], dotted line — [5], line with a points 
and hyphens — [6].
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Fig. 2. Tidal Love number k2 as a function of the Ih-ice shell thickness (Titan model 
with salt ocean). 

Models with seawater or water-ammonium sulfate solutions lie within one 
sigma measured values of k2 at the satellite heat fluxes 5.5–6 mW/m2. Thus, 
the most likely composition for the satellite’s underlying ocean could be 
modeled by the sea water, water ammonium sulfate or another salt solution 
of a total density 1.13 g/cm3 at least. 
Another way to reconcile the calculated and experimental Love numbers is to 
consider the possibility of substituting K+, Na+ and Ca2+ ions in mineral phases 
of Titan rock component with NH4+ ions in a contact with aqueous solution. 
Such exchange reactions lead to the leaching of salt ions into solution, that 
increases its density and, therefore, increases k2. To develop such models, 
additional thermodynamic calculations of water-salts-minerals systems 
under high-pressure should be done.
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The problem of matching the models of the internal structure of a par-
tially differentiated Titan with the refined Love numbers, k2 = 0.616±0.067, 
obtained by studying the gravitational field of Titan based on nine spans 
of the Cassini spacecraft (Cassini) is discussed. We obtained constraints 
on the heat flux and the structure of the ice-water shell, that lead to the 
calculated Love numbers  which exceed the lower limit of the confidence 
interval k2≥ 0.549: surface heat flow ≥~6.3 mWm-2, ice Ih - crust ~90 km, 
depth of the ocean ≥~310 km. The contribution of the crystallization energy 
released during freezing over time of the internal ocean is ~ 6.3*1010 W, and 
the corresponding contribution to the surface heat flux is determined to be 
~ 0.76 mWm-2. Estimates of possible maximum surface heat flow in Titan - 
~5.8 mWm-2 and the corresponding model parameters were obtained: the 
estimated Love number k2 =~0.539 mWm-2, the thickness of the Ih-crust — 
~100 km, the depth of the water ocean~290 km. The insertion of correc-
tions to k2 (an increase of ~5%) due to simplifications made in the rheology 
of Titan will make it possible to consider these models consistent with the 
experimental Love numbers.
Introduction:
In a recent paper [1], based on the processing of new gravitational data, the 
updated value of the Love number k2 = 0.616±0.067 was published, which 
differs significantly from the previously determined values of k2=0.589± 0.15 
[2], primarily due to the narrowing of the determination error.
The k2 data definitely indicate the presence of large masses of fluid, causing 
powerful tidal stresses and strains in the bowels of Titan [3]. However, reli-
able experimental data on the thickness of the proposed inland ocean and 
ice crust have not yet been obtained.
This paper presents the results of estimates of Love numbers k2, h2 for a 
wide range of models of partially differentiated Titan. The limitations on the 
internal structure, the composition of the satellite and the ocean, following 
from the modern estimates of the values of k2 [1], are discussed. Particular 
attention is paid to the outer ice-water shell.
Problem definition and solution method:
The satellite consists of three shells of different composition [4]: 1) the outer 
ice-water shell (ice crust from ice Ih + underlying water layer (ocean) + 
high-pressure ice). 2) an intermediate stone-ice shell (mantle) consisting of 
a homogeneous mixture of high-pressure ices and iron-stone material (sub-
stance L / LL chondrites [5, 6]). 3) the central core of iron-stone material. 
The formulation of the problem and the solution method are described in 
detail in [7]. As a result of the solution, there are: distribution of the den-
sity of high-pressure ice over the mantle depth and their phase boundaries; 
mass concentrations of ice in the mantle; the location of the boundary of the 
ice-water shell - stone-ice mantle; sizes of iron core; water (ice) / rock ratio 
in the mantle of Titan and in the satellite as a whole.
For estimates of Love numbers, Titan is considered as an elastic inhomoge-
neous gravitating sphere. Love numbers are found by integrating linearized 
equations for small elastic deformations in a spherically symmetric incom-
pressible self-gravitating body, taking into account the boundary conditions 
and continuity of the medium [8].
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Results and discussion:
Love numbers were determined for a series of models of partially differen-
tiated Titan that satisfy all the constraints imposed. As shown by calcula-
tions, the surface heat flux (F) from the depths of the satellite in all models 
actually determines the structure of the ice-water shell and Love numbers. 
Therefore, the flow F was used as the main parameter of the models. At heat 
flux F <Fo (Fo ≈3.1 mWm-2), Titan’s water-ice shell is represented only by ice, 
while at F>Fo an internal ocean forms at the satellite, the depth of which at 
F = 5 mWm-2 reaches 250 km. The calculation results show a close to linear 
dependence of the model values of the Love numbersk2 on the thickness of 
the ice crust (HIh) and of the F, Fig. 1.

Fig. 1. The dependence of the Titan Love numbers k2 on the thickness of the Ih - crust 
and flow F. The gray hatching shows Love numbers k2 according to [2], dark hatch-
ing — according to [1].

Model Love numbers should satisfy the conditions k2>~0.549, which corre-
sponds to the restrictions on heat fluxes F >~6.3 mWm-2, thickness of the ice 
crust HIh≥~90 km, depth of the ocean HW≥ ~ 300 km.
The surface flow can be written:F = FR + FT + FC,
where FR is the radiogenic energy flow, FT is the dissipation energy flow, FC 
is the phase transition (crystallization) energy flow. We estimated the maxi-
mum possible heat flows F.
We obtained the radiogenic heat release in Titan, FR=~4.15 mWm-2 from 
the heat desay of the chondritic substance for time t from the creation 
of the solar system and the rock / water ratio (50%) in the satellite.
Based on the results of [9–11], we approximately take the value of tidal 
energy: QT≈7.6* 1010 W; the corresponding contribution to the surface flow 
FT=~0.9 mWm-2.
To estimate the contribution of crystallization energy, an approximate bal-
ance equation for surface flows was solved.Two quasistationary identical 
Titan models for two time values are considered. The estimated energy 
of crystallization processes QC = ~6.3*1010 W and the contribution of crystal-
lization to the surface flow FC=~7.6 mWm-2. Summing up all the components 
of the heat flux, we got F=~5.8 mWm-2, which leads to the following values: 
k2=~0.539, ice crust thickness HIh=~100 km, depth of the ocean HW = ~290 km.
Love numbers k2 are obtained in the present work for the Titan rheological 
model, which does not take into account the viscosity of its bowels. There is rea-
son to believe that the value of the Love number, calculated for the real values 
of the shear modulus, can probably be increased by five percent and k2=~0.57. 
The introduction of corrections to k2 will make it possible to make models with 
heat flow F=5.8 mWm-2 consistent with the experimental Love numbers.
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Introduction: 
“Orbits make structures”. As all cosmic bodies in Universe rotate and move 
in several orbits with very different orbiting frequencies they are affected by 
modulated waves. They appear as predicted by the radio wave physics. The 
modulation is division and multiplication of the higher frequency by the lower 
one. As a result along with main frequencies appear two side frequencies with 
corresponding them tectonic granules. The wave born tectonic granules nor-
mally are evenly sized, shoulder-to-shoulder disposed in lines, crossing lines, 
grids and lattices. Examples are below (Fig. 1, 2, 3, 4). Very effective “leop-
ard skin” structure of the saturnian atmosphere with regularly spaced storms 
about 400 km across (Fig. 1) can be calculated by the modulation of rapidly 
rotating atmosphere (1/0.45 days, 60000 km radius) by slowly orbiting Saturn 
around Sun (1/30 years). To modulated side frequencies correspond smaller 
granules (1/3421 × 7.5)3.14 × 60000 = 7.3 km and larger granules (1/3421 : 
7.5)3.14 × 60000 = 413.5 km. The smaller granules are not yet observed 
(maybe they show themselves in kilometric radio emissions), but the larger 
granules are ubiquitous on the Saturn’s surface as the “leopard skin” spots. 
Waiting for Juno detailed images we analyzed the famous Voyager image with 
the Red Spot (Fig. 2). This image reveals various wave forms and penetrating 
them weak and fine tissue made of granules ~ 200 to 400 km across. This size 
is explained by modulation by 1/12 y.fr. Of 1/10 h.fr. giving modulated size 
~ 191 km. The Juno Red Spot image (Fig. 2) confirms this very fine modulated 
granulation clearly seen at the lower part of the image (south of the Spot). 
Pluto’ rotation and orbiting with frequency 1/6.39 days around the barycen-
ter of the Pluto-Charon system gives granule size 16.3 km (πR/228) accord-
ing to the relation between orbiting frequencies and tectonic granules sizes 
(Kochemasov, 1986 – 2016). These granules as polygons about 20 km across 
are visible especially on the brightest and highest sector of Sputnik Planum. 
Another widespread granule size is about 0.25 km (Fig. 3 — “lake” ~ 30 krn 
across peppered with fine granules ~ 0.25 km and Fig. 4). It is calculated by 
modulation of fr. 1/6.39 days by orbital fr. 1/248 years=1/90465 days to obtain 
side frequency 1/14157 and corresponding to it granule size 0.263 km. 
The first detection of Pluto in X-rays has been made using NASA’ Chandra 
X-ray Observatory. Chandra obtained data during four separate observa-
tions. During each observation Chandra detected low energy X-rays from 
the planet (Fig. 5). X-rays from Pluto are somewhat surprising result given 
that Pluto — a cold, ice-rocky world without a ison with magnetic field — has 
no natural mechanism for emitting X-rays. However, it is known that com-
ets can create X-rays by the interaction between their gases and the solar 
wind. The immediate mystery is that Chandra’s readings on the brightness 
of the X-rays are much higher than expected from the solar wind interacting 
with Pluto’s atmosphere. Some inadequate explanations were proposed. But 
modulation of orbiting frequencies of Pluto was not considered. In the solar 
system it is 1/248y., in Galaxy it is approx. 1/200000000 y. Division of the first 
by the second gives 1/806452 y. To this fr. corresponds wave long ~ 10-8 M 
(proportion with 16.3 km corresponding to the rotation fr. 1/6.39 d. [1, 2] 
or soft X-rays. 
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Fig. 1 Fig. 2

Fig. 3  Fig. 4. Fig. 1. Saturn, PIA08333-“Leopard skin 
spots”. Fig. 2. Jupiter, Juno image PIA21772 
Fine granulation south of the Red spot. Fig. 
3, Pluto, “Lake” ~ 30 km across covered by 
fine granules. Fig.4. Detail_lorri_rider,  Pluto. 

    

Fig. 5. Pluto_Main-Chandra1, X-ray.
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Introduction:  
Saturn’s polar dichotomy was observed as color hues: gold south and azure 
north. Now infrared images of NASA/JPL/University of Arizona allow seeing 
substantial structural differences of two polar regions. First was observed 
a large centered on the south pole hurricane 8000 km across with a central 
eye about 1500 km across (PIA08333). Then on the northern night hemi-
sphere was observed a huge centered on the pole hexagon about 25000 km 
across (PIA09186)(Fig. 1). The dichotomous structure of celestial bodies 
is their first characteristic feature marked as Theorem 1 of the wave plane-
tology [1 & others]. Origin of this ubiquitous feature is due to an interference 
of warping waves 1 of four directions appearing in any rotating body (but all 
bodies rotate!) moving in elliptical orbit with periodically changing accelera-
tions (I. Kepler has shown that all planetary bodies move in such orbits) [1]. 
The fundamental warping inertia-gravity wave 1 has overtones of which 
wave 2 — the first overtone is most prominent in structures of celestial bodies 
as traces of an octahedron. It makes tectonic sectors superimposed on tec-
tonic dichotomy (e.g., continents and secondary oceans of Earth; the Pacific 
basin is the primary ocean — one of the dichotomous segments of Earth).

 
Fig. 1 Saturn, PIA18280, R=60000 km Fig. 2. Mimas, PIA09811, R=197 km

 
Fig. 3. Tethys, PIA09017 Fig. 4. Tethys, PIA10438, R = 524 km
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Fig. 5. Dione PIA08938, R = 559 km  Fig. 6.  Rhea, PIA08909, R = 765 km

 
Fig. 7. Iapetus, PIA08273, R = 718 km Fig. 8. Tetrahedron crystal (sphalerite) with 

lineations of three directions reflecting orien-
tation of faces.

Interfering waves tend to produce in globes geometrical figures according 
to their lengths. Thus, wave 1 makes tetrahedron, wave 2 octahedron, wave 
4 cube. Naturally, mighty gravity of relatively large bodies (more than 400 
to 500 km across) “smashes” this superimposed figures in favor of a sphere. 
What is left, it is axes and planes of symmetry of this figures and perch-
ing but obliterated vertices (e.g., the Pamirs-Hindukush and antipodean 
to it the Easter Island). A tetrahedron — the simplest polyhedron of Plato — 
has three faces narrowing to a vertex and widening to a fourth face. Thus, 
tetrahedron is a basically dichotomous body because cut amidst any of its 
4 axes of symmetry it always has an opposition of a vertex (contraction) 
to a face (expansion) (Fig. 8). Traces (projection) of three tetrahedron faces 
combined with an octahedron are typically seen on surfaces of planetary 
spheres as hexagons, for an example, on many of the saturnian satellites icy 
surfaces (Fig. 2–7) and in total shapes of some small bodies. Now a hexagon 
shows itself on the northern polar region of Saturn where it is rather stable 
as it was observed even by the Voyagers about 30 years ago. This stabil-
ity of planetary structural features (even in a gaseous media!) is explained 
by producing them standing waves that for larger waves have rather long 
periods of phase change. So, at Saturn now is the expanded northern hemi-
sphere with well developed wide structural lines and the contracted south-
ern hemisphere with smashed squeezed structures twisted in hurricane. 
Strikingly, hexagons of icy saturnian satellites (Fig. 2–7) mimic not only 
shape but relative size of the big saturnian hexagon. This similarity betrays 
their common wave origin. 
The saturnian hexagon is not flat but volumetric as it continues deep into 
the atmosphere for at least 100 km and projects up into the stratosphere 
for 300 km [2].
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Introduction:
Comet 46P/Wirtanenis a Jupiter-family comet whose orbital period is of approx-
imately 5.44 years and perihelion lying at about 1.06 au. The comet is known for 
being a primary target of the Rosetta space mission prior to it being rescheduled 
to 67P/Churyumov–Gerasimenko. Although 46P experienced a number of peri-
helion passages since discovery in 1948, polarization of its coma remains largely 
unknown. In its 2018 apparition, comet 46P approached Earth within ~0.08 au, 
which made possible its study with relatively small telescopes. We used this rare 
opportunity to conduct a comprehensive study of the 46P polarization. 
Observations:
We started our polarimetric observations of comet 46P on November 16, 2018, 
about a month prior to its perihelion passage December 12, and continued 
until January 17, 2019. Over this two-month time period, weather conditions 
were favorable on 13 nights. Observations were made with the 22-cm tele-
scope located at the Ussuriysk Astrophysical Observatory (code C15), which 
operates within the International Scientific Optical Network (ISON). We used 
CCD detector FLI ProLine PL4301E that has a resolution of 2084 x 2084 pixels 
and pixel size of 24 μm. The field of view of the CCD detector is 326 x 326 arcmin 
with angular resolution of 9.39 x 9.39 arcsec per pixel. The Johnson V filter was 
used for polarimetric observations of the comet. We use a dichroic polarization 
filter (analyzer), which rotated sequentially through three fixed position angles 
0°, +60°, and +120°.Using the images obtained at three evenly distributed ori-
entations of the analyzer,we compute the corresponding fluxes from the inner 
coma within two aperture radii, 5,000 km and 10,000 km. The obtained magni-
tudes can be translated into the I, Q, and U Stokes parameters using the Fesen-
kov formulae [1] and, thus, one can compute the degree of linear polarization 
P = –Q/I, that often is expressed in percent. 
On twelve of the epochs, we repeated polarimetric observations of 46P 12 times; 
whereas, on one epoch observations were repeated 10 times. Every sequence 
of measurements yielded similar values of polarization in the 46P coma. 
Results and Discussion:
Fig. 1. shows the shape and size of the 46P coma on December 12 of 2018, 
during its perihelion passage. The inner part of the coma (radius of ~5,000 km) 
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is shown here overexposed. As one can see, the comet had a very much 
rounded coma, with no apparent tail. The coma extends beyond 15,000 km 
from the 46P photometric center. 

Fig. 1. Image of comet 46P taken on December 12 of 2018, date of perihelion passage. 

Fig. 2. Degree of linear polarization as a function of phase angle in comet 46P versus 
six other comets. 

In Fig. 2, we compare the polarization measured in 46P with the V Johnson fil-
ter through the aperture of radius ~5,000 km (blue squares) versus six other 
comets measured with the continuum filters in the blue-green part of the 
spectrum. Data on these comets are taken from the compilation presented 
in [2], where more details and references to the observations are given. Fig. 2 
demonstrates significant dispersion of the positive polarization maximum 
Pmax in comets, which was first noted in [3] and, later, investigated in [2]. As 
one can see, our observations suggest that 46P may belong to a group of 
comets with low Pmax. This conclusion, however, requires further investiga-
tion as it is difficult to constrain unambiguously Pmax in a comet observed at 
α≤46°. Nevertheless, it is worth noting that low-Pmax comets have very long 
orbital periods, except for 23P/Brorsen–Metcalf (~70 years). Comet 46P may 
turn out to be the first Jupiter-family comet with low Pmax. 
Finally, we address the mechanism governing the dispersion of Pmax in com-
ets. In the literature (e.g., [3]), it is believed to result from the depolarizing 
effect of resonant emission from complex gaseous molecules. The solid line 
in Fig. 3 demonstrates the angular profile of polarization of the C2 emission, 
whose Pmax ≈ 7.7% [4]. Although such emission could formally affect our pola-
rimetric measurements of 46P with the broadband V filter, in practice, it is 
very difficult to obtain a significant contribution of the C2 emission to the 
response from the inner coma. 
Indeed, there is no C2 ice in comets. The fact that we, nevertheless, observe 
the C2 emission in a cometary coma suggests that these molecules are a 
product of photodissociation of some parent molecule(s) and/or carbona-
ceous dust. This is a long lasting process. During that time, parent mole-
cules/particles depart from the nucleus by a considerable distance that is 
referred as scale length. It is significant that, at a heliocentric distance of 
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about 1 au, the scale length of the C2 parents is estimated to be a minimum 
16,000 km; whereas, some estimations suggest a much larger scale length, 
up to 58,000 km [5]. It implies observations of 46P with the 5,000-km aper-
ture cannot be significantly affected by the C2 emission. 

Fig. 3. Degree of linear polarization as a function of phase angle in comet 46P inferred 
with apertures of two different radii, 5,000 km and 10,000 km. The solid line shows 
the angular profile of polarization of the C2 gaseous emission computed based on [4]. 

Interestingly, an increase of the aperture radius to 10,000 km should enhance 
the relative contribution of the C2 emission, which must decrease the polar-
ization. However, we observe the opposite trend in 46P (see Fig. 3). This 
observation provides supports the conclusion of weak C2 contamination of 
our measurements. 

References:
[1] Hines D.C., et al. Hubble Space Telescope pre-perihelion ACS/WFC imaging pola-

rimetry of comet Ison (C/2012 S1) at 3.81 au // Astroph. J. Lett. 2014. V. 780. 
Article number L32.

[2] Zubko E., et al.The positive-polarization of cometary comae // Planet. Space Sci. 
2016. V. 123. P. 63–76. 

[3] Chernova G.P., et al. Polarimetric characteristics of dust particles as observed in 
13 comets – Comparisons with asteroids // Icarus.1993. V. 103. P. 144–158.

[4] Le Borgne J.F., et al. Polarimetry of visible and near-UV molecular bands – Com-
ets P/Halley and Hartley-Good // Astron. Astrophys.1987. V. 173. P. 180–182.

[5] Fink U., Combi M.R. The effect of using different scale lengths on the produc-
tionrates of Comet 46P/Wirtanen // Planet. Space Sci. 2004. V. 52. P. 573–580. 

10MS3-PS-71



428-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

FAST VARIATIONS OF COMPOSITION 
IN THE 21P/GIACOBINI-ZINNER COMA 

E. Chornaya1,2,7, E. Zubko3, I. Luk’yanyk4, A. Kochergin1,2, 
M. Zheltobryukhov2, O.V. Ivanova5,4,6, G. Kornienko2, A. Matkin2, 
A. Baransky4, I.E. Molotov7, V.S. Sharoshchenko1, and G. Videen8,9 

1 Far Eastern Federal University, 8 Sukhanova St., Vladivostok 690950, 
Russia, ekaterina.d.chornaya@gmail.com

2 Institute of Applied Astronomy of RAS, 10 Kutuzova Emb., Saint-Petersburg 
191187, Russia 

3 Humanitas College, Kyung Hee University, 1732 Deogyeong-daero, 
Yongin-si, Gyeonggi-do 17104, Republic of Korea 

4 Astronomical Observatory, Taras Shevchenko National University of Kyiv, 
3 Observatorna St., 04053, Kyiv, Ukraine 

5 Astronomical Institute of the Slovak Academy of Sciences, SK-05960 
Tatranská Lomnica, Slovak Republic 

6 Main Astronomical Observatory of National Academy of Sciences, 27 
Akademika Zabolotnoho St., Kyiv, 03143, Ukraine 

7 Keldysh Institute of Applied Mathematics, Russian Academy of Sciences, 4 
Miusskaya sq., Moscow 125047, Russia 

8 Space Science Institute, 4750 Walnut Street, Boulder Suite 205, CO 80301, USA 
9 Department of Astronomy and Space Science, Kyung Hee University, 1732, 

Deogyeong-daero, Giheung-gu, Yongin-si, Gyeonggi-do 17104, Republic 
of Korea

Keywords:  
Comet 21P/Giacobini-Zinner; polarization; color; modeling; agglomerated 
debris particles. 
Introduction:  
Comet 21P/Giacobini–Zinner (hereafter 21P/G-Z) is a short-period comet 
with orbital period of approximately 6.6 years. Its perihelion lies at about 
1 au, making ground-based observations at large phase angles possible. 
The comet has a long history of investigation, including polarimetric obser-
vations, which were first accomplished in 1959 [1]. Polarimetric studies were 
also conducted in the apparitions of 1985 [2, 3] and 1998–1999 [4]. Here we 
report results of our polarimetric and photometric observations of comet 
21P/G-Z in its apparition of 2018. 
Observation and data reduction:  
Imaging polarimetry. 
On September 10, 12, 16, and 17 of 2018, we conducted polarimetric obser-
vations of comet 21P/G-Z at the prime focus of the 22-cm telescope of the 
Ussuriysk Astrophysical Observatory (observatory code C15), which operates 
within the International Scientific Optical Network (ISON). The telescope was 
equipped with a commercially available CCD detector SBIG STX-16803 that 
has a resolution of 4096×4096 pixels and pixel size of 9 μm. The field of view 
of the CCD detector is 251×251 arcmin with angular resolution of 3.68×3.68 
arcsec per pixel. The comet was observed through the V filter of the John-
son-Cousins photometric system. In addition, we used a dichroic polarization 
filter (analyzer). The analyzer was rotated sequentially through three fixed 
position angles 0°, +60°, and +120°. These observations allow computation 
of the degree of linear polarization PQ=(I^–I||)/(I^+I||) of 21P/G-Z [5]. Note, 
PQ is measured in per cent. A detailed log of the polarimetric observations 
of comet 21P/G-Z is presented in Table 1. 
Photometry.
Photometric observations of comet 21P/G-Z were carried out at the obser-
vation station Lisnyky of the Astronomical Observatory of Taras Shevchenko 
National University of Kyiv (Ukraine) with the AZT-8 telescope (D=0.7 m, 
F=2.8 m, observatory code — 585) on September 16, 2018. The CCD PL47-
10 FLI camera with 1×1 binning was used as a detector with an image size 
of 1027×1056 pixels and a scale of 0.95”/pix, which corresponds to a full field 
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of 16’ 15”×16’ 43”. We obtained images through the Johnson-Cousins broad-
band V and R filters. A detailed log of the observations of comet 21P/G-Z is 
presented in Table 1.

Table 1. Log of observations of the inner coma (radius of aperture ~6000 km) in comet 
21P/G-Z 

Date, UT
Exp, 
sec F rh, au D, au a, ° m PQ, %

10.7310* 30 V 1.01 0.392 78.0 10.46 ± 0.03 22.52±0.49
12.7267 30 V 1.01 0.392 77.8 10.11 ± 0.03 22.51±0.49
16.6875 60 V 1.01 0.398 77.0 10.47 ± 0.03 20.46±0.50

16.9894 20 V, R 1.01 0.398 76.9

10.08 ± 0.06 
(V),  

9.58 ± 0.05 
(R) ---------

17.7125 30 V 1.01 0.400 76.7 10.49 ± 0.04 18.77±0.39

 
Fig. 1. Aperture-averaged degree of linear polarization P in the blue-green portion of 
the spectrum as a function of the phase angle α. Open symbols show data for comet 
21P/G-Z obtained by different teams on different epochs; whereas, solid and dashed 
lines correspond to modeling with the agglomerated debris particles. 

Results and Discussion:  
In Fig. 1 we plot the degree of linear polarization P in comet 21P/G-Z as a 
function of phase angle α that was measured by three different teams. All 
these observations correspond to the inner coma, whose radius was about 
5000–6000 km. Analysis of this entire set of observational data reveals that 
they can be satisfactorily reproduced within a two-component model of the 
cometary coma that has been successful in other comets [e.g., 6]. The model 
realistically reproduces highly irregular shape of cometary dust with the 
agglomerated debris particles (see Fig. 2). 
The modeling reveals that the 21P/G-Z coma predominantly consists of 
Mg-rich silicate particles, whose complex refractive index m is characterized 
with Re(m)=1.6–1.7 and Im(m)=0–0.02 [7], and amorphous-carbon particles 
with m=2.43+0.59i [8]. Both components obey the same power-law size 
distribution r–n with the power index ranging from n=1.5 to 2.3. It is worth 
noting that such chemical composition and size distribution of dust in 21P/
G-Z appears in good accordance with what was previously detected in situ 
in comet 1P/Halley [9, 10]. 

Fig. 2. Six examples of the agglomerated debris particles; see [6, 7] for more details 
on their generation and characteristics. 
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Solid line in Fig. 1, corresponding to Fit #1, shows results obtained with a mix-
ture of 22.5% (by volume) of agglomerated debris particles with m=1.6+0.01i 
and 77.5% of the agglomerated debris particles with m=2.43+0.59i. The 
dashed line (Fit #2) corresponds to 33% of particles with m=1.6+0.02i and 
67% of particles with m = 2.43+0.59i. As one can see, both fits satisfactorily 
reproduce the vast majority of available polarimetric observations of 21P/G-Z 
with the broadband V filter. This suggests no dramatic change in population 
of dust emanated from 21P/G-Z over the last 59 years. 
We also notice some day-to-day variations of polarization in comet 21P/G-
Z. One such variation was detected on 2018-09-17. We adjust Fit #2 to this 
epoch (dash-dot line) and find a somewhat greater relative volume abun-
dance of the silicate particles, 45 % vs. 33 % on the other epochs. Temporal 
variations in the relative abundance of constituent materials in the 21P/G-Z 
coma could be indicative of changes in its jet activity. This makes comet 21P/
G-Z an interesting target for further study in its future apparitions. 
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Introduction:  
Twenty six years ago, Chernova et al. [1] reported results of their polari-
metric survey of thirteen different comets, where they unambiguously 
demonstrated significant dispersion of polarization in comets at large phase 
angles (α~90°). This can be seen in Fig. 1 (adapted from [2]) demonstrating 
the degree of linear polarization P as a function of phase angle α in various 
comets. However, there exists a disparity between the numbers of comets 
with high and low maximum of polarization Pmax. Namely, there are well over 
a dozen comets whose Pmax > 20% is detected with confidence; whereas, only 
three comets with Pmax < 10% are known to date. In mid-November of 2018, 
we conducted a polarimetric study of a newly discovered comet C/2018 V1 
(Machholz-Fujikawa-Iwamoto) that appeared to be a fourth member of the 
low-Pmax family. This comet, in fact, has the lowest Pmax yet observed. 
Observations:  
We conducted polarimetric observations of comet C/2018 V1 shortly after 
its discovery on November 7, 2018. The comet passed perihelion at 0.387 au 
on December 3, 2018. Weather conditions were favorable on three dates, 
November 16, 17, and 18. It is significant that the results obtained on all 
three epochs appear in very good accordance with one another. Observa-
tions were made with the 22-cm telescope located at the Ussuriysk Astro-
physical Observatory (code C15), which operates within the International 
Scientific Optical Network (ISON). We used CCD detector FLI ProLine PL4301E 
that has a resolution of 2084×2084 pixels and pixel size of 24 μm. The field 
of view of the CCD detector is 326×326 arcmin with angular resolution of 
9.39×9.39 arcsec per pixel. The Johnson V filter was used for polarimetric 
observation of the comet. We use a dichroic polarization filter (analyzer), 
which rotated sequentially through three fixed position angles 0°, +60°, and 
+120°. Using the images obtained at three evenly distributed orientations 
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of the analyzer, we compute the corresponding fluxes from the inner coma 
within the aperture radius of 17,000 km. These values can be translated into 
the I, Q, and U Stokes parameters using the Fesenkov formulae (e.g., [3, 4]). 
In what follows, the degree of linear polarization is computed as P = –Q/I that 
often is measured in percent. 

Fig. 1. Aperture-averaged degree of linear polarization P in the blue-green portion 
of the spectrum as a function of the phase angle α in various comets. Compilation 
is adapted from [2]. 

Fig. 2. Top: Ten examples of the agglomerated debris particles. Middle and bottom: 
Best fits to polarization in comet C/2018 V1 (black diamonds) obtained with agglom-
erated debris particles at different values of their refractive index m and index n in 
power-law size distribution r–n. See legend for specific values of m and n correspond-
ing to each curve. 

Results and modeling:  
Our observations of the inner coma in C/2018 V1 reveal P=(6.34±1.65)% 
on November 16.829 at phase angle a=83.0°, P=(6.56±1.88)% on November 
17.840 at a=87.0°, and P = (6.80±1.78)% on November 18.833 at a=91.2°. 
When comparing these values with what is shown in Fig. 1, one can see that 
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comet C/2018 V1 reveals one of the lowest polarimetric responses at side 
scattering. 
Using the agglomerated debris particles (see ten examples on top in Fig. 2), 
we search for complex refractive index m and power-law size distribution r–n 
that can satisfactorily reproduce the polarization of comet C/2018 V1. We 
refer Reader to [2] for more details on the generation algorithm and micro-
physical characteristics of the agglomerated debris particles, and on the dis-
crete-dipole approximation (DDA) used to calculate their light scattering. 
The middle and bottom panels in Fig. 2 demonstrate the best fits (lines) 
to the observations of comet C/2018 V1 (black diamonds) obtained with 
the agglomerated debris particles. It was previously noticed that the low pos-
itive polarization of a comet unambiguously constrains the imaginary 
part of the refractive index in its refractory material (dust) [5]. In applica-
tion to C/2018 V1 we find that Im(m)≤0.01 at Re(m)=1.6; and Im(m)≤0.02 
at Re(m)=1.7. These refractive indices appear in good quantitative accordance 
with Mg-rich silicates [6]. Such particles have long been known to be present 
in comets in considerable quantities [7]. 
Finally, it is worth noting that a reasonably good fit to observations C/2018 
V1 can be formally obtained at Im(m) slightly greater than those displayed 
in Fig. 2. However, it occurs at power index n<1.5 that does not conform with 
the in situ findings in submicron- and micron-sized cometary dust particles, 
1.5≤n≤3 [8]. 
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Introduction:
A fundamental problem that arises in planetary science concerns collect-
ing samples of materials of other Solar-systemobjects and returning them 
back to Earth safely. In particular, the leading space agencies are currently 
payingsignificant attention to the problem of sampling small bodies in the 
Solar system, like asteroids and comets. These effortsrequire long-lasting 
space missions to those objects; in practice, being always longer than 5 
years. The length of suchmissions drives their total cost because long jour-
neys necessitate multiple safeguards of the space-probe systems, stronger-
facilities of radio communication, and a support team. In addition, flight 
maneuvers needed for target rendezvous consumesignificant fuel that fur-
ther increases the gross mass of the spacecraft. As a consequence, such 
spacecraft launches could beaccomplished only with expensive heavy 
carrier rockets. Thus, total cost of mission typically exceed US$1 billion.
Small fragments of asteroids or cometary nuclei also get captured by Earth 
gravity on a stable orbit over its long existence, ~5billion years. Such small 
moons were difficult to discover in the past due to the low-efficiency of 
telescopes and detectors. However, significant progress in astronomical 
facilities achieved over the last twenty years would make this possible now 
inprinciple. In this short paper we investigate the possibility of a small-body 
capture by the system Earth-Moon. 
Model:
We model the motion of a small body having mass of 3500 kg (diameter 
~ 1 m) in the vicinity of the Earth-Moon system using an iterative time-do-
main approach. Such an approach makes it possible to account rigorously 
for all three gravitational forces acting on the small body: gravity of the Sun, 
Earth, and the Moon. 
We suppose that the small body approaches the Earth-Moon system from 
some initial point characterized with the position vectorS0 with initial velocity 
V0 at the initial time t0 = 0. At t0 = 0, we calculate the resultant of all three 
gravitational forces acting on the small body. During the next incrementof 
time Dt, the resultant force is assumed to remain constant, implying also 
a constant acceleration of the small body a0. This assumption significantly 
simplifies the numerical simulation of projectile motion during the increment 
Dt. In the end of this increment, we update all three forces and their resul-
tant for the current location of the small body, the Moon, and Earth, and 
repeat the entire procedure. AsDt® 0, the model trajectory converges to its 
exact profile. We experimentally examine different values of Dt and find that 
Dt = 1 s yields a very much converged trajectory of the projectile.
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Results and modeling:
In this work we investigate numerous scenarios for a close encounter 
of the projectile with the Earth-Moon system. The studied orbits of the small 
body resemble what is typical for the Aten asteroids (e.g., [1]), a dynamical 
group whose perihelion is somewhat smaller than 1 au; whereas, aphelion 
lies slightly beyond Earth orbit. A famous current member of this group is the 
asteroid (99942) Apophis [2]. 
Our modeling reveals that the minor body may get captured if it first 
approaches the Moon (< 25,000 km) with a relative velocity ranging from 
1. km/s to 2.4 km/s. Fig. 1 demonstrates two examples of the small body 
being captured by the Earth-Moon system. Here, Earth placed at the coor-
dinate origin, lunar orbit is shown with a cyan solid line, and distances are 
scaled to the radius of the Earth. The pink line showsthe trajectory of the 
small body passing through the Earth-Moon system. We use a solid line 
to mark part of the orbit that is gravitationally bound with Earth. 

 
Fig. 1. Two examples of trajectories of a small body that could be captured by the 
gravitation of the Earth. 

Thus, our modeling suggests that the Earth-Moon system, in principle, is 
capable of gravitational capture of a small fragment (~1 m) of asteroid or 
cometary nucleus. However, when orbiting around Earth, this small body will 
cross the lunar orbit, which makes it unstable. In a very short time period 
(<2 year), a close approach with the Moon will dramatically affect the small-
body orbit, making it most likely leaving the Earth-Moon system. However, 
searching for a more stable orbit of the captured small bodies is a subject 
of our further study. 
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Introduction:  
Simultaneous sublimation activity of four main-belt primitive asteroids 
(145 Adeona, 704 Interamnia, 779 Nina and 1474 Beira having considerable 
eccentricity of the orbits and passing near perihelion was discovered in 2012 
[1]. The process was confirmed on three of the bodies (Adeona,  Interam-
nia and Nina) in 2016-2018 [2]. It points likely to a widespread character of 
the phenomenon among primitive-type asteroids in the Main asteroid belt 
(MAB). Very probably, this is a sign of the presence of a considerable fraction 
of ices (predominately water ice) in the matter of such bodies [3]. To inves-
tigate dynamical reasons of ice matter delivery to the MAB from behind of 
the “snow line” in the early Solar system, we modeled the migration of plan-
etesimals and pre-planetary bodies from the feeding zones of Jupiter, Saturn, 
Uranus and Neptune to the MAB and calculated the probability of a collision 
of a planetesimal with icy content (probably about 1/3) with a parent aster-
oid body (PAB) moving in the MAB. It was made by the same methods as in 
our previous publications [4-6]. The aim of the work is to estimate a relative 
quantity of ice materials delivered to the MAB at such collisions. Such deliv-
ery from the feeding zone of Jupiter and Saturn was within a few first million 
years, but main migration of bodies from the feeding zones of Uranus and 
Neptune to the MAB could be later, depending on when Uranus and Neptune 
acquired considerable fractions of their masses. 
Results of modeling and conclusions:    
We define as pa the probability of a collision of one planetesimal (during its 
dynamical lifetime) with a PAB. Results of the calculations are presented in 
Table. Each value of pa in the Table was obtained based on calculations made 
for an asteroid orbit with a semi-major axis equal to aast and 500 planetes-
imals with initial semi-major axes ao from aomin to aomin+2.5 AU. A diameter 
of an asteroid equaled to 1000 km, and a density equaled to that of Ceres 
(2.16 kg dm-3). The eccentricity and inclination of the orbit of an asteroid were 
close to those for Ceres: 0.1 and 10o, respectively. The diameter of an aster-
oid was considered to be greater than that of a planetesimal. Initial eccen-
tricities of planetesimals were equal to eo=0.3 and their initial inclinations 
io=0.15 rad. But the values of eccentricities and inclinations of the migrating 
bodies could take any values (for example, eccentricity almost from 0 to 1, 
and the inclination from 0 to 90 degrees and above). For planetesimals which 
got orbits with aphelia inside the orbit of Jupiter, the more typical eccentrici-
ties and the sine of inclination of such orbits were perhaps about 0.6-0.8 and 
0.2-0.3, respectively, but they could take any other values.
Several series of calculations of migration of planetesimals under the grav-
itational influence of planets (from Venus to Neptune) have been made. 
The symplectic code from the Swift integration package [7] was used. Inte-
grations were made until planetesimals reached 2000 AU or collided with 
the Sun.
Table. Values of 108pa, where pa is the probability of a collision of one plane-
tesimal (during its dynamical lifetime) with an asteroid with a semi-major axis 
aast equal to 2.3, 2.5, 2.8, or 3.1 AU for the runs with 500 planetesimals with 
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initial semi-major axes from aomin to aomin+2.5 AU, initial eccentricity eo=0.3, 
initial inclination io=0.15 rad. 

aast                           
5. 7.5 10. 15. 20. 25. 30.aomin

2.3 1.29 0.26 0.85 0.72 0.32 0.08 0.14

2.5 1.40 0.64 1.23 0.90 0.65 0.11 0.14

2.8 2.94 0.94 1.18 0.77 0.66 0.12 0.13

3.1 2.06 0.74 1.55 2.36 0.76 0.19 0.14

The Table and results presented in [6] show that the probability of a col-
lision of planetesimals from Jupiter’s and Saturn’s feeding zones with an 
asteroid (PAB) having a diameter of 1000 km (of Ceres’ size), semi-major axes 
of the orbit in the range from 2.3 to 3.1 AU was estimated to be of the order 
10-8. For such value of the probability, with a total mass of planetesimals in 
the feeding zones of Jupiter and Saturn equal to 100 Earth masses (mE), the 
total mass of planetesimals colliding with a PAB of Ceres’ size (when plane-
tesimals were smaller than PABs) is 10-6mE, that is, about 50 times less than 
the mass of this asteroid (1.9×10-4mE). For a model in which the planetesi-
mals are smaller than the PABs, for 100-km PABs of the same total mass as 
a 1000-km PAB, the total mass of planetesimals colliding with them is 10 
times greater than in previous case. It means that the relative quantity of ice 
material delivered to the MAB in the first and second cases changes from 2 to 
20%, respectively.
Thus, for three Ceres (the common mass of the present MAB) the total mass 
of planetesimals colliding with asteroids is of the order of 3×10-6mE, and for 
300 Ceres, it is of the order of 3×10-4mE. The last number is comparable to the 
mass of the present asteroid belt. However, due to approximately the same 
ejection from the MAB of old and new asteroids, the estimates of the fraction 
of delivered matter in the MAB depend mainly on the above-mentioned ratio 
of the total mass of asteroids to the total mass of colliding planetesimals (see 
first and second estimates in the previous paragraph), and not on the total 
mass of bodies in the MAB.
An increase the radius of PABs by 10 times (while maintaining the total mass) 
leads to a decrease in the total delivered mass of planetesimals colliding with 
the PABs by 10 times (proportional to the radius) [6]. If we consider planetes-
imals with a diameter n times greater than 1000 km and PABs with a diame-
ter of 1000 km, the total mass of planetesimals colliding with asteroids will 
be approximately smaller by a factor of n than in the case when diameters of 
all planetesimals are no more than 1000 km (the size of PABs). The capture 
of the matter of planetesimals can be even less than these estimates, since 
when a massive planetesimal collides with a PAB, fragments of the planetes-
imal can be ejected out of the MAB. That is, the inflow of matter from the 
Jupiter’s zone in the case of massive planetesimals will be less than 2% of the 
mass of the asteroid belt.
If we consider PABs smaller than 1000 km and planetesimals of a larger 
size, it is difficult to estimate the inflow without calculating the results of 
collisions. The smaller are asteroids (with the same total mass), the more 
is the number of their collisions with planetesimals. But the smaller are the 
asteroids, the less they can damage the planetesimals.
The probability of collisions of dust particles with asteroids can be much 
greater than for bodies [8]. However, it is not known what part of the mass 
of matter in the Jupiter zone was in dust particles. Dust particles fell possibly 
on local asteroids, and did not form new asteroids.
Thus, according to our modeling, probable relative (to the mass of the MAB) 
quantity of icy planetesimals’ matter delivered from the formation zones of 
Jupiter, Saturn, Uranus, and Neptune to the MAB may be in the range from 
2 to 20%.
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Introduction:
Asteroids are among the oldest objects in the Solar system, the composi-
tion of which has been minimally changed since their formation. This fact 
was established according to the results of studies of numerous meteorites 
that have fallen to Earth, which are fragments of these bodies. Knowledge 
of the characteristics of asteroids makes it possible to evaluate the correct-
ness of the solution of cosmogonic problems. In particular, statistical analysis 
of the characteristics of a large number of small bodies allows test any theory 
of the formation and evolution of the Solar system [1].
Asteroids, as bodies that, as a rule, do not have an atmosphere, are tradi-
tionally studied by the spectrophotometric method in the visible and near IR 
ranges, becauseof a spectral “window” of the earth’s atmosphere [2],[3]. In 
this work, we used reflectance spectra of asteroids obtained by the authors 
at observatories “PikTerskol” (INASAN) and the Crimean laboratory SAI MSU 
in 2013-2019 [4]. Then, a quantitative interpretation of the reflectance spec-
tra of asteroids was carried out using the program written in the Matlab soft-
ware and data on reflectance spectra of minerals and meteorites.
Some new in the algoruthm:
In comparison with previous works [4], the algorithm of the program and 
the database of minerals were changed. The database was addednew reflec-
tance spectra (RS) of terrestrial minerals corresponding to those indicated in 
the article by Rubin [5]. According to some estimates, only about 30% of all 
the minerals that make up the asteroids are known [6].Since unknown miner-
als probably formed under conditions far from the terrestrial, it was decided 
not to include in our database terrestrial minerals that are not similar to 
found in meteorites. Secondly, only those RS of minerals and meteorites are 
included in our database which spectral range at least partially overlaps with 
the spectral range used by us in observations (0.4-1 μm), where the Earth’s 
atmosphere is the most transparent.
Besides, in the specified range are the strongest and well studied absorption 
bands of minerals. These features allow us identify the main rock-forming 
minerals and in more detail establish the composition of the substance. For 
example, in the visible range are the wings of the two strongest absorption 
bands. The band centered at 0.2 μmcharacterizes the intensity of electron-ox-
ygen-metal charge transfer. The second band with the center at 1 μm,caused 
by the spin-allowed Fe2+ absorption band in the crystal structure of minerals, 
shows the content of olivine, pyroxene, or their mixture. The wings of the 
absorption bands at 0.2 and 1 μm form the general shape of asteroid reflec-
tance in the visible and near-IR ranges. In addition, there are also weaker 
absorption bands, for example, bands with centers at 0.506 μm and 0.55 μm, 
corresponding to forbidden electronic transitions in Fe2+ ions [2,7].
In addition, the minerals in our database were divided into sub-groups accord-
ing to the temperature and other conditions in which they were formed, into 
low-temperature, high-temperature, and mixtures [8].
Сonclusion:
Using a modified program and an updated database of minerals, new quan-
titative estimates of the surface composition of asteroids were obtained. 
The results are in good agreement with the establishedspectral type and 
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assumed mineralogy of asteroids, for some objects a mixed composition was 
found. Some our results will be shown in our presentation.
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SURFACE GRAIN SIZE AND STRUCTURE FROM 
POLARIMETRIC PROPERTIES OF ASTEROID 3200 
PHAETHON

L.F. Golubeva, D.I. Shestopalov
Shemakha Astrophysical Observatory, Shemakha AZ-3243, Azerbaijan, lara_
golubeva@mail.ru
Keywords:
asteroids, 3200 Phaethon, polarimetry, polarization phase curves, surface, 
particle size.
The 3200 Phaethon is the largest body among known potentially hazardous 
asteroids. Moving in a very elongated orbit, Phaethon approaches the Sun 
at a distance of approximately 2 times less than the perihelion of Mercury. 
The asteroid is probably a parent body of the Geminids meteor shower and 
can be an inactive cometary nucleus with a depleted stock of volatile frac-
tions.
Several teams of observers [1–4] carried out the high-precision polarimet-
ric observations of Phaethon at the approaches to the Earth in 2004, 2016 
and 2017. In these datasets, the phase angle coverage (23–117o) proved 
to be insufficient to estimate the main parameters of Phaethon’s polarimetric 
curves that, in turn, leads to a high degree of uncertainty in the interpretation 
of the polarimetric properties of the asteroid surface. We aimed to retrieve all 
possible information from the available polarimetric measurements of Phae-
thon in order to improve our understanding of the asteroid surface properties. 
Such a tasking takes a sense as the spacecraft DESTINY+, which is planned to be 
launched to asteroid Phaethon in 2022, is not intended for polarimetric mea-
surements. Thus the first step in this line is approximation of the polarimetric 
curves of Phaethon by continuous functions according to the known set of dis-
crete data. We applied a simple approximate formula [5], which proved itself 
well in analyzing asteroid, comet and lunar polarimetric data [6, 7]. 
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Figure 1 gives an example of the phase-dependent polarimetric measure-
ments of Phaethon performed by the various groups of investigators and the 
best fitting of the observations by the approximate formula [5]. 
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Error bars are comparable to the size of symbols on the plot; the accuracy 
of the approximation is comparable to measurements errors. These datasets 
were obtained in different epochs and at different wavelengths, but the dif-
ferences in the curves do not correlate with different spectral ranges. The 
negative polarization branch is actually the same for these observations, (Pmin 
≈ 1.35% at αmin ≈ 10o and the polarimetric slope h ≈ 0.015%/o at the inversion 
angle αi ≈ 21o), but the positive polarization branch (Pmax ≈ 78%, 64%, and 
47% at αmax ≈ 135o) depends on the observation time. Of course, the derived 
estimate of 78% should be considered as a preliminary since we have only 
two measurements [2] and three roots of approximate equation [5] at α = 0o, 
180o, and αi = 21.9o to construct this polarimetric curve (dashed line in Fig. 1). 
At the same time, we found a suitable pattern in the polarimetric catalog [8]: 
the maximum polarization degree for the lunar breccia with slagged surface 
(the Luna-16 collection) reaches even 88.7 % at αmax = 136.4o (see Fig. 2). 
The authors [2] notice that their polarimetric observations at α = 73.2o concur 
with a minimum of the asteroid brightness variation, and suggest about a large-
scale heterogeneity of Phaethon’s surface. The new observation data that have 
been published in 2019 apparently support authors’ suggestion, since the spec-
tral and radar observations [9, 10] carried out in the same time as the polari-
metric ones sense together a spacious low-albedo region on Phaethon’s surface. 
Bearing in mind the result in Fig. 2, we can also add that the idea of Phaethon’s 
surface burned by solar insolation [11, 12] receives a further support.
Such parameters as the maximum polarization degree Pmax and albedo A are 
believed to be linked to the particle size of particulate surface. This question 
in relation to Phaethon was studied in [2, 3] not so much on a quantitative 
as qualitative level because of the uncertainty in the position of Phaethon on 
the A – Pmax diagram. We use the diagram (both parameters А and Pmax are 
measured in the V bandpass) designed in [13] where regions occupied by 
the lunar and powdered terrestrial samples are shown by straight regression 
lines. They are almost parallel, but their position on the diagram depends 
on the grain size of the powdered and separated samples. When the grain 
size increases, these regression lines are offset with respect to each other. 
The farthest region from the lunar fines is occupied by solid terrestrial rocks 
in their natural state with dusty and dust-free surfaces. 
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Note, that albedo A was reduced to the phase angle of 5o in the referred 
telescopic and laboratory datasets [13]. To put correctly Phaethon in its place 
on this А–Pmax diagram we used the correlation between A and polarimetric 
slope h [13]: log A = –1.026log h – 1.873. For Phaethon, we have A = 0.062 
that corresponds its polarimetric slope h = 0.222 in the V band. As shown in 
Fig. 3, the A, Pmax parameters of Phaethon fall into the region occupied by the 
nonseparated natural terrestrial rocks with solid surfaces sometimes pow-
dered with a dust. Therefore, we can imagine Phaethon’s surface as a mix-
ture of pebble-stone and coarse sand with grains of at least 300 microns 
in size. On the whole, polarimetric properties of the asteroid surface corre-
spond, to a structure of thermally altered regolith particles mixed with lager 
rock fragments like a coarse pebble.
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Introduction:  
As it is well known, the dynamical evolution of all test particles in 3:1 reso-
nance is characterized by very rapid increasing of their eccentricity. This phe-
nomenon is predicted by the works of Wisdom [1]. Moreover, 50% particles 
becomes Earth-crosser in 1Myr due secular resonance overlapping inside 3:1 
resonance (Moon, Morbidelli 1995). [2] 
Evidently, it is interesting to reconstruct dynamical history of real asteroids 
near 3:1J resonance in the past. First of all, we perform backward integra-
tions of orbits of some 3:1J resonant asteroids and have found great increas-
ing of eccentricity most of them in the last million year.
To study motion near 3:1 resonance in most straightforward form, we repeat 
our integrations with only Jupiter perturbations. We use orbital elements of 
887 Alinda as basic (table 1, where orbital elements of Jupiter are given in last 
line) and integrate orbits of some clones with different initial semimajor axis, 
inclinations, eccentricity and mean anomaly. The values of initial angles node 
longitude and perihelion argument was fixed in this series of integrations.
The equations of the motion were numerically integrated 800 kyrs into 
the past, using the N-body integrator Mercury (Chambers, 1999) [3] 
and the Everhart integration method (Everhart, 1985). The initial epoch 
of our integrations was T0=1998-Jul-06 (JD2451000.5). 

Table 1 Osculating orbital elements of the some 3:1 resonance asteroids at epoch 
1998-Jul-06 (JD2451000.5)

Object ω Ω i e a M
887 

Alinda 350.054565 110.7167828 9.30331 0.5627231 2.48549841 77.4
Jupiter 275.190830 100.4726265 1.304674 0.0485423 5.20300974 333.5

Theoretic background
We will look for evolution of orbital elements as:

sec resE E E= +
Secular equation for eccentricity has the solution (with assumption accepted 
by Murray and Dermott) [4]:

0 3 0( / ) (cos cos )p S p
n

e e m m C e t
a

= + ϖ - ϖ
ϖ





 (4)

We can write the proper frequencies in according (Murray, Dermott,1999):
12 ( / )p sg n m m C= ϖ = a  (5)

2( / ) / 2p ss n m m CΩ = = a

Perihelion rate has a key value in a simple secular theory. There are 6 vari-
ables, completely determined motion of the infinitesimal particle in RTBP:  

, , , ,a e i ϖ Ω  and t. a is assumed constant. It is possible to show, that always 

1 22 / 2C C= -   and by this way to exclude Ω . Node longitude Ω  related with 
inclination. Expression (4) allows us to set relation between g and eccentric-
ity. If we not interest position particle on orbit, knowledge of the depen-
dence g(t) allows us to construct approximate evolution of orbit in time. 

10MS3-PS-78



445-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

Semimajor axis has no secular variations. We can note than mean semimajor 
axis as well as resonance variations of eccentricity is simple depends on res-
onant argument. As a result of Lagrange linear theory, we can expect large 
increase of amplitudes of perturbations with the period tends to infinity. It is 
in contradiction with numeric integration results.
Numeric integration results
At the large e=0.5 and initial semimajor axis far from resonance a=2.45 AU 
we have small oscillations a and e. After move close to resonance a=2.465 
AU we have large variations a in range 2.47-2.53 AU around resonance value 
and quasi-periodic variations e in range=0.4-0.56. At the small e~0.1 semi-
major axis changes in range a=2.48-2.49 around initial value, smaller than 
resonant. In close vicinity to resonance a=2.485 AU we have large variations a 
in range 2.49-2.51 AU around resonance value and quasi-periodic variations 
e in range=0.4-0.84. The main period of the eccentricity variations becomes 
about six times longer than period of the semimajor axis and is about 100 
kyrs. The short period of eccentricity holds resonance value and variations of 
the eccentricity and semimajor axis are in opposite phase. At the same time 
mean semimajor axis lose dependence on initial value and become very close 
to resonant value for all a0 in range 2.48-2.52 (Fig.1). The exact resonance 
position is expected at a=2.50135  AU.
For small initial eccentricity we have no such effect. Moreover, clear depen-
dence on initial mean anomaly (i.e. on resonant argument) is present. The 
effect of capture semimajor axis into resonance takes place close to Alin-
da-like initial anomaly M~77o. It is according start for resonant argument 
s=90o. Additionally, we have detected some chaotic regimes at large reso-
nance perturbations. 
Other series of integration with fixed initial semimajor axis and varying eccen-
tricity show that at initial eccentricity e=0.3-0.5 we have increasing of secular 
perturbations in the eccentricity amplitude up to 0.27, when at e<0.2 ampli-
tudes are 0.02-0.03. In the boundary case e=0.25 we have giant eccentricity 
variations predicted by Wisdom (fig.3). In all cases short periodic resonance 
perturbations are small.
Our conclusion about key role of perihelion argument is still true. But we 
cannot use expression (5). However, we can estimate g from our numeric 
integrations. We approximate eccentricity by expression: 

0 cos( )ampl e ce = e e f t ++ ϕ  (6)
and assume ω0=350o, Ω0=110 o , e0=0.5, i0=1.0, M0=77.4 and varying initial 
semimajor axis a0. The main observed eccentricity perturbation frequency is 
equal perihelion rate with very good accuracy. It means that we can continue 
use expression (4). Perihelion rate nonlinearly depends on initial semimajor 
axis, i.e. on distance from exact resonance or resonant argument  (Fig 2) and 
we can write:

sec ( )resϖ =ϖ +ϖ s  

sec sec( ) ( )rese e e= ϖ + s

( )resa a= s
 (7)

sec sec( ) ( )resΩ =Ω ϖ +Ω s  



sec sec( ) ( )resi i i= Ω + s

We have only two independent variables: secϖ  and σ. Finally we can con-
clude that number of variables, required for resonance motion description 
may be reduced and for planar case one dimensional pendulum model is 
sufficient. In the non-resonance case we have no parameter like σ and can-
not bound short periodic variations (e and a for example). In spite presented 
simple model cannot describe chaotic motion at resonance like Wisdom-pre-
dicted giant eccentricity variations (fig.3), it give the way to quantitative 
description motion at resonance. In particular, we note that expressions for 
eccentricity and semimajor axis (mean motion n) through resonance argu-
ment in the pendulum model of resonance (Murray, Dermott,1999) are more 
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adequate, than Lagrange linear equations solutions. The observed depen-
dence ( )resϖ s  is required more detailed theoretic analyses, as well as the 
behavior of the secular eccentricity amplitude. 
Conclusions
On base our numeric integrations, we have shown that orbital evolution in 
3:1J resonance can be described in general by two independent parame-
ters — resonant argument and perihelion rate. This simple model gives  way 
to quantitative description motion at resonance in the regular (nonchaotic) 
case. Perihelion rate has determine secular eccentricity variations, node pre-
cession and inclination behavior. Resonant argument has determines reso-
nance eccentricity, semimajor axis and inclination variations

Fig. 1. Evolution semimajor axis with different initial values (initial e=0.5,i=9)

Fig. 2. Rate of the perihelion argument in semimajor axis dependence.

Fig. 3. Eccentricity evolution of orbit with initial a=2.485 AU, i=9o,e=0.25.
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Introduction: In the sedimentary rocks of the Earth, metal spherical parti-
cles (microsphere} are often found, ranging in size from the first to several 
hundred micrometers across [1]. They are composed of native iron, wustite, 
magnetite, have magnetism and therefore are relatively easy to extract from 
finely dispersed terrigenous and carbonate rocks. It is believed [2] that the 
majority of metallic microspheres are of cosmic origin and are ubiquitous 
in the rocks of the Earth, mainly in the form of iron oxide (magnetite) micro-
spheres. This implies the possibility of using such objects for the purposes 
of global stratigraphic correlation of sedimentary strata. To date, the typo-
morphic features of iron oxide microspheres remain underexplored. In this 
paper, we attempted to identify the typomorphic features of cosmic iron 
oxide microspheres, depending on the conditions of their formation.

Objects and methods of research: Space bod-
ies entering the atmosphere of the Earth are 
called meteoroids [3]. Braking in the atmo-
sphere, they experience heating, melting, 
evaporation. Large meteoroids do not evap-
orate completely, but only fuming from the 
surface, they fall out in the form of meteor-
ites. In this case, the melt film is blown away 
by the oncoming air flow (ablation). Small 
meteoroids (from 0.01 micron to 3 cm) can 
completely melt and evaporate. Melt particles 
arising during deceleration of meteoroids in 
the Earth’s atmosphere have the form of drop-
lets (Fig. 1). As the rate of fall of a melt falls 
off, the melt particle decreases its elongation 
(drop-likeness) and it becomes more spheri-
cal (Fig. 2).The main factors that determine its 
shape and size are gravity force, surface ten-
sion and rotational moment.
To identify the conditions for formation of 
metal (iron oxide)microsphere, which deter-
mine the formation of their typomorphic fea-
tures, we carried out theoretical calculations 
of the deceleration of meteoroids of various 
sizes in the Earth’s atmosphere.For this pur-
pose, the theory of deceleration of meteor-
oids in the Earth’s atmosphere was used [3].
Results anddiscussion: Our calculations of 

the deceleration of native iron meteoric particles show that all  microsphere-
with a radius of 0.1 to 250 μm (without taking into account energy losses due 
to radiation) experience melting when they are decelerated in the Earth’s 
atmosphere.Accounting for energy losses due to radiation according to [4] 
shows that the critical radius for our conditions is 7 µm, that is, particles with 
a radius less than 7 µm do not melt, while larger ones melt.This predeter-
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mines a possibility of spherical forms formation for cosmic particles of native 
iron in two scenarios.
The first of them occurs when a meteor particle during deceleration almost 
completely dampens its cosmic velocity along the flight path in the Earth’s 
atmosphere. The drop-shaped particles of iron’s melts  formed in atmosphere, 
when the cosmic velocity is extinguished, ones lose a rotational impulse and 
become spherical. If during the rotation (tens - the first hundreds of seconds) 
the melt cools down, hardening at least from the periphery, then there are Fe 
microspheres with sizes ranging from 0.1 to 500 microns in diameter. The for-
mation of a spherical shape of Fe melt particles less than 150 microns in size 
is additionally stimulated by an increased value of the surface tension values 
for the Fe melt, which, however, decreases with increasing oxygen content in 
the melt. The latter leads to the fragmentation and reduction of the size of 
Fe microspheres formed in the moredense layers of the atmosphere closer 
to the surface of the Earth, and with a higher oxygen content. Iron in them 
becomes more oxidized to wustite and magnetite.
Another scenario of the spherical shapes formation  for metal particles under 
the conditions of the Earth’s atmosphere is associated with an increased sur-
face tension of the ferrous melt, which arose as a result of deceleration of 
meteoric particles in the atmosphere and fully extinguishing its velocity v at 
height H (v = 0). It is known that small particles of melts of various substances 
under weightless conditions take the form of a sphere, since it corresponds 
to the minimum surface energy of these particles. The calculations show that 
the size of the maximum radius of spherical particles of the Fe melt (having 
quenched their speed at height H (v = 0)) depends on the specific energy of 
the melt surface tension σ and the magnitude of the acceleration of grav-
ity g [7]. The value of g from the ground to a height of 100 km decreases 
slightly (from 9.81 m/s2 to 9.51 m/s2). However, it is necessary to take into 
account that the specific energy of the Fe melt surface tension σ decreases 
with increasing oxygen in it. At the same time, the oxygen content in the 
Earth’s atmosphere increases with decreasing altitude.
The degree of oxidation and the cooling rate of Fe melt microsphere are 
determined by the height of their formation above the Earth’s surface and 
the mass (size) of the particle. This facilitates the formation of typomorphic 
features (size, structure, oxygen content, presence of magnetite, wustite, 
degree of sphericity) in “cosmic” Fe microsphere. In the case of a moderate 
rate for Fe melt cooling at medium altitudes (50-80 km) the microsphere, 
falling and cooling down, has time to oxidize outside, becomes covered with 
a crust of magnetite crystals (“shield”), inwhich a liquid Fe melt is often mixed 
with nickel. This residual high-temperature melt is capable of melting the 
outer crust of the microsphere along the boundaries of magnetite crystals.
Leaking out and freezing, the melt forms various aggregates-growths of 
native Fe, and if it has time to oxidize, then garlands of magnetite, wustite 
dendrites appear. Typomorphic features of Fe microspheres formed at a 
small height from the Earth’s surface during impact processes are their small 
size (up to 20-60 μm in diameter), high oxidation (high O/Fe) and abundance 
of magnetite. The obtained results show that with an increase in the oxy-
gen content in the Fe melt, the maximum possible radius of the microsphere 
capable of maintaining their sphericity in the Earth’s atmosphere decreases. 
Hence the conclusion: with the approach to the Earth’s surface, the radius 
of the microsphere decreases several times, and the iron in them becomes 
more oxidized. Practically all themicrosphere of the Fe melt formed in impact 
processes on the Earth included into this group.
The fate of the Fe melt microsphere formed in the earth’s atmosphere during 
the deceleration of meteor particles may vary depending on environmental 
conditions. With a high rate of cooling of the melt, its structure will be fine, 
hidden grained, the substance is undifferentiated and homogeneous. The 
surface of such drops and microsphere turns out to be smooth and weakly 
oxidized; it consists more often of wustite, less often of magnetite [5]. On 
surface of the Earth, in sedimentary rocks and in peat, metallic Fe particles 
are often encountered that have not passed the melt stage, and therefore 

10MS3-PS-79



449-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

have a wide variety of forms, sometimes they can be spherical. Their origin 
should be attributed to the low cosmic velocity of entry of some meteoric 
particles into the Earth’s atmosphere, which is confirmed by our calculations 
[7]. Meteoric bodies entering the Earth’s atmosphere at low speeds (of the 
order of 5 km/s) are apparently due to the impact processes on the Moon 
and on objects from the asteroid belt [6]. From there can fly and ready-made 
metal balls. Their characteristic typomorphic sign is the minimum value of Fe 
oxidation, i.e., a low (down to zero) O/Fe ratio.
Conclusions:  In order to identify the typomorphic features of the cosmogenic 
iron oxide microspheres, which are found in sedimentary rocks of the Earth, 
theoretical calculations of the deceleration in Earth’s atmosphere of various 
sizes meteoroids were carried out. The most important typomorphic features 
of such microspheres are the size, the structure with different precipitates 
of metals (native iron, nickel) and intermetallides, the presence / absence 
of wustite, the oxygen content, the degree of sphericity. Calculations show 
that particles of native iron with a radius of more than 7 μm slow down and 
experience melting in the Earth’s atmosphere at an initial velocity of their 
fall of 15 km/s, and the larger their size, the closer to the surface of the Earth 
they melt. With an initial fall rate of 5 km / s, Fe particles of all studied sizes 
(0.1–250 μm) do not melt during deceleration in the Earth’s atmosphere 
and therefore retain their shape and composition that meet the conditions 
of their formation as a result of impact processes on asteroids and the Moon. 
At the same time, they contain no magnetite, vustite, a low O / Fe ratio, and 
the size can reach several hundred micrometers in diameter.
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Asteroids have diverse spectral features representing distinct compositions, 
and, therefore, various taxonomical classifications have been implemented 
over the last decades [1]. Multiband photometry of asteroids enables their 
spectral analysis in order to define their taxonomic classes, even for faint 
objects and using telescopes of moderate sizes (e.g., [2]). Directly measured 
flux over a substantial period of time (at least rotational period) may be  used 
for light curve plotting to obtain geometrical and rotational parameters 
of the objects [3]. Surface color irregularities, for instance, due to the pres-
ence of young facets characteristic of recently formed asteroids, might 
be detected with the light curve multiband photometry.

Fig. 1. The efficiency of the components and total efficiency (provided by the manu-
facturer [7]). 

Ordinary detectors with replaceable photometric filters (e.g., a filter wheel) 
do not allow deriving color images simultaneously, what is desirable for study-
ing rapid rotating objects, such as some near-Earth asteroids. Longer expo-
sures, which are required for faint objects but taken sequentially, will lead 
to a phase shift in the measured light curves. For this reason, a three-chan-
nel CCD photometer equipped with the Sloan g′, r′, i′ filters (the effective 
wavelengths are 4775, 6130 and 7485 Å, respectively (Fig. 1)) was developed 
for studies of asteroids at Kourovka Astronomical Observatory (KAO) of Ural 
Federal University. It is designed for telescopes with a focal ratio F/D > 7 
with a field of view of about 20′. The photometer was installed on the “Robo-
phot” telescope of KAO, which is a modified Dall-Kirkham telescope with 
a diameter of the main mirror of 0.6 m and a focal length of 4.2 m. Test obser-
vations showed that FWHM of the PSF was about 2.8’’ being dependent 
primarily on the atmospheric quality. The instrument is operated through 
an open source RTS2 package [4] for remote control, allowing fully autono-
mous running of the facility.
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One of the advantages of the SDSS colors is that r’– i’ vs. g’– r’ color-color dia-
gram enables easy separation of C-type asteroids from S-types [5] and cor-
rection of their albedo [6]. Three-color simultaneous observations should 
allow significant progress in the study of the surface layers of asteroids 
as well as the rotational dynamics, shape, and multiplicity. 
The study was funded by RFBR (the research project no. 18-02-00015), 
the Ministry of Science and Higher Education of the Russian Federation 
(the basic part of the State assignment, RK no. AAAA-A17-117030310283-7) 
and the Government of the Russian Federation (Act 211, contract no. 02.
A03.21.0006). 
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Introduction:  
Usually, meteorites are fragments of theirs parent bodies surface. So, their 
properties provide important information about the composition and evo-
lution of asteroids and small bodies of the Solar system [1]. But frequently 
the body of the fallen meteorite is broken with the cracks and splits, like 
Chelyabinsk. In order to identify the different failure mechanisms, we have 
to experimentally investigate the strength properties of the small part 
of meteorite. Most industrial facilities for researching mechanical properties 
of materials don`t allow provide the estimation of such meteorites, because 
it need dimensions of sample at least 25 mm diameter and 50 mm length [2]. 
To avoid these constraints, we have designed special installation for eval-
uation such elastic mechanical values as Poisson`s ratio, Young`s modulus, 
and ultimate tensile and compression strengths.
Methods:  
Design of the developed installation for estimation of mechanical properties 
comprises sensors, electronic unit, personal computer (see Fig. 1). The cylin-
drical samples with dimensions starting from 5 mm in diameter and 10 mm 
length can be studied on it. The only limited factor is size of chondrules, 
main components of chondrites. The study of so small samples can be per-
formed by tiny foil strength sensors with nominal impedance from 300 Ohms 
to 1000 Ohms, with different base size. Electronic unit has 4 channels. 2 chan-
nels intended for signals from sensors of relative longitudinal and transverse 
deformation. The third channel used for force sensor, which measure the force 
applying to sample. The fourth channel can be used for external temperature 
sensor in case when sample is only one. Usage sensors of relative longitudinal 
and transverse deformation in pair increase accuracy by 2 times per channel. 
Each pair of sensors connects to 32-bit analog to digital converter. All ana-
log to digital convertors send digital data to controller, which proceed it and 
send on personal computer. The electronic unit has power station unit to sta-
bilize supply current. The schematics of electronic unit optimize out signal 
and increase accuracy of evaluation. Installation can compensate the fluctua-
tion of signal from temperature and added impedance of wires

Fig. 1. Block-scheme of installation. 1,2 — foil sensors, 3 — force sensor, 4 — tempera-
tures sensor, 5 — ADC group, 6 — power station unit, 7 — controller, 8 — electronic 
unit, 9 — personal computer

Results: 
Developed setup allowed us to perform measurement of mechanical prop-
erties of small samples of meteorites in according to standard GOST 28985-
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91 Rocks. Method for determination of deformation characteristics is uni-
axial compression. The calculation of the characteristics can be carry out 
according to the following formulas: Young`s modulus:

1 1

K H
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K H
E

s -s
=

′ ′ε - ε
 
 

(1)

Poisson`s ratio:
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where σк, σн — tension at finish and at start of loading and unloading range 
of sample, ε1к, ε1н — relative longitudinal deformation of sample at finish 
and at start of range on loading, ε2к, ε2н — relative transverse deformation 
of sample at finish and at start of range on loading, ε’1к, ε’1н — relative lon-
gitudinal deformation of sample at finish and at start of range on unloading, 
ε’2к, ε’2н — relative transverse deformation of sample at finish and at start 
of range on un-loading.
Dynamical and Brazilian test:
Further, we will modify this installation to perform the Brazilian test. 
The great advantage of the Brazilian test is determination of the elas-
tic modulus, tensile strength and fracture toughness of rock materials 
in one test [3]. For calibration, it is planned to use the equipment of min-
ing mechanics of the Geological Institute of Kazan Federal State Univer-
sity: Installation for testing rocks in crust conditions GTAN.441179.050 
(see Fig. 2a) is an automated system for comprehensive testing of rocks 
at normal and elevated temperature and pressure parameters that simu-
late crust conditions. 
Determination of tensile strength during splitting by applying a compressive 
load along the diameter of the sample in the form of a disk is performed 
according to the requirements of standard ASTM D3967-08 (see Fig.2b). 
The tests are carried out on specimens in the form of a disc with a thick-
ness-to-diameter ratio (t/D) of 0.2 to 0.75. The diameter of the sample 
should be at least 10 times the linear size of the grains (inhomogeneities) 
composing the rock. Cylindrical samples were obtained by taking a meteorite 
from the initial sample delivered to the laboratory.

Fig. 2. a) Setup GTAN.441179.050;  b) Brazilian test

Sample preparation of samples for testing was to bring to the required 
length on the cutting machine and grinding the end surfaces with an accu-
racy of 0.01 mm. Tests were carried out in a state of natural saturation. The 
diameter and thickness of each sample was determined using a caliper, with 
at least 4 measurements for each parameter and an average. The calculation 
for determining the tensile strength at splitting (Brazilian test) is carried out 
according to the following formula:
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LD
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(3)

where σt – limit of tensile strength when splitting, in MPa; P is the maximum 
applied load, fixed by the force sensor of the test machine, in N; L – sample 
thickness, in mm; D — sample diameter, in mm.
Measurement of the velocity of the longitudinal and transverse ultrasonic 
wave is performed at the additional setup PIC-ULTRASONIC-EP installation. 
The system consists of two ultrasonic sensors, a signal source, an oscillo-
scope, an RLC device and a relay system. The source generates a signal with 
a frequency of 1 MHz. The signal is received by one of the sensors, which 
excites the pulses of S and P waves. The waves pass through the sample 
installed in the core holder and are detected by a second ultrasonic measure-
ment sensor. Then the signal is received by the oscilloscope. The oscilloscope 
is connected to a PC to analyze and record the received signal. The source 
has three outputs: S wave, P wave and synchronization signal of the source 
with the oscilloscope. 
When measuring the elastic properties of the sample on the PC monitor 
is synchronized with the oscilloscope display graphs S and P waves. Graphs 
are displayed in time-amplitude coordinates. Using the program of process-
ing of the PIC-ULTRASONIC-EP installation, the performer interactively dives 
the entry time of each wave. Using the values of the samples height, auto-
matically calculation of the speed of P and S waves is deduced. The calcula-
tion of the dynamic elastic modules (Young’s and Poisson’s ratio) was carried 
out according to the following formulas:
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1 2
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-m
, (5)

where R – ratio of longitudinal and transverse waves, Vp – velocity of longi-
tudinal waves, Vs – velocity of transverse waves, μ – dynamic Poisson’s ratio, 
E – dynamic young’s modulus, ρ – density of rocks.
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Introduction:
Particles arrived in the Solar System from interstellar medium are found 
but their nature is not cleared [1, 2]. Discovering of such particle fluxes 
and working out the criteria of galactic meteors identification is a prob-
lem of the modern astronomy [2]. It is usually supposed that interstellar 
meteoroids’ particles velocities near the Earth’s orbit may vary from 
dozens to hundreds kilometers per second [1, 2]. Below it is stated the 
heliocentric velocities of meteoric particles near the orbit of the Earth 
may be equal almost zero if light pressure and effect of Pointing–Rob-
ertson as well as gravitational force acting on the particle from the Sun 
are taken into account. Moreover in the frame of suggested model we 
try to find the distributions of these particles on transearth flight time, 
heliocentric velocities and maximal distances from the Sun for the fixed 
time motion depended upon density and radii of the considered mete-
oroids.
Fundamental equations:
The model equation of particle motion we put in the form (1) [3] 

2

2 3 2 22 cos( ) sin( ) trd GM
b v u b v u

dt r r r
′

′ ′= - - ⋅ - ⋅
eer r . (1)

Here, v is a heliocentric velocity of the considered particle, u is an angle 
between the vector of the velocity v and the heliocentric radius-vector 
r of the particle, er and et are units’ orts of radial and tangent directions 
of the particle vector acceleration,
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G is the gravitational constant, c is the velocity of light, R is a radius of the par-
ticle, q is the solar constant, M′  is reduced mass of the Sun, MS is the real 
mass of the Sun, M is mass of the particle, rSE is the averaged distance 
between the Earth and the Sun. 
Using the density ρ of the spherical black particle we have 
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If the particle moves along the straight line in the gravitational field 
of the Sun (light pressure and effect of Pointing-Robertson are also taken 
into account), then equation (1) is simplified (u = π) and we have v = v(r).
After integrating the in this case the differential equation (1) v(r) may be 
found from the expression
Here, LambertW(x) is the function of Lambert and v0 is the initial velocity 
of the particle, r0 is the initial positions of the particle, the final distance 
of the particle from the Sun is equal to r = rSE. It should be noted v(r) is 
expressed in evidence form with help of Lambert function.
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Examples: 
Graphs of v (v0, ρ∙R) functions, presented in figures (Fig. 1–3), are plotted for val-
ues: q = 1360 Wt/m2, rSE = 1.49597∙1011 m, MS = 2∙1030 kg, r0 = 100 000 AU, 
G = 6.672∙10-11 m3/kg·s2, c = 3∙108 m/s; 0 < v0 < 100 000 m/s, 0 < ρ∙R < 106 kg/m2.

Fig. 1. Dependence of interstellar meteoroid velocity v near the Earth’s orbit on ρ∙R 
for v0 = 100 000 m/s and r0 = 105 AU

Fig. 2. Time t (s) particles motion from r0 = 100 000 AU to r = 1 AU depended upon 
ρR (kg/m2) in logarithm scales; v0 = 100 km/s

In figures (Fig. 1.–3.) for the case of equality of the light wave length λ 
and the radius R of the particle effects of diffraction are not taken 
into account [3]. It should be noted [2] the middle mass of the detected 
interstellar particles is equal to 8·10–16 kg and the corresponding flux equals 
1.5·10–4 m–2c–1 in accordance with the data of “Galileo” probe. 

Fig. 3. Distances (in meters) of particles from the Sun for the time equals 
1.4959411979004·1011 (s) for the differentvalues of ρ∙R (kg/m2). Etalon time (distance) 
the particle passes for ρ∙R = 106 kg/m2. Logarithmical scales are used v0 = 100 000 m/s, 
r0 = 100 000AU.
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Conclusion:
The small values of the radii R and the low density ρ of the particles make 
the velocities of interstellar meteoroids near the Earth’s orbit tend to zero 
even for the large initial velocities of these meteoroids (Fig. 1.). 
The large values of the radii R and the great density ρ of the particles make 
the velocities of interstellar meteoroids tend to parabolic (hyperbolic) ones 
near the Earth’s orbit even for the small initial velocities of these meteoroids 
(Fig. 1). 
For the small values of product of ρ∙R and the small values of the initial 
meteoroids velocity v0 the final velocity of the meteoroid (near the orbit 
of the Earth) tends to zero (Fig. 1). 
So, the interstellar meteoroids in some cases have almost zero velocities 
near the Earth’s orbit and majority of them may be lost for their searching 
in accordance with the method [4], using only the criterion of high velocities 
of interstellar meteoroids.
For the small values of products of ρR and the distance from the Sun equaled 
rk = 1 AU, – heliocentrically velocities of meteoroids have been decreasing, 
and time of motion t has been increasing (for the  parameters: v0 = 100 km/s, 
r0 = 105 AU, ρR = 0.00075 kg/m2; we have vk = 0.0426 m/s, t = 2.2057843∙1017 s). 
(Fig. 1–3).
The meteoroid for which ρ∙R = 106 kg/m2, v0 = 100 km/s, r0 = 105 AU, 
rk = 1 AU has motion time t = 1.4959∙1011 s, while the meteoroid, for which 
ρ∙R = 0.00075 kg/m2, v0 = 100 km/s, r0 = 105 AU, t = 1.4959∙1011 s, will be 
placed from the Sun at the distance only equals rk = 95430.14∙1011 m. 
So, in the given model the small soft particles of interstellar meteoroids may 
localize in the “pipes” of length, compared with the size of the Solar system 
(Fig. 3).
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We discuss ”widened” model of planetary system formation. Gravitational 
collapse of protoplanets leads to the formation of planets and their satellite 
systems. We consider the hypothesis of a two-stage mechanism of formation 
of satellite system. Small satellites are formed from the remnants of a col-
lapsing protoplanetary cloud, and large satellites are formed by capturing 
other relatively small protoplanets [1].
At the same time, it is important to study the process of formation of the ini-
tial gas-dust cloud, the evolution of which leads to the formation of a proto-
planetary, and then a planetary system. 
The justification of the “widened” model is carried out by numerical simula-
tion. 
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In the early evolution of planetary systems, protoplanets originate from the 
coagulation of dust and ice and initially reside embedded in the gas of the 
circumstellar disks. From isotope studies, it is expected that the Earth (and 
terrestrial planets) formed from pre-fractionated differentiated planetary 
embryos and a fraction of carbonaceous chondrites. Additionally, the impor-
tance of ureilite and enstatite chondrites for the evolution of Earth can also 
be argued by isotope studies.  Large planetesimals and planetary embryos 
are differentiated bodies with sizes of several hundred to a few thousand 
kilometers. Planetary embryos form protoplanets via mutual collisions, which 
can lead to the development of magma oceans. During their solidification, 
significant amounts of the mantles’ volatile contents may be outgassed. We 
show that the resulting steam atmospheres can be lost efficiently via hydro-
dynamic escape that drag heavier elements like noble gases, and outgassed 
rock-forming elements K, Na, Si, Mg, Rb etc. into space so that they are also 
lost. Planetary embryos that are later involved in terrestrial planet formation 
can be drier than previously expected. We model the outgassing and sub-
sequent hydrodynamic escape of steam atmospheres from such embryos, 
including the efficient outflow of H that drags along heavier species like O, 
CO2, CO, K, Na, Si, Mg, Rb etc., and noble gases (Ar, Ne) and their isotopes. 
The full range of possible EUV evolution tracks of a young solar-mass star is 
taken into account. We investigate the atmospheric/elemental escape from 
planetary embryos with masses of 0.5 Mars, 1 Mars, 1.5 Mars and 1 Moon at 
different orbital distances and the fractionation of these planetary embryos. 
Finally, we discuss the implications of our findings in relation to elemental 
composition of the bulk silicate Earth composition.
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Introduction: 
The first hint on “ diamond” shape in cosmos was presented by images of 
Amalthea (Fig. 9) –a small Jupiter satellite - acquired by Galileo mission. 
This hint was not adequately appreciated and did not evoke any discussion. 
Later on some features of polyhedron shapes were observed in some other 
asteroids (Mathilde, Ida, Eros, Dactyl, Steins) [1] but were noticed and com-
mented only by a few observers [1, 2]. Now, wealth of small icy bodies are 
imaged by Cassini cameras and their sometimes almost artificial appearance 
(like the Plato’s polyhedrons and “flying saucers”) is commented [3–6].  Such 
a massive evidence of polyhedron shapes in cosmos claims for an explana-
tion different from seldom impacts usually presumed. 
The wave planetology [7–12 & others] main assertion is: ”Orbits make struc-
tures”. As all celestial bodies move in non-round (elliptical, parabolic) orbits 
with periodically changing accelerations they all are subjected to an action 
of inertia-gravity forces. These forces arouse in them warping waves that 
in rotating bodies (but they all rotate!) acquire a stationary character and 4 
directions of propagation (ortho- and diagonal).  Interferences of these waves 
produce three kinds of tectonic blocks: uplifting (+), subsiding (-) and neutral 
(0). Their size depends on warping wavelengths. The longest fundamental 
wave 1 produces ubiquitous tectonic dichotomy – an opposition of two seg-
ments: uplifted and subsided, expanded and contracted (2πR-structure). The 
first overtone wave 2 superposes on this segmentation smaller features - sec-
tors (πR-structure, Figs.  4-11).  Next overtones give smaller features.
An essence of tectonic dichotomy is in tendency of 4 interfering waves 1 to 
make from a body a tetrahedron – the simplest Plato’ figure [3, 4]. A dichot-
omous nature of this figure is revealed in opposition of a vertex and a face 
(cutting any of its 4 axes one always gets from one side a vertex, from another 
a face). In one direction three faces narrow towards a vertex (contraction), 
in opposite direction they expand towards a fourth face (expansion). Most 
often in small bodies (not only in satellites but also in asteroids and comets) 
one observes an oblong convexo-concave shape [12 & others] but sometimes 
at certain points of view a flatten concave side and a sharpened convex side 
are presented by such a way that a tetrahedron develops. Interfering waves 2 
produce an octahedron.  At the first time it was observed in a shape of Amal-
thea  (see Kolva’s drawing of this satellite after Galileo mission), and name 
“diamond” was pronounced but no explanation followed. Now some octahe-
dron faces one can observe at a number of small bodies, just to mention Pho-
bos, Phoeba, Yanus  Steins, Ryugu (Fig. 6–11). Interfering waves 4 produce a 
cube. Shorter wavelengths — more vertices in a polyhedron: tetrahedron 4, 
octahedron 6, cube 8 and so on. Various polyhedrons are present in a body 
simultaneously because the wave warping occurs in various wavelengths at 
the same time but particular viewpoints present better view of one of them 
(for examples, Yanus, Amalthea, Hyperion, Helene, Steins, Ryugu).
So, produced by warping waves polyhedron shapes, often detected in small 
bodies due to their weak gravity, present a real fundamental property of these 
cosmic bodies. In larger bodies this forms are smoothed by gravity making 
bodies globular, but still some vertices and edges can be distinguished with 
help of analyses of geology, geomorphology and geophysics. For an example, 
“famous” hexagon feature in the northern hemisphere of Saturn presents 
a face of structural tetrahedron, whereas the southern hemisphere “hurri-
cane” is its opposite vertex. Thus looks the structural dichotomy of this giant 
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gas planet.  The hexagon should be considered as combination of a tetrahe-
dron (tectonic dichotomy) and an octahedron (the first overtone feature). 
The tetrahedron has three directions of faces, the octahedron-two directions 
of faces. 3×2=6. Thus appear the hexagon outlines (Fig. 1–3). This structure 
is volumetric as it goes deep at least for 100 km and up into the stratosphere 
for nearly 300 km [15]. 
A hidden octahedron is in the Earth (antipodal vertices: 1. New Guinea, 2. 
Equatorial Atlantic, 3. Easter Isl. 4. Pamirs-Hindukush, 5. Bering Strait, 6. 
Bouvet Island) (Fig. 4, 5). Its faces are continents and oceans on the Earth’s 
surface and corresponding them inversely highs and depressions in the core 
mantle boundary (Fig,5 [13]). 
Considered above natural octahedron shapes and structures give a regular 
line from small bodies to giant sizes-characteristic sizes: a portion of km – km – 
tens of km – hundreds of km – thousands of km — tens of thousands of km. 
Only a wave nature of such structurization must be considered. 
Asteroids of  Figs. 6–8  demonstrate geometric forms nearing octahedrons 
and fine intercrossing lineations reflecting stresses due to the  wave forma-
tion of the bodies shape and tectonics. 

  

 

   

  

Fig. 1. Saturn, PIA18280, 
north pole hexagon;

Fig. 2. A laboratory model 
producing a triangle image of 
the saturn’s north pole struc-
ture [14]; 

Fig. 3. The same as 
Fig. 2, but making close 
to  square outlines [14]; 

Fig. 5. Octahedron sectors (thick lines) and 
their inverse reflection in the core-mantle 
boundary [13];

Fig. 4.  Earth’s octahedron frame;

Fig. 6. Asteroid Bennu, 
0.56 km;

Fig. 7. Asteroid Ryugu, 0.92 km; Fig. 8. Asteroid 
(2867)Steins, 4.6 km; 

Fig. 9. Satellite Amalthea, 
PIA01074, 270×164×150 km;

Fig. 10. Satellite Yanus, 
PIA06613, 220×190×160 km; 

Fig. 11. Satellite 
Phoebe, PIA06066, 
230×220×210 km. 
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Introduction:
To retrieve the properties of particles composing the surfaces of atmosphere-
less celestial bodies from remote sensing data is not a trivial task, since a cor-
rect light-scattering model for densely packed discrete media is still lacking, 
which, in turn, is connected with a complicated problem of considering the 
interaction of scatterers in the near field [1]. 
At the same time, the model, which considers the scattering medium as 
composed of clusters located in the far zones of each other, shows a good 
agreement with laboratory measurements of polarization of non-absorbing 
loose samples and allows one to obtain some characteristics of the surface 
of high-albedo celestial bodies from polarimetric measurements [2-4]. For this, 
the Stokes parameters of the reflected light are calculated as a sum of the dif-
fuse and coherent components obtained from the numerical solution of the 
radiative-transfer and weak-localization equations, respectively [5, 6]. The con-
sideration of particles in the loose surface material (the regolith) as clusters 
allows the near-field interaction of scatterers to be partially accounted for.
Model verification:
Afurther verification of the model by different samples with thoroughly 
controlled properties faces problems, since such measurements are very 
rare. Moreover, due to computational reasons, we assume the constituents 
of clusters composing the medium to be spherical. Consequently, to test the 
model, we may use only the samples composed of rather small particles 
(with the size parameter x = 2pr/l< 2), for which the resonance phenomena 
are not important, or the samples composed of spheres. 
For the above reasons, we payed attention to the measurements of inten-
sity and degree of linear polarization performed with three samples of pow-
dery surfaces consisting of non-absorbing spherical particles 0.5, 1.0, and 
1.5 mm across (with a small variance in size) in two spectral bands at 0.44 and 
0.63 mm [7]. The comparison of our models with the phase curves measured 
in [7] has led us to the results we intend to discuss here. 
The modeling phase profiles of intensity and polarization were calculated for 
the media composed of individual monodisperse and polydisperse spherical 
particles, clusters of identical spherical constituents (up to 200), spherical 
particles with stuck smaller particles of different number and size, and com-
plex clusters of these spheres with stuck crumbs.  
Since our previous analysis showed that the limitation of the present model 
influences much more the intensity profiles than the polarization ones [4], 
we will focus here only on comparison of the phase profiles of polarization.
For the samples of larger particles (D= 1 and 1.5 mm or x=7-11), the mea-
sured profiles exhibit resonance features, which are well reproduced in the 
modeling for the medium composed of individual polydisperse spheres.How-
ever, the polarization profiles measured in the sample of smaller particles 
(x = 3.57 and 2.49 for the blue and red spectral range, respectively) show 
no resonance features at all (though they might also be expected from the 
theory), and their appearance is close to that of natural high-albedo surfaces 
containing irregular particles, i.e., at small phase angles, there is an asym-
metric negative branch of polarization with a minimum shifted to opposition.
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At the same time, the phase profiles calculated for the medium composed 
of spherical particles with corresponding size parameters show, on the con-
trary, a noticeable branch of positive polarization in this phase domain. The 
latter is a result of the mostly negative polarization of light scattered by indi-
vidual spheres of these sizes, especially at phase angles <60° (e.g., [8] and 
references therein). The modeling shows that this positive polarization fea-
ture can be weakened only by the interaction in large ensembles of such 
spheres, but the yielded phase curves of polarization still do not resemble 
the observed one. 
We see a cause of the above disagreement in the fact that, according to the 
note made by the authors of [7], their smallest particles may deviate from 
spheres in shape. We attempted to model these deviations by consider-
ing the scattering by spheres of corresponding sizes with small stuck parti-
cles (x≤1.0) and by clusters of such complex particles. The obtained phase 
curves of polarization resemble the experimental ones, and their parameters 
strongly depend on the number and sizes of small stuck particles. 
Concluding remarks:
The present analysis shows a high importance of a thorough control of all 
parameters of the scattering samples in laboratory experiments and an accu-
rate modeling of the properties of scattering particles when testing the models.
The present modeling confirms that exactly the particles with sizes of an 
order of the wavelength and smaller or the inhomogeneities or irregularities 
of these sizes in larger particlesare responsible for producing the negative 
branch of polarization of light scattered by many powdery surfaces in nature 
(regoliths). 
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Introduction:
One of the complicating factors of the future robotic and human lunar land-
ing missions is the influence of the dust. Meteorites bombardment has 
accompanied by shock-explosive phenomena, disintegration and mix of the 
lunar soil in depth and on area simultaneously. Therefore, the lunar soil has 
undergone melting, physical and chemical transformations. 
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. Properties 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 estimated with considering photoelectrons, electrons and ions of solar 
wind, solar emission. 
Moreover, most of these processes take please on most body in the space 
without the atmosphere.
Experimental investigation of the dust dynamics near the atmospereless 
bodies are quite challenging. Experimental set-up should include the sources 
of electrons, UV, ions (solar interaction), special materials. It also should be 
accurate registration system. 
This work explains the steps for development the atmospereless bodies con-
ditions simulation in the experimental set-up, used registration system and 
results.
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Introduction: 
According to the missions of Viking and Pathfinder in the atmosphere of Mars 
particles with sizes in the range of 0.1–10.0 µm are constantly suspended. 
Also dust vortices raises particles up to 100 µm in size. Chemical composi-
tion of dust particles is dominated by SiO2 (43.4 - 48.6%), Fe2O3 (17.5-18.2%), 
Al2O3 (7.8-8.3%) and MgO (6.0-7.5%). The mineralogical composition con-
tains products of weathering of volcanic rocks origin, iron-bearing clay min-
erals, hematites (nanophase), etc.
The charge of dust particles depends on the size of dust particles, densities 
and temperatures of charged particles (ions, electrons and dust particles) 
and neutrals and so on. During the daytime the solar radiation spectrum and 
the work function of the substance of particles play an important role. 
In the lower atmosphere effective charging occurs in dust vortices. Dust par-
ticles intensively collide with each other so the main mechanism for charging 
is triboeffect. The magnitude of the charge acquired can significantly exceed 
the charges acquired by dust particles as a result of the currents of electrons 
and ions.
Since Mars does not have a global magnetic field, the penetration of the solar 
wind into the ionosphere takes place. The presence of local magnetic fields 
leads to significant inhomogeneities in the Martian ionosphere. On the night 
side of the ionosphere there are areas of a sharp increase in the electron 
concentrations in areas where the magnetic field lines are perpendicular to 
the surface of the planet. In areas where the magnetic field is parallel to the 
surface the electrons of the solar wind do not penetrate the atmosphere 
and there are areas without ionization. Interaction of the plasma of the solar 
wind with a plasma containing dust particles can lead to the generation 
of high-frequency waves.
Waves associated with the presence of dust in a plasma system are consid-
ered. In the presence of plasma systems moving relative to each other plasma 
instabilities may arise leading to the generation of new types of waves.
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Assignment and application area
The Dust Impact Mass-Spectrometer METEOR-LD is designed to deter-
mine the chemical composition encountered of meteor particles, as well 
as to determine the spatial density of meteor particles along the Earth-Moon 
flight path and near the moon.
The purposes of the METEOR-LD devise to determine:
1) Speed;
2) Mass;
3) Chemical composition;
4) Trajectories of cosmic dust (orbital characteristics).
Device design
The GEOKHI RAS in collaboration with the MEPhI has developed time-of-
flight The Dust Impact Mass-Spectrometer with a target area ~ 300 (Fig. 1). The Dust 
Impact Mass-Spectrometer is developed on the basis of the Space Dust Detector 
METEOR-L (GEOKHI RAS) for the lunar orbital spacecraft Luna-Resurs-1 (Luna-26).

Fig. 1. General view of the Dust Impact Mass-Spectrometer METEOR-LD

Fig. 2. Photo of a model of the device (target-barrier removed)

A working model of the device was made and tested on the Particle Acceler-
ator were carried out with a positive result (Fig. 2). METEOR-LD made as sin-
gle block. On the top of the device there is a target-barrier that particles hit 
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and time-of-flight mass-spectrometer that allows to determine the chemical 
composition of the stuck particles. At the bottom of the device there is an 
electronics unit that ensures the operation of the device.
The operational principle of the apparatus
A single-mesh mass-reflectron [1] with a plane of symmetry perpendic-
ular to the drawing plane through the axis of symmetry of the detec-
tor is selected as an ion-optical scheme of the analyzer. High-speed par-
ticles P collide with the target T in the form of “blinds”, and the resulting 
ions are “pushed” by the field of the electron lens EL and “stretched” 
by the potential difference between the target and the deflecting plates 
DP. To ensure the collection of ions formed at different points of the target 
a small potential difference, depending on they coordinate, is additionally 
applied between adjacent plates. The working area of the target is ~ 300 cm2.

Fig. 3. Ion-optical scheme of the analyzer. T-target, DP deflecting plates, DT-no-field 
drift space, IM-single-grid ion mirror, D-detector, SD - starting detector, TIS-test 
ion source, P-analyzed microparticle, EL-electron lens, , , -ion packages with different 
values M=m/e.

The electrons formed at the moment of impact of the microparticle 
on the target are focused by an electronic lens and accelerated to the start-
ing SD detector, which is necessary for the formation of the starting pulse 
for the launch of a multi-channel amplitude-time analyzer. The delay and 
time spread of receipt on the detector does not exceed 1-2 ns. A secondary 
electron multiplier SEM-7 was used as a starting detector. 
The ion package formed at impact is divided by the time of flight in accor-
dance with the mass-to-charge ratio of the ions (m/e), and after reflection 
in the ion mirror IM ion packages with different m/e ( in Fig. 3) are collected 
on the detector D. A double herringbone assembly of rectangular microchan-
nel plates with an effective detection area of 48 was used as a detector [2].
The technical characteristics are given in the table 1.

Table 1.

Dimensions of the device, mm Ø 252 х 380
Instrumentmass, kg 4.5

Supply voltage, V 27

Power consumption, W Not more than 12

The speed of the detected particles, km/s 3-35

The mass of the detected particles, g
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Introduction:
The usage of spaced  antennas suggests a more or less quantitative 
approach to the estimation of the speed of solar wind medium. However in 
the past, the group delay time (GDT) and the known distance between the 
beams were mainly used to determine the speed [1]. Fluctuations of the 
flow velocity in time domain, determined within such an approach, allow 
a qualitative assessment of the turbulent flow regime [1, 2]. The extensive 
experimental material processed with techniques based on the measure-
ment of GDT indicates that a uniform and isotropic regime of solar wind 
turbulence is confirmed at distances of more than 15–20 solar radii [3] only. 
However, the capabilities of data processing and interpretation techniques 
developed based on the GDT are not enough to study of the reasons for 
deviations of the turbulent regime (from Kolmogorov’s regime expected) 
at a close distance to the Sun,as they take the flow as a whole averaging all 
estimates over it. Therefore improvement of the technique itself is crucially 
required in order tomake a finer analysis of the solar wind flows within the 
region in question.
A Novel Data Processing andInterpretation Technique:
The geometry of the occultation experiments with the coherent radio source 
mounted on a spacecraft orbiting the Sun determines the functional relation-
ship between the frequency of fluctuations and the spatial scale of the inho-
mogeneities. Thus, the idea of a simplest analysis of a flow dynamic struc-
ture could consist in calculating the GDT in different frequency intervals after 
filtering of fluctuations in a frequency domain. A description of  consistent 
approach to the interpretation of such estimates in the literature was not 
found. So in order to formulate and test the original way of interpreting such 
data, a series of numerical experiments and intensive theoretical studies 
were carried out. The former made it possible to establish the empirical rules 
of estimates formation, while the latter made it possible to explain it theo-
retically. Theoretical justification of the technique suggested was proposed 
using the dependences published in [4], and further developed both in works 
on measuring the velocity of ionospheric and tropospheric scattering inho-
mogeneities [5, 6]. Corresponding dependencies have never been consid-
ered in relation to signals after filtering in frequency domain.
An Experimental Test of The Technique Suggested
Application of the proposed methodology for estimating the velocity 
of a medium to real experimental data obtained near the Sun allows one 
to detect quite reliably a two-speed flow regime (when and if it exists) 
even while it is not detected by conventional methods developed based on 
GDT [7]. Accordingly, in a single-speed representation, such flows cannot be 
a source of homogeneous isotropic turbulence and must be excluded from 
consideration in turbulence of the solar wind studies. 
Conclusion
A novel data processing and interpretation technique were suggested, the-
oretically justified and experimentally tested both on numerical models and 
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real experimental data. An analysis of scattering properties of the solar wind 
flow taken into the experimental test of the technique a well as the analysis 
of the fine structure of the flow in different parts of the frequency spectrum 
(coupled with the data of optical instruments), suggest that the conclusion 
about the existence of the inhomogeneous and anisotropic turbulence near 
the Sun can be formed when the streamer is crossed by radio sounding rays. 
Using the techniques suggested the dynamic processes in the latter can be 
studied separately from the “background” solar wind.
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Based on the analysis of the phase data of the global navigation satellite sys-
tem, distributions of time derivatives of the $ L_1 $ phase frequency and 
the total electronic content are obtained. The change in the distributions 
of observed statistics of time derivatives of the total electron content was 
analyzed, because there are phase failures of signals of navigation satellites. 
According to the analysis of the statistics of the phase of signals, an assump-
tion about the physical and technical reasons for phase failures was made. 
The correlation between time derivatives of the phase signals and the total 
electron content has been obtained, despite the apparent dependence of 
the latter on the phase of the signal. This ratio showed that neither direct nor 
inverse dependence of the change in the distribution of time derivatives in 
both of quantities was found.
Introduction:
The distance between the GPS satellite and the receiver can be estimated 
by calculating the pseudorange. To determine the pseudorange or the 
carrier phase of the radio wave on the GPS satellite – receiver path, the 
propagation time of the encoded signal should be measured [1]. VHF can 
produce three pseudo-range code measurements: C/A-code at frequency  
f1 (denoted by С1), P-code at frequency f1(denoted by P1) and P-code at fre-
quency f2 (denoted by P2) [2]. The key to the accuracy of the system is the 
fact that all signal components are precisely controlled by atomic clocks. 
These highly accurate frequency standards of GPS satellites produce the 
fundamental frequency of 10.23 MHz. Coherently derived from this fre-
quency are (presently) two signals in the L-band, the f1 and the f2 carrier 
waves generated by multiplying the fundamental frequency by 154 and 
120, respectively, yielding f1=1575.42 MHz and f2=1227.60 MHz [3]. Phase 
measurements of pseudo-range are calculated with formula: D’f= λΔϕ+λN, 
where λ=c/f ; Δϕ — measured by the receiver phase difference between 
the radio wave carrier received from the satellite and the signal of the same 
frequency generated in the receiver itself. Measured phase pseudo-ranges 
in radio wavelengths D’f/λ at frequencies f1 and f2 are denoted as L1 and L2 
respectively. Full pseudo-ranges along the phase trajectories for the fre-
quencies f1  and f1  can be written as (1):

1 2

4 4
1 1 0 2 2 02 2

1 2

, ,L L
c c

L D I L L D I L
f f

λ = - + D + s λ = - + D + s
 (1)

D — is the true distance between the receiver and the satellite, ΔL0 — is 
the effective path lengthening due to the influence of the tropostosphere, 
clock mismatch, phase ambiguity of measurements, etc., 

1,2Ls - random mea-
surement errors [4]. The value of the total electronic content (TEC) along the 
beam of the GPS satellite receiver is determined by phase measurements at 
two frequencies with the formula (2) [5].
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where L1, L2 are the pseudo-ranges measured by the phase method in radio 
wavelengths; const1,2 - ambiguity of phase measurements; 

1,2Ls  - phase mea-
surement error. The generally accepted unit of measurement for TEC is the 
TECU (Total Electron Content Unit), a unit of measurement of the total elec-
tronic content, equal to 1016.
Objective:
The data from GPS satellites can contain gaps, noise, and various faults that 
are of a technical nature. In order to use them, pre-processing is necessary. 
First, because the data is used in TEC calculations. Secondly, the study of fail-
ures themselves, their connection with various factors is a separate topic for 
research considered in this paper.
Experimental Technique:
At the phase data obtained after preprocessing of files in the RINEX [6] format 
there are different noises, gaps and failures for a number of reasons: techni-
cal fault of satellites or stations, external impact on forming of a signal. We 
know that a signal are fixed by the station depending on different parameters 
of settings, with different temporary frequencies: 15, 30, 60 and 120 seconds. 
Thus, all data were grouped in continuous fragments of records of a phase for 
each satellite with a frequency of reception of 15(Δ15) and 30(Δ30 ) seconds.
Statistic Analysis:
Using dual frequency data the first and the second time derivatives were 
calculated for values  and the TEC on two time intervals Δ15 and (Δ30 ). The 
statistics of the data from 01.01.2015 (day 1) to 31.12.2015 (day 365) were 
constructed for all measurements at more than 2000 stations and 32 satel-
lites in one day. For a more detailed study of the behavior of the distribution 
of the L1, and TEC derivatives, histograms were constructed on several analyt-
ically significant ranges obtained in the course of calculations.

Fig. 1. The distribution of the values of the time derivative of the phase signal (left) 
and TEC (right) on different ranges.

The values of which correspond to the geometry of the satellite’s motion rela-
tive to the station in the central part are noticeable (Fig. 1b). Since it is known 
that is the phase path of a radio signal, the satellite speed is a real value, which 
should vary in a narrow range of values, of the order of 4x103. A parabola can 
approximate the central part. Increasing range construction by several orders, 
we note the appearance of a multimode structure (Fig.1a). Comparing values 
of derivatives forming this structure with formula (1), we understand that 
the derivative with respect to the phase path of the radio signal should not 
increase or decrease dramatically in a relatively short time Δt = 30, since the 
satellite’s motion relative to the station is uniform, and there can be no abrupt 
change in the phase path. Consider these values from a physical point of view: 
suppose that a sharp change caused a rapid increase or decrease in TEC along a 
satellite-station beam, which should affect the phase derivative without sharp 
jumps, evenly. There are histograms of the distribution of the TEC derivative 
for 07.06.2015 (Kp = 0.3) at various intervals (right side of the Fig.1). There 
are values corresponding to the physical nature of emergence in the central 
part(hump) (Fig. 1d). The hump is approximated by gaussoidy and power 
functions with various  coefficients. Increasing an interval to one order there 
are distribution tails which are approximated by power functions. At increase 
in an interval of distribution to two orders, we observe the following picture 
(Fig. 1c). Increasing an interval of distribution, promoted emergence of multi-
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mode structure of the distribution of tails similar to structure of the distribu-

tion for derivative 
L
t

D
D

.
 
Thus, it is possible to make a conclusion that TEC values 

are formed by various mechanisms of both the physical and technical nature.
Dale of Faulty Data:
Dale of faulty data failures and ruptures of data can happen not only because 
of technical malfunction of a system satellite-receiver, but also because of 
various external factors. For a research of this assumption, we set restric-
tions derivant on L1 and TEC, which were set above. Quantity of values, which 
didn’t get into the specified interval on each station was calculated. The rela-
tionship of faulty values to total is expressed in percentage ratio (Fig.2).

Fig.2. Statistics of a share of faulty data on stations at 0% <Pfail< 3% (left side)  3% <Pfail< 
100% (right side)  at 10.06.2015.

Conclusion:
The conclusions based on this part of the work are as follows:
• The distribution of L1  and L2 has a complex multimode character.
• The distribution of the TEC in general is smooth, but depending on the his-

togram interval, the resulting asymptotic distribution with large deviations 
from the mean is approximated by various power functions.

• The reasons for the appearance of large values in the phase data them-
selves do not lead to failure of the values of ΔTEC/Δt. Thus, failures are 
caused by a set of different mechanisms.

References:
[1] N.M.Gavrilov, Measurement of the characteristics of the atmosphere by the 

method of ground radio navigation satellite systems, St. Petersburg(Russia): 
University Research and Education Center “Modeling and Monitoring of Geo-
spheres,” 2007, pp.30-32 (in Russian).

[2] Bernhard Hofmann-Wellenhof, Herbert Lichtenegger, ElmarWasle. GNSS – 
Global Navigation Satellite Systems GPS, GLONASS, Galileo, and more, Austria: 
Institutfür Navigation und SatellitengeodäsieTechnischeUniversität Graz, 2008, 
p332. 

[3] Bernhard Hofmann-Wellenhof, Helmut Moritz. Physical Geodesy, Austria: Insti-
tutfür Navigation und SatellitengeodäsieTechnischeUniversität Graz, 2005, 
p.179.

[4] I.D. Kozin, Satellite radio navigation systems, Almaty(Kazakhstan): KazATK, 2006, 
p.75 (in Russian). 

[5] Bernhard Hofmann-Wellenhof, Helmut Moritz. Physical Geodesy, Austria: Insti-
tutfür Navigation und SatellitengeodäsieTechnischeUniversität Graz, 2005, 
p.179.

[5] I.K.Yasyukevich, The response of the ionosphere to solar and geophysical dis-
turbing factors according to GPS, monograph. Irkutsk(Russia): ISU Publishing 
House, 2013, p.259 (in Russian).

[6] Satellite data obtained from reception stations — 2018. [Online]. Available: 
ftp://garner.ucsd.edu/pub/rinex

10MS3-PS-91



474-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

OBSERVED RESPONSE OF EARTH’S 
LITHOSPHERE TO SOLAR WIND 
AND RADIATION BELT VARIATIONS

G.Ya. Khachikyan
Institute of Ionosphere, 050020, Almaty, Kazakhstan

Keywords:
Radiation belt, geomagnetic storm, electron bursts, earthquakes.
Introduction:
It is known for many year[1,2,and references in herein] that strong earth-
quakesmay be preceded by electron bursts from the Earth’s radiation belt 
along geomagnetic field lines penetratedin the future epicenters. It is 
reported, usually,that a time lag between electron burstsand earthquake 
occurrence consistsof some hours or days.  Present report shows that a time 
lag may reach up to 2 months between relativistic electronsprecipitation 
from outer zone of radiation belt into the slot or inner zone due to strong 
geomagnetic storm with creating a new electron belt, and occurrence of 
strong earthquake near the footprint of geomagnetic field lines belonging to 
a new electron belt.
Results:
More than 25 years ago, the satellite “CRESS” and station “MIR”detected a 
new ring of relativistic electrons in the radiation belt after a strong geomag-
netic storm on March 24, 1991[3].In that case, abelt of relativistic electron-
shas been formedaroundof geomagnetic line L~2.6,and existed about of two 
years [3]. An analyses of seismic data for 1991 year,using the USGS global 
seismological catalog, shows that about of 2 months later, on May 30, 1991 
a strong (M=7.0) earthquake occurred near the footprint of L=2.69 belong-
ing to a new electron belt (coordinates of earthquake epicenter 54.570N, 
161.610E).  Another case, it was revealedin [4] that after geomagnetic storm 
on September 3, 2012, the Van Allen Probessatellites registered a new ring 
of relativistic electrons  around of geomagnetic lines L=3.0-3.5. Data of global 
seismological catalog again show that almost 2 months later, on October 
28, 2012 a strong (M=7.8) earthquake occurred nearthe footprint of L=3.32 
belonging to a new electron belt (coordinates of epicenter 52.790N, 132.1W). 
In Figure 1, monthly amount of earthquakes with magnitude М≥4.5which 
occurred in 1991yearnear the footprint of L = 2.5 – 2.7 (left) and in 2012 year 
near the footprint of L = 3.0 – 3.5 (right) are presented. The results in Figure 
1 prove that ~2 months after the both geomagnetic stormson March 24,1991 
and September 3, 2012, seismic activity was noticeable increased in regions 
penetrated by geomagnetic lines of new belts of relativistic electrons. 

Fig. 1. Monthly amount of earthquakes with М≥4.5 occurred near the footprint 
of L=2.5– 2.7 in 1991 year(left) and near the footprint of L=3.0–3.5 in 2012 year(right).

After strong geomagnetic storm on June 23, 2015,a new ring of relativistic elec-
trons (E=1.6 MeV) appeared around geomagnetic lines L=1.5-1.8and was per-
sisted during ~11 months [5]. Figure 2, adapted from [5, their Fig. 6] demon-
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strates this phenomenon,as was measured by the Magnetic Electron and Ion 
Spectrometer (MagEIS) instrument on the satellites Van Allen Probes.An analy-
ses of earthquakes with magnitude M≥4.5 occurred in 2015-2016 years near the 
footprints of L=1.5-1.8 showed  (Figure 3) that seismic activity in the footprint 
of these magnetic lines was sharply increased in September 2015, that again 
is about of 2 months after geomagnetic storm on 23 June, 2015 and relativistic 
electron bursts from the outer zone of radiation belt into the  inner zone.

Fig. 2. MagEIS-B daily-averaged electron fluxes(E=1.06 MeV) from April 2013 to Sep-
tember 2016 plotted in L-versus-time format; a new ring of relativistic electrons 
appeared in inner radiation belt at L=1.5-1.8 after geomagnetic storm on  June23, 
2015 [adapted from 5, their Figure 6].

Fig. 3. Monthly amount of earthquakes with М≥4.5 occurred nearthe footprint 
of L = 1.5 – 1.8fromJanuary 2015  to  April 2016.

Conclusion:
The new results on increasing of seismic activity in the footprints of geomag-
netic field lines belonging to the new belts of relativistic electrons created in 
the slot or inner zone of the radiation belt due to strong geomagnetic storms, 
may be useful for understanding physical mechanism of solar-terrestrial 
(including solar-lithosphere) relationships.
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Introduction:
The author made an attempt to statistically separate the time series of seis-
mic events (N >500) from 1973 to 2005 into sets related to the influence 
of individual groups of factors having different physical nature. The seismicity 
of the Earth is simultaneously influenced by both external cosmic influences: 
(tidal gravity, solar activity) and internal geological circumstances (the state 
of earthquake zones). Some scientists believe that the higher the solar activ-
ity (SA), the greater a probability of occurrence of seismic events, tsunamis, 
volcanic eruptions, etc. on Earth [3]. In this connection the surprising result 
was obtained by the author in 2004 [1]. So, the method of visualization of the 
statistical processing outcomes revealed the anticorrelation of the maxima 
of strong earthquakes with the minima of solar activity (SA) – Wmin (where W 
is Wolfe numbers) for 21-23 cycles. Preliminary result of this phenomenon 
study was presented in author’s work [1,2,4,5].
Multifactor analysis of the phenomenon:
Changes in the planet Earth occurs as a result of the external energy sources 
impact on it in the near-earth space. As a result, areas of the lithosphere can 
be activated in the earth’s shells and to be in a state of unstable equilibrium 
that can lead to an increase of seismic activity and an occurrence of earth-
quakes [2]. Traditionally, the Sun and the Moon were considered as sources 
of energy for such activation.  Of course, it is also necessary to take into 
account the state of geological environment. It is known that strong earth-
quakes (M≥7) often occur as a result of tectonic or volcanoes movements of 
the earth’s crust. For example, in subduction zones lithospheric plates can 
collide and crawl on each other. as a result of the movement of lithosphere 
blocks. Such movements require large amounts of energy.
Perhaps that is why strong earthquakes often occur in the phases of SA  min-
ima, when this energy is accumulated during a long time, so that when the 
required level of energy supply is reached, it appears in a seismic event.
During periods of SA maximum, it can be spent on less energy-intensive 
events with M<6. 
Of course, to the explanation of this phenomenon requires efforts of spe-
cialists of different Sciences: geologists, physicists, astrophysicists, etc. since 
the solution to this problem lies in the interdisciplinary field. Here we pres-
ent the obtained result (Fig. 1), while without explanation of reasons for this 
phenomenon.

Fig. 1. The distribution of amounts of strong earthquakes M≥7.0 (N) for time T, where 
T= 1973– 2005 y., demonstrating the attraction of Nmax to the periods of SA minima 
in 21-23 cycles ( where W is Wolfe numbers), obtained by the visualization method.
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This result was obtained by step-by-step allocation of time series trends 
in the range 1973-2005, [5]. 
These series obtained from databases (NE ISE [6]) were presented as sums 
of groups of time series of earthquakes ( each with its own trend) associated 
with different generating sources: internal – geological circumstances , and 
external –astrophysical influences. 
The last group of earthquakes N was compared with the solar activity having 
index W (Fig. 1).
Conclusion:
For the energy class of earthquakes M ≥ 7, the anticorrelation of Nmax (seismic) 
and Wmin solar activity during 1973-2005 was obtained. The maxima  time 
series of earthquakes Nmax have a attraction to the phases of minima – Wmin 
of solar activity.
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Introduction:
Our project is aimed at creating a prototype of a complex (set) of small-size 
light-weight scientific andmeasuring equipment for the diagnostics of cor-
puscular radiation of the Sun and the space environmentnecessary for mon-
itoring and predicting the effects of space weather. This equipment complex 
will include a basic set of instruments for the diagnostics of solar corpus-
cular radiation: (1) asolar wind ion analyser (0.5–10 keV); (2) a solar wind 
electron analyser (30 eV– 10 keV); (3) a telescopeof solar energetic particles 
(electrons with energies of ~1–10 MeV, ions ~10–100 MeV/nucleon). We pay 
special attention to optimization of the instruments in terms of mass-dimen-
sional characteristics, sensitivity, reliability, universality, the possibility of 
rapid modification. We believe that this set ofequipment can later become 
a basic set for larger complexes of monitoring solar corpuscular andelectro-
magnetic radiation, being developed in Russia. In recent decades, Russia has 
lost leadingpositions in this area, since, in practice, it almost did not launch 
spacecraft beyond the Earth’smagnetosphere. The development of the pro-
posed set of equipment should partially fill this gap of space instrumenta-
tion making, lay the foundation for the release of scientific and technical 
products, which infuture could compete with analogues in the domestic and 
international markets. With a smallmodification, the equipment can also be 
used on spacecraft with orbits inside the magnetosphere (fordiagnostics of 
plasma and energetic particles), with interplanetary orbits, at extraterrestrial 
bases (on theMoon, Mars, etc.).
We are presenting results of the second year of our project:
1. During the second year we have manufactured and successfully verified 

operational status of the PICA ion analyzer prototype. During prelimi-
nary tests we checked the detector performance and estimated electro-
static analyzer ΔE/E energy resolution, which was 10% that corresponds 
to model parameters.

2. The prototype of the ECOS electronic analyzer has been manufactured and 
passed the preliminary operability tests. During these tests we checked 
the operation of the position-sensitive detector and determined its spatial 
resolution. Spatial resolution of detector was estimated as 11 lines, which 
will allow to achieve the required analytical characteristics of the instru-
ment.

3. The prototype of the proton part of the telescope of solar energetic par-
ticles (PPP-TSEP) has been manufactured. We tested several options for 
the geometry of the groove for attaching the optical fiber to the scintil-
lator plates. The scintillator plates have been manufactured and tested. 
The measurements of the uniformity of light collection and light output 
were carried out. The temperature dependence of the registration effi-
ciency of the silicon photomultipliers (SiPM) was studied. We built the 
calibration curves to adjust the offset voltage. A number of software 
tools based on CERN ROOT and Pandas for reading and processing mea-
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surement results has been developed. The PPP-TSEP was tested on cos-
mic muons and at asource of beta radiation. All tests were carried out 
in a thermostatted box, isolated from external lighting. In measurements 
on cosmic muons, a uniform distribution of the number of events and the 
energy release per event in different layers of the detector was obtained. 
This result is consistent with expectations, since high-energy cosmic 
muons are minimally ionizing particles and pass the detector through 
without significant energy loss. When measuring energetic electrons (lab-
oratory source Sr-90, maximum energy 2.8 MeV), characteristic amplitude 
spectra were obtained in the input layers. Preliminary tests show the good 
performance of the prototype.
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THE OBSERVATION OF THE SOLAR FLARE 
ON THE NEUTRINO TELESCOPE

Khavroshkin O.B, Tsyplakov V.V. 
Institute of Physics of the Earth, RAS

For the first time, using a neutrino telescope and ANRI effect in the study 
of solar activity, a low class solar flare was recorded. Given the high theoret-
ical and applied interest in nature and the manifestation of solar flares, we 
note that the neutrino telescope expands the capabilities of the researcher: 
the existence of the neutrino component of the solar flare is shown.

Keywords: 
solar flares, solar neutrino flux, ANRI effect.

Introduction
The present study was intended as a current, almost regular plan with a fairly 
ordinary result in advance. What was originally taken as an unknown external 
influence remained without careful study and only an exact coincidence with the 
solar flare moment, even if weak (class C), changed the structure of the study. As is 
well known, the study of solar flares is a subject of rapt attention and deserves 
both theoretical and experimental efforts. Already an early study of sunspots 
and recognition of the role of magnetic hydrodynamics led to conclusions about 
the special formation of flares (in the vicinity of the sunspot group, but outside 
the sunspot) [1]. According to Internet surveys, a solar flare as an explosive pro-
cess of isolating different types of wave energy and solar matter emission has 
been studied in great detail, and since powerful flares are dangerous for soci-
ety (energy release ~ 6×1025 Joules), much attention is paid to their prediction. 
Advances in the forecast of powerful outbreaks are quite modest and not deep 
in time — about 3 days. The power is determined in W / m2, the flash duration 
is ~ several minutes, the composition is mg-waves and plasma, the optical X-ray 
radiation reaches the Earth in 8.5 minutes, after several tens of minutes - power-
ful streams of charged particles and plasma clouds — after 2.3 days. The works in 
which solar neutrinos would be mentioned in the flare were not found, but there 
are studies that lead to serious conclusions [2].
Experiment
On April 4, the solar neutrino flux was observed at the intersection of the axis 
of the neutrino telescope equipped with a temperature detector of the neu-
trino flux. There was expected as usual to obtain interference patterns.

Fig.1. Neutrino telescope. The simplest series of regular disks from radioisotopes, 
where: L is the total length of the series; D-diameter of the disk; d is the disk thick-
ness; l is the distance between the disks; — the axial line; 1.2 — Disks of the ∑N series, 
where N is the number of disks, α is the angle of installation of the telescope axis with 
respect to the basement plane, 3 —temperature detector, 4 is the basement plane, 
— 5 neutrino source (Sun).

The temperature detector is installed at the rear of a row of disks, while 
the outermost disk is on the opposite side facing the solar disk, which inter-
sects along the normal and diameter with an axial line due to the rotation 
of the Earth. The purpose of the recording was to obtain a form of heat flux 
perturbation on the telescope detector during the passage of the solar neu-
trino flux during the intersection of the solar disk. Signal recordings with 
a 4-minute averaging of its level are statistically almost regular in nature and 
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refer to the initial stage of the study (for example, the construction of diffrac-
tion patterns). However, on April 4, the observation process was accompa-
nied by unforeseen features (see Fig. 2). In addition to the usual temperature 
increase caused by the passage through the maximum of the solar neutrino 
flux (N = 6×1010 particles/sec. Cm2), there was another narrow peak with 
an amplitude that does not require confirmation of the reliability by statis-
tical estimates. To search for the causes of its origin, publicly available data 
on solar flare activity were analyzed (Fig. 3).

Fig. 2. The usual temperature record is the peak associated with the passage of the 
solar maximum or the main peak (a), and the peak associated with the flash on the 
Sun (b), the arrow indicates the flash point - T = 15h 52m UT.

Fig. 3. Data of the flare activity of the Sun for 04/04/2019. At 15h 52min there is an 
outbreak of activity on the Sun in the form of an insignificant but significant peak 
(marked by an arrow), - T = 15h 52m UT.

Peak (b) fig.2 in time exactly corresponds to the peak of the solar flare (Fig. 
3). Fig. 4 shows the spectral - time analysis (chart) of Fig. 2 data, according to 
which the observation period is clearly visible, having a gap at the moment 
of appearance of the pic.2, 3 peaks, since their amplitude did not correspond 
to the overall periodicity.

Fig.4. Spectral - time analysis (STA) data Fig.2.

Were compared records of observations of the activity of the Sun for 4.04. 
and 5.04. 2019 by calculating the mutual correlation function between 
observations of the Sun for 4.04 and 5.04. 2019 y. approximately at the same 
time intervals (Fig.5).
As follows from Fig. 5, the maximum correlation corresponds to the zenith 
orientation of the neutrino telescope to the solar disk. According to both 
of the above analysis and observational data, a flare at the Sun is accompa-
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nied by a powerful jet of neutrino ejection. Let us estimate the ejection power 
(peak b) by comparing it with the main signal (peak-a), that is, by the ampli-
tudes of the peaks a) and b). According to Fig. 2, peak a) is 23.5 С0 and peak 
b) is 23. 3С0 that is, their flows are comparable. If we assume that the peak 
b) appeared due to the growth from the peak curve a), then the power of its 
flux will be ~ 1C0 or ~ 109 neutrinos/cm2sec. Since a registered flash cannot 
be classified as a powerful one, this means that sufficiently powerful flashes 
according to the Catalog are accompanied by significantly larger neutrino 
emissions. Thus, observation of the solar disk with the help of the neutrino 
telescope [3] made it possible to detect a new type of solar flare, which, 
according to the adopted name system, should be called neutrino. According 
to [2], when the Sun is activated, extensive flare fields are observed, i.e., neu-
trino output from large areas of surface or near-surface structures and / or (vol-
umes) of the central zone is emitted in the form of isolated powerful streams 
of limited diameter and not sufficiently strictly directed along the normal 
(radius of the Sun ). Therefore, the existing estimates of the real flux without 
these features need to be revised, as well as the severity of the problem of 
the lack of neutrinos (never doubting the effect of neutrino oscillations). The 
existence of neutrino flares indicates their deep connection with the central 
zone or core of the Sun, which is in good agreement with the existence of the 
previously known [2] 11-year cycles, which speaks in favor of the influence of 
flares on volcanic and seismic activity. Similar effects, such as the role of solar 
neutrinos, in the activation of a volcano were also investigated previously [4]. 
As is known [2], proton flares are most suitable for forecasting flare activity. 
Neutrino flares are also likely to have good chances. Moreover, their regis-
tration in standby recording mode is easy and affordable. At the same time, 
if the intensity of the neutrino flux is moderate enough, then its impact on 
the seismically active region will lead to a decrease in the level of seismicity. 
Occur, as expressed by the famous physicist V. Tsarev, earthquake prevention. 
And the last - super flashes - the events are not frequent, but their manifes-
tation involves many well-known dangers for modern civilization. The most 
powerful neutrino flux from such a flash will in itself be the source of many 
troubles: the explosive eruption of volcanoes in a near-critical state; growth 
of general and regional seismicity; unpredictable damage and accidents on 
nuclear systems and reactors, primarily nuclear power plants; the likely fail-
ure according to theoretical estimates of the failure of a nuclear weapon. 
So physicists from the Japanese KEK laboratory at the University of Hawaii 
showed that with a certain technical progress in the future, a neutrino beam 
can be used to detect and destroy enemy nuclear weapons. Unfortunately, 
an even more powerful beam is likely with a super flash, and its effectiveness 
guarantees the existence of the Henry effect [5, 6]. Earlier, in the study of lunar 
seismicity of flare origin, anomalies of seismograms were observed, which 
were interpreted as a manifestation of the neutrino fluxes of the Sun [7].

Fig.5. Mutual correlation function of records of neutrino fluxes of the Sun for 4.04 
and 5.04. 2019 y.

Conclusion
1. Solar flares are accompanied by a powerful neutrino flux. 
2. Solar flares are simple and affordable to register with a neutrino telescope. 
3. The danger of super flashes greatly increases due to the simultaneously 

emerging powerful neutrino flux.
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4. The neutrino component of solar flares can play a prominent role in Earth 
geophysics.
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NEUTRINO TELESCOPE: PROBLEMS 
AND SOLUTION 3 

O.B. Khavroshkin, V.V. Tsyplakov, 
khavole @ ifz.ru
A brief review is given of the existing methods and devices currently used 
for recording astrophysical mostly solar neutrinos. These structures, as a 
rule, have significant, often cyclopean dimensions, insignificant sensitivity 
and difficulties in determining the direction to the neutrino source. New 
types of neutrino telescope are described, which are based on the physi-
cal effect of anomalous neutrino radioisotope (ANRI) absorption. One type 
has a high sensitivity, small dimensions, low cost, but also how all existing 
ones determine the direction of neutrino arrival through the interaction 
tracks. The other type of telescope, while maintaining these advantages, 
points to a neutrino source similarly to an optical one - by the direction of 
the axis of the design structure not on the neutrino interaction tracks, but on 
their source. The results of a successful test of the current layout are given. 
Keywords: astrophysical neutrinos, anomalous neutrino radioisotope (ANRI) 
absorption, neutrino telescopes based on the ANRI effect.
Neutrino telescope: understanding, operating principle, modeling. If we 
start with general concepts, we mention all known types that are classi-
fied by the nature of matter and the processes existing in it that need to 
be studied. Historically, the telescope first appeared as a device for work-
ing with optical signals as an element of electromagnetic fields belong-
ing to the most common objects for studying a wide range of frequencies 
(from gamma and X-ray bands to radio signals). The telescope provides 
the collection and primary analysis of electromagnetic signals from astro-
nomical and astrophysical distant objects and processes determine the 
direction to the source, estimate the power of the primary radiation. 
Detectors of cosmic dust particles, neutrinos and gravitational waves are also 
considered to be telescopes. Structurally, all the above instruments vary con-
siderably therefore we consider only the neutrino telescope.
The neutrino telescope, like the dust, X-ray and gamma telescopes, works 
with a useful signal - a conglomeration of particles, but it records particles 
(neutrinos) regardless of the direction of their approach, that is, the radiation 
pattern is absent. The directionality is determined by the physical mechanism 
of neutrino registration, its interaction with the atomic nucleus of the work-
ing fluid (for example, specially purified water) and the subsequent inter-
action of nuclear particles with the environment (track). Since the capture 
cross section of the neutrino interaction is ~ 10-43, only significant masses of 
water (~ 103 tons and more) and a dense flux of solar neutrinos (~ 1012 parti-
cles per second / cm2) allow observing rare interaction events in the form of 
optical flares — tracks from The resulting set of nuclear particles. The param-
eters of the tracks are judged on the power and direction of approach of the 
particles. The usual number of events is 3-10 neutrinos per day. Thus, the 
neutrino telescope practically does not correspond to the traditional concept 
the directivity is determined by the interaction of neutrinos in the working 
environment.
A tank telescope at a depth of 1490 m in the mine contained 610 tons of per-
chlorethylene was the first active neutrino telescope on which the first Amer-
ican scientist, Ray Davis, obtained the results, and in 1974 he announced 
reliable neutrino recording from the Sun. To continue the research, they 
decided to build new neutrino telescopes and work on possible solar nuclear 
cycles. In Russia, neutrino research laid the foundation for physics under the 
leadership of Academician G. T. Zatsepin and corresponding member A. Ye. 
Chudakov. The Neutrino Telescope of the Institute for Nuclear Research of 
the Russian Academy of Sciences is located in the North Caucasus, in the 
Baksan Gorge, at a depth of 350 m. an entire five-story house is set up under 
the protection of rocks.
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The “cells” of a unique telescope house are made up of 3200 independent 
detectors of size 70X70X30 cm each, filled with a very sensitive liquid scin-
tillation treks. The Baksan neutrino telescope can register neutrinos of both 
relatively low energies - (10-20 MEV) with the formation of a neutron star, 
and high, also astrophysical - (100 MEV). In the Baksan telescope, an elec-
tronic system that combines sensors that monitor light flashes in individual 
“cells” filled with a scintillation treks allows you to accurately determine the 
direction to the neutrino source in the sky. An interesting project DUMAND, 
provided for installation at a depth of 5 kilometers in the ocean lattice of 1 
km3. Photomultipliers (PMTs) in transparent waterproof spheres should 
be strengthened at the lattice points. PMTs should register flashes of light 
arising in water during the superluminal passage of charged particles, the 
so-called Cherenkov`s effect.
Domestic physicists — G.A. Askorian and B.A. Dolgoshein and American 
T. Bowen proposed a sound method for recording neutrino traces in the 
ocean. With the passage of a fast particle from the interaction of neutri-
nos in the water along the route, the temperature and pressure increase, 
and a shock sound wave arises. The sound emitted when neutrinos inter-
act with water is available for recording at a distance of about a kilometer, 
unlike light (~ 20 m.). It was supposed to create a grid of hydrophones: an 
area of 10×10 km and a height of 1 km. According to calculations, out of 
every 1010th degree of passing neutrinos, only one particle is absorbed. 
When cosmic rays collide with the nuclei of atoms of a substance (air, water, 
soil), short-lived particles are created - pi-mesons, which immediately break 
up into a pair of particles - muon (~ 200 electron masses) and neutrino.
By the energy and direction of motion of the muons, the corresponding char-
acteristics of the neutrinos are judged. This is done in specially developed 
devices, called “neutrino telescopes”, and the experiments are carried out in 
conditions of minimal interference, for example, in deep caves or reservoirs 
(Lake Baikal), where in 1993. An initial telescope of 36 detectors at a depth 
of 1100 m, passed annual tests. In the Mediterranean, an underwater neu-
trino telescope of 320 vertical structures and detection units was planned. 
Each such unit is a complex technical system. In terms of the number of Che-
renkov radiation detectors (about 400 thousand), the new neutrino telescope 
is one of the leaders. It is assumed that the angular resolution for neutrinos 
with energies above 10 TeV will be 0.1 degrees, which is 10 times greater 
than the angular resolution of Ice Cube in Antarctic Continent the neutrino 
energy range is from hundreds of GeV and is several orders of magnitude 
higher than the neutrinos of all flavors. Such data have significant plans.
However, this does not eliminate the need to create an efficient neutrino 
telescope.
To determine the direction of arrival of neutrino radiation from a specific 
celestial body, it is necessary to measure the angular distribution of the fis-
sion products caused by neutrinos. But in the case of neutrinos with energy of 
several MeV or less, this angular distribution with respect to the direction of 
the incident beam is very insensitive. This difficulty has not yet been resolved. 
The problem is greatly simplified for high-energy neutrinos, ~ 109 eV, 
since particles produced by the interaction of neutrinos with nuclei, retain 
the direction of the incident neutrinos. The last “surprise” among the 
giant neutrino detectors is the Japanese Super Kamiokande. Located at a 
depth of 1000m, with a height of ~ 100m, the internal walls are equipped 
with 11000 PMTs, in fact a stainless steel tank filled with 50.000ton spe-
cially purified water. In the future - “Hyper - Kamiokande” exceeding its 
predecessor by20 times. Further, let the reader appreciate the modern 
gigantism and the possibility of applying the effect of ANRI absorption
Neutrino telescope based on the ANRI absorption effect.
A few years ago, the authors experimentally finally became convinced the real-
ity of the existence of the effect of anomalous neutrino radioisotope (ANRI) 
absorption [1, 2]. Taking into account the applied and fundamental signifi-
cance of the effect, as well as the need for thorough repetition and verification 
of the results of primary research, the authors methodically and technically 
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repeated the first successful work, but the registration processes for the ANRI 
effect were additionally duplicated using a parallel recording channel work-
ing on a different principle (the occurrence of a thermal field during decay 
processes). Both methods: radiometric and thermal, their results coincided 
with the data of the primary work, as well as among themselves. Thus, the 
existence of the ANRI effect is absolutely reliably proved [1]. This study actu-
ally draws a line under the primary study of the effect of absorption, and is 
the output of the applied technology of study on a broad front of new explo-
ration, taking into account or based on previous results [2–25]. Indeed, in the 
initial study, which allowed not only to register the flux of solar neutrinos, but 
also to record the spectrum of the proper oscillations of the Sun which by the 
modulated flux of radio emission [1, 2].
Moreover, the actual neutrino detector based on the ANRI effect (see 
Fig. 2 [1]) by weight of the working radioactive substance did not exceed 
~ 10g, which is less than the amount of the substance — specially purified 
Kamiokande water 1010 times; comparison of registration systems leads 
to an equally shocking surprise. Therefore, a comparison with the registra-
tion system “ICECUBE” in Antarctica is unnecessary. Such striking differences 
are explained by an increase in the neutrino capture section by a radioactive 
substance by a factor of 1030 [21]. But the neutrino detector used on the basis 
of the ANRI effect, as well as all previous ones, is not able to point towards 
the neutrino source by turning any of its construction side, that is, it is nec-
essary to focus on the source along the neutrino interaction paths with the 
working substance nuclei. Without the ANRI effect, for example, the Kamio-
kande system works. Therefore, to create a genuine neutrino telescope capa-
ble of indicating the coordinates of the source, the neutrino power, the dura-
tion of the impact, it is necessary to combine the ANRI effect and the tracing 
principle, which is constructively quite realistic (Fig. 1). 

 
Fig. 1a. Autonomous transparent element of the neutrino telescope: 1— liquid trans-
parent spherical layer from a radioisotope (for example, tritium heavy water); 2 — 
protective external anti-radiation shell of lead-enriched glass; 3—impermeable inner 
transparent shell; 4— liquid transparent scintillator solution; 5 — transparent point 
piezo receiver from polarized quartz; 6 — system for recording tracks of interaction of 
muon and neutrino fluxes with radioisotope 1; 7 — scintillation track.

Figure 1a shows an autonomous separate element of the neutrino telescope, 
including: a radioisotope element, external and internal bio-protection, 
phosphor, acoustic sensor and track recording system. It is desirable that all 
the above listed details be transparent. For increased sensitivity, a separate 
system is made up of separate units (1a) (Fig.1b). For a transparent biopro-
tection apply heavy grade glass (25% lead). The radioisotope can be transpar-
ent and in liquid form (for example, heavy tritium water). Even the spherical 
piezoelectric transducer is also optically transparent (acoustic quartz). The 
selection of such transparent properties of the working elements of the tele-
scope makes it in many ways a device capable of studying the cosmic neu-
trino much better than previous systems and fabulously cheap. In addition, 
the telescope is available to work on most transport systems dimensions and 
weight is quite acceptable. More specifically, you can figure out the class of 
research problems. Probably, this type of neutrino telescope can be classified 
according to the ANRI effect, which completely determines the structure of 
the whole structure. That is, it can be designated as a neutrino telescope with 
an updated, but old scheme, according to which the direction to the source is 
determined by the response (for example, optical) of the working substance, 
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and the response does not depend on the orientation of the neutrino source 
of any characteristic part of the structure. We will abbreviate ANRI neutrino 
telescope (ANRINT). For efficiency, ANRINT may consist of a set of autono-
mous elements of the type fig. 1a., which will significantly increase the sig-
nal-to-noise ratio (Fig. 1b). By selecting the characteristics and parameters 
of the autonomous module (Fig. 1a), the operation of the entire neutrino 
telescope can be optimized.

Fig.1b. There is neutrino telescope from a set of individual modules of spherical type 
(Fig. 1a).

However, there is a need to create a neutrino telescope (NT) literally simi-
lar to optical or radio in terms of guidance, when the maximum signal from 
the neutrino stream corresponds to the direction of the NT axis to the neu-
trino source, especially considering many other works [25–38]. Such an NT 
will consist of two blocks: a block providing one of the main telescopic func-
tions — the search and amplification of the useful signal and the block of reg-
istration of the primary amplified signal. Both units are operable only on the 
basis of the ANRI effect. Since the device of the registration unit is sufficiently 
developed, then the problems of the telescopic unit will be mainly investi-
gated.
There is ANRINT with an axial focus on the source (ANRINTFS) or simply NTFS. 
Unfortunately, the concept of a lens for a neutrino flux is not feasible; there-
fore it is necessary to use another method to increase the flux intensity. Con-
sider a series of regular identical disks from a radioisotope, installed along 
the axis at equal distances (Fig. 2).

Fig. 2. Simplest series of regular disks from radioisotopes, where: L is the total length 
of the series; d is the disk thickness; l is the distance between the disks; - * - * - cen-
terline; 1, 2 are the disks of the series ∑N, where N is the number of disks.

Fig. 3. Diagrams of radiation of the neutrino flux by regular round disks of radioactive 
materials: 1,2- radioactive disks; 3,5- diagrams of neutrino flux emission by the inner 
surfaces of disks 1,2; 4,6- diagrams of neutrino flux emission from the edges of disks 
1,2; 7, 8 - external end surfaces of radiation diagrams of disks 1,2, forming the central, 
linear zone of the total radiation pattern of the total neutrino flux of a number of disks 
(Fig. 2) with a total length L.
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Of interest is the total shape of the neutrino emission diagram by a series 
of disks (Fig. 2) depending on the distance between the disks, when basically 
each disk radiates the same form as the other neutrino flux (antineutrino), 
see the general picture — Fig. 3.
It is obvious that, in accordance with the properties of neutrinos (antineutrinos), 
the interaction processes of fluxes from individual disks affect both the emission 
of muons by each disk, and hence the neutrino, and the formation of the level of 
neutrinos of the surfaces of a series of disks, especially the extreme ones . That is, it 
is possible that the very stimulating interaction of a series of disks, which has some 
analogy with an optical quantum generator. In the case of the existence of such 
a feature, the selection of parameters of a number and characteristics of a radio-
active substance will probably allow obtaining from the disk a constantly operat-
ing linear neutrino source (LNS), which does not require special equipment and 
observation, depending on the half-life of a radioisotope with an exceptionally long 
working time (radiation). Such a scheme in the future is very promising, since it can 
work on disks with highly active nuclear waste. However, first of all, we will consider 
the operation of a number of disks, shown in Figure 4, in the ANRITFS mode.

Fig. 4. Linear neutrino source in the neutrino telescope mode: γ, μ - denotes neutrino 
and muon fluxes; ᶩ is the distance between the inner planes of adjacent disks; d is the 
disk thickness; the arrows indicate the neutrino (solid) and muon fluxes (dotted lines); 
L is the length of a row of disks.

Since the fluxes γ, μ from natural sources multiply exceed the internal ones 
arising from the interaction of the disks, a more intensive interaction of the 
radioactive substance of the disks with external streams will occur, which will 
be enhanced by the interaction with the disks. These interaction processes are 
primarily determined by the angle of orientation of the axis of the linear neu-
trino source to the natural source. Such is the simplest amplification mecha-
nism in the ANRITFS telescope of the neutrino signal (stream) from an external 
source. Let us consider the possibilities of increasing the efficiency of this gain, 
which are also connected with the zones of radioactive disks (Fig. 5).

 
Fig. 5. An example of the disk structure by their emission zones γ, μ streams: 2 — 
a disk as an element of the neutrino source (LIN); 3 — the outer surface of the adja-
cent disk; 4 — the central zone of the disk, the radiation of which is mainly axial direc-
tion; 5 — edge zone of the disk, with a scattered radiation flux; D is the outer diameter 
of the disk; Dx is the diameter of the disk’s radiation zone with predominantly axial 
radiation. Figures in fig. refer to the experimental sample. 

According to fig.5 and in accordance with the laws of radiation of the edge 
zone of a flat surface, the peripheral zones of the disks do not play a notice-
able role in the formation and enhancement of the radiation flux γ, μ from an 
external source. Therefore, to improve the ANRITFS telescope, it is necessary 
to exclude the role of the peripheral zone (Fig. 6).
As follows from the scheme in Fig. 6, the particle flux from the external disk, 
significant in area, takes an axial direction in the disk system and is enhanced 
by interaction with the disks. In this case, the linearization scheme of the 
flow direction and reduction of losses due to its dispersion by the peripheral 
zone of the disks can be improved with further increase in the activity of the 
radioisotope material of the disks (Fig. 7). For a rough estimate, the degree 
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of amplification is estimated by the ratio of the areas of the plates external 
to the last.

Fig. 6. Diagram of the ANRITFS telescope with more efficient use of disks: γ, μ - flow 
from external sources; α is the linear decrease angle of the diameters of the subsequent 
disks in order from external to last; 1-radioactive parabolic shell to receive an axial flow 
of particles from the last disk; 2- shell focus with radiometer or thermometer. 

Fig. 7. Compact sensitive ANRINTS: 1 — durable sealed enclosure - radioactive screen; 
3 — metal disks from a highly active isotope (for example, U-235); 6 — registration  block. 
 The most advanced version of ANRITS is durable, hermetic and compact; most suit-
able for use in mobile systems. The above qualitative representations of different 
types of telescopes allowed us to proceed to practical research.

Testing of the current layout of the simplest scheme ANRITFS
The simplest mock-up of the ANRITFS telescope or simply NT with the 
structure in accordance with Fig. 2 was tested, where: L -150mm; d-6mm; 
D -45mm; l–15 mm; ∑N – 10. The radioactive cesium isotope was used in 
the registrar unit; the useful signal was recorded using a thermal sensor. The 
main task of the test was to determine the reaction of the NT model with its 
axial orientation towards the Sun or calibration with the solar flux of neutri-
nos. The maximum of the radiation pattern coincides with the geometric axis 
of the series. The first tests led to encouraging results (Fig. 8).

 
Fig. 8. Level of the signal from the telescope layout when passing its radiation pattern 
over the solar disk.The model itself consisted of 2 parts: the telescopic unit (TU) itself 
(diagram in Fig. 2) and the recorder (BR) of the neutrino flux at the outlet of the tele-
scopic unit. The telescopic unit consisted of a set of 10 plastic discs filled with radio-
active thorium ore, and located along with an interval of 15 mm. on a wooden rod 
directed toward the Sun. The recorder was designed as a neutrino temperature sensor 
based on Baikal uranium ore. It located behind the TU - a set of discs with thorium ore.

 
Fig. 9. Observations on the neutrino telescope for 4 days.
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Fig. 9. shows the result of both the telescope aperture passing through the solar 
disk (at the beginning of Fig.8) and the effect of thorium tablets located across 
at the end of the observation (after 100 hours the telescope was rotated 
90 degrees, that is, the disks were directed by ribs in the direction from The sun). 
From consideration of Figure 9, it follows that the temperature change of 3 degrees 
Celsius (from 29 to 32) occurred in about three hours, which corresponded to the 
time of NT aperture passing through the solar disk, taking into account the nature 
of ore heating.In Fig.9, thorium tablets were located across the sensor at the end 
of the figure 3 days after the first experiment. Figure 9 also clearly shows the usual 
daily fluctuations (day-night) of the temperature in the laboratory.
Further observations on NTs were carried out using a temperature unit — 
a recorder on the Cz 137 isotope and the former telescopic unit (Fig. 10). 
Variations in the sensor temperature from 27 ° C to 30 ° C degrees Celsius 
with background variations in the laboratory of 0.1 ° C were detected.

Fig. 10. Fragment of the recording of the neutrino telescope during the week.

  
Fig. 11. Results of the spectral-temporal analysis of the recording Fig.10.In fig.11 
the diurnal component and its higher harmonics are highlighted.Next, the second and 
sixth diurnal peaks in Figure 10 were identified and a correlation was made between 
them (Figure 12).

 
Fig. 12. Correlation coefficient between the 2nd and 6th peaks is about 0.8.

Then, a sliding correlation is determined between the whole implementation 
of Fig.10 and the selected daily peaks in a 10% window (Fig.13, 14).

Fig. 13. These is correlation coefficient between the 2 -nd peak and the whole imple-
mentation.
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Fig. 14. There is correlation coefficient K between the 6th peak and the whole implemen-
tation; along the axis of the K value. The abscissa is the current time (days).The strong 
similarity of Fig.13, 14 confirms the physical reality of the work of NT.

Conclusion
1. Opened in 2013 the effect of anomalous neutrino radioisotope absorption 

(ANRI effect) allowed the simplest, inexpensive, and small-sized installa-
tions to ensure the continuous recording of solar oscillations in a modu-
lated solar neutrino flux.

2. A simple method has been developed for creating a sensitive neutrino 
telescope (NT) based on ANRI - an effect that can not only continuously 
record the solar neutrino flux, but also along tracks - the direction of the 
neutrino approach from the source. Compared with the existing neutrino 
detection facilities, such an NT is many orders of magnitude more sensi-
tive, simpler, easier, cheaper, and more accessible.

3. On the basis of the ANRI - effect, a working model of NT has been created 
and tested according to the principles of operation similar to the optical 
one. That is, it determines the direction to the source and amplifies the 
selected received neutrino signal. Structurally simple and can serve as 
a  model for further development. 
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Introduction:  
The supersonic flow through convex corners generates flow discontinu-
ities. A new inversion of the Prandtl-Meyer relation for expansion waves 
in supersonic flow is obtained. The contribution in the fields of Craters for-
mation, Theoretical Fluid Dynamics and Computational Fluid Dynamics [1] 
is to  be able to access to the Mach number of the fluid by the measured 
flow deflection obtained from high resolution images. A numerical treatment 
of this inversion can be found in the literature [2].

References: 
[1] Anderson J.D., Modern compressible flow with historical perspective.  McGraw-

Hill 2003. 760p.
[2] Hall I.M., Inversion of the Prandtl-Meyer relation // Aeronautical Journal, 1975. 

P. 417-418.

10MS3-PS-97



494-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 201910MS3-PS-99

EVIDENCE FOR INDIGENOUS MICROFOSSILS 
IN CARBONACEOUS CONDRITES  

R.B. Hoover 1, A. Yu. Rozanov 2 
1 U. S. Space and Rocket Center, One Tranquility Base, Huntsville, Alabama 

35805, USA, RichardBHoover@ICloud.Com;
2 Astrobiology Sector, Laboratory of Radiation Biology, Joint Institute for 

Nuclear Research, Dubna, Russia, 141980, Aroza@Paleo.ru

Keywords:
Carbonaceous Chondrites, Orgueil. Murchison, Microfossils, Biomolecules, 
Microalgae, Cyanobacteria,  Diatoms, EDS, Nitrogen 

Introduction:  
Carbonaceous chondrites are a major clan of chondritic meteorites. The CI and 
CM groups are considered the most primitive of all carbonaceous meteorites. 
Their element compositions most closely resemble that of the Sun and the pro-
to-solar nebula and  contain high percentages (3% - 20%) of indigenous extra-
terrestrial water, and several weight % Carbon. The CI1 carbonaceous chon-
drites are of CI (Ivuna Type) chemical group and petrologic Type 1. Chondrules 
are present in all carbonaceous chondrites except Orgueil, Alais and the other 
CI1 meteorites where it is accepted that their chondrules were destroyed by 
extensive low temperature (<50 oC) aqueous alteration on the parent body. The 
CI1 meteorites exhibit and by their high degree (~20%) of indigenous water of 
hydration. The dominant mineral (62.6 %) of the Orgueil meteorite is Chlorite 
[(Fe, Mg, Al)6(Si, Al) 4O10(OH)8] of the clay phyllosilicates mineral group (similar 
to terrestrial smectite or montmorillonite clay). Carbonaceous chondrite also 
contain carbonates, and iron oxides such as magnetite Fe3O4, limonite Fe2O3 

. 
nH2O and fragments and crystals of olivine, pyroxene, elemental iron, preso-
lar diamonds, graphite and insoluble organic matter similar to kerogen [1-3]. 
The silicate minerals are more properly designated as serpentine rather than 
peridotite. The phyllosilicates and light element geochemistry provide indica-
tions of the surface conditions and processes on the parent body [4]. Clayton [5] 
found that the carbon isotopes of the Orgueil carbonates (δ 13C ~ +60 0/00) are 
very different from terrestrial carbonates of precambrian limestones and dolo-
mites (δ13C = +0.4 0/00) [6] or biological carbonates (δ13C = 0 0/00 to -70 0/00) [7]. 
These findings provide direct evidence that the Orgueil carbon is indigenous to 
the stones and extraterrestrial in nature.
It is now well established that the carbonaceous chondrites contain a vast array 
of complex organic molecules. Sephton [8] reviewed carbonaceous chondrite 
organics including: amino acids, aliphatic and aromatic hydrocarbons; car-
boxylic, sulfonic and phosphonic acids; sugars, alcohols, ketones, aldehydes, 
amines, amides, nitrogen and sulfur heterocycles and abundant high molec-
ular weight insoluble organic matter (IOM) similar to kerogen. Schmitt-Koplin 
et al. [9] analyzed the organics of the Murchison CM2 meteorite using Fourier 
transform ion cyclotron resonance/mass spectrometry (FTICR/MS) and found 
it to contain tens of thousands of indigenous and extraterrestrial molecular 
compositions, many of which are similar to known biomolecules found in living 
organisms. Indigenous and extraterrestrial protein amino acids (some with an 
excess of the L-enantiomer) as well as others with no known biological func-
tion have been detected in the Murchison CM2 [10, 11] and the Orgueil and 
Ivuna CI1 carbonaceous chondrites [12, 13]. It is important to note that only 8 
of the 20 proteinaceous amino acids found in all known life forms have been 
detected in carbonaceous meteorites. Three (Adenine, Guanine and Uracil) 
of the five nucleobases essential for life have also been found [14] but the 
unstable nucleobases (thymine and cytosine) are absent in the carbonaceous 
meteorites. It would be impossible to contaminate a meteorite with modern 
microorganisms without also introducing all 5 nucleobases and all 20 amino 
acids that are abundant in the DNA, RNA, proteins and enzymes of all life forms 
known on Earth. Consequently the missing amino acids, nucleobases, RNA, 
DNA and a host of other life-critical provides clear and convincing evidence 
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that these carbonaceous meteorites have not been recently contaminated 
by living microorganisms [15]. Aerts et al. [16] conducted a DNA and RNA anal-
ysis of  Orgueil using 16S and 18S rRNA PCR amplification methods sensitive 
enough to detect a single bacterial cell. The negative results of these test pro-
vides solid evidence that the Orgueil CI1 carbonaceous chondrite has not been 
contaminated by modern bacteria or other living microorganisms.   
Materials and Methods: Samples of the Orgueil CI1 carbonaceous chondrite 
were provided by Musée Nationale d’Histoire de Paris; Musée d Histoire 
Naturelle Victor Brun, Montauban and Planetary Studies Foundation, Galena, 
Illinois, USA. Samples of the Murchison CM2 carbonaceous chondrite were 
provided by Museums Victoria, Melbourne, Australia  Flame sterilized tools 
were used to fracture the meteorite fragments and mount them on new SEM 
stubs with the freshly fractured interior meteorite surfaces exposed. High 
resolution Secondary and Backscattered Electron images; Spot Element com-
position; and 2D X-ray Element Maps were obtained using Scanning Electron 
Microscopes with Energy Dispersive X-Ray Spectroscopy (EDS). at the NASA/
Marshall Space Flight Center (USA); Paleontological Institute (RAS) and Joint 
Institute of Nuclear Research, Dubna (Russia). 
Results: 
The Orgueil CI1 and Murchison CM2 carbonaceous meteorites have been 
found to contain a great diversity of the permineralized or carbonized 
remains of recognizable fossils of aquatic cyanobacteria, prasinophytes 
and other microalgae and protists. The most abundant recognizable forms 
exhibit morphological features and sizes of filamentous cyanobacteria. These 
include both extant and extinct microorganisms. Diatoms have been detected 
in Orgueil, but they are extremely rare [17]. EDS spot data reveal the nitro-
gen content of these fossils is almost always below the EDS detection limit 
(N<0.5%) Since nitrogen is present in the amino acids, proteins, DNA and 
RNA molecules of all living cells (typically b2% to 20% atomic; the absence 
of nitrogen indicates the organisms died long before the meteorites entered 
Earth’s atmosphere. The O/C and C/N ratios are similar to proterozoic bio-
genic kerogen (O/C < 0.2; C/N ~100 to 160 and the Orgueil microfossils are 
often infilled with magnesium sulfate.
Conclusion: 
The Orgueil CI1 and Murchison CM2 carbonaceous chondrites contains 
a wide diversity of exceptionally well-preserved microfossils. Many are the, 
recognizable remains of large filamentous trichomic cyanobacteria  with the 
specialized cells for nitrogen fixation (heterocysts) and evidence of distinc-
tive reproductive modes (akinetes, hormogonia, and baeocytes). EDS data 
reveal C/N, C/S and O/C ratios consistent with ancient biological remains 
rather than modern microbial contaminants. Therefore these clearly biolog-
ical forms are interpreted as indigenous remains of aquatic microorganisms 
that inhabited aqueous environments in the meteorite parent body and died 
long before the meteorites entered the atmosphere of Earth. . 
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Introduction:  
Biological scientific problems which are related to the features of structure 
of our Galaxy and effluent from it general conformities to law of structure 
and evolution of natural physical processes of Galaxy Climate in the Solar 
Planetary system (SPS) and, in particular case, in the Earth are considered in 
this report. Many advanced studies are devoted sufficiently the questions of 
structure and evolution of galaxies [1-4]. But above all things interests us – 
whether there are what that general physical galactic conformities to law, 
showing up in the paleo magnetic field of the Earth, its paleo climatic, paleo 
biological processes?
There are different hypotheses about the origin of the magnetic field of 
spiral arms of our Galaxy [5]. As the noticeable magnetic field of galactic 
wind found out not in all our Galaxy, but only in its spiral arms, then can be 
assumed, that the density of the flow of the magnetic field of the galactic 
wind is non-uniform in Galaxy. The edge of spiral arms of galaxies, in accor-
dance with the theory of Galactic spiral wave closeness [6], are the waves of 
closeness, and the process of their distribution is the hard rotation of waves. 
This theory assumes the presence of galactic shock waves (GSW) which are 
the area of the compressed interstellar gas, along the internal edge of galac-
tic spiral wave. The galactic shock wave results in the compression to the 
interstellar gas, dust and there is the increase of concentration of such gas, 
dust in the area of wave front. It is assumed on the basis of this theory of 
galactic spiral waves of closeness, that orbit of our Solar Planetary system 
periodically intersects with the galactic shock waves of closeness of the spi-
ral arms. Crossings of the orbit of the Solar Planetary system with the spiral 
arms can have three basic temporal periods: 1) at the late stage of evolution 
of our Galaxy (about 1 - 2 billions years ago) there is the temporal period (T1 
= 185±35 million years) which was needed, that the Solar Planetary system 
passed distance equal Galactic Year; 2) middle temporal period (T2 = 25±10 
million years) during which the Solar Planetary system passes between of the 
spiral arms; 3) temporal period (T3 = 3±1 million years) during which the Solar 
Planetary system passes the zone of the edge of the Galactic arm where the 
front of the Galactic shock wave (GSW) is located. Thus, coming from maxi-
mum entropy spectral method (MESM) data about evolution of the different 
physical processes, for the Solar Planetary system can be selected three basic 
periodically repetitive temporal epochs: with the period (T1) in 185 million 
years, to the slow evolution of all physical processes in the Solar Planetary 
system; other temporal epochs with the period (T2) about 25 million years, 
with in relation to by the rapid evolution of all physical processes and finally 
third type of temporal epochs with the period (T3) about three million years, 
related to relatively by the very rapid evolutional changes of many physical 
parameters of the Solar Planetary system and Earth in particular.
If to analyse different geophysical (including paleo-magnetic scale) data lit-
erature sources [7-12] about more early period of evolution of Earth from 
Precambrian to the Permian period, presented in this paper too, it is possi-
ble to say that crossing of galactic arm spiral wave of closeness by the Solar 
Planetary system relatively is poorly reflected in geophysical information, 
except for stratum discontinius, often related to the small changes of the 
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level of waters of the World Ocean. To crossings by Earth, in composition 
the Solar Planetary system, Sagittarius galactic spiral arm of closeness, in the 
temporal period of  Precambrian ((№1)-2440, (№2)-1700, (№3)-960 millions 
years ago), it was related to the different tectonic-dynamical events of Pre-
cambrian phases of the tectonic deformation and cardinal changing of Litho-
sphere [10-11], including catastrophic change. For example, Permian-Triassic 
climatic and biological catastrophes of deaths of plankton and subsequent 
chain let of biological kinds, feedings to them, and grown of new kinds of 
different plants in the geological time period 280-225 m.y.a. In more early 
periods of crossing with the galactic spiral arm of closeness there was inten-
sive bombardment meteorites of Earth and transition from the mantle Plume 
tectonics to Plate tectonics. In the period of passing the Solar Planetary sys-
tem from the Sagittarius galactic spiral arm of closeness to the Persej galactic 
spiral arm, in the Earth, presumably, the phase of processes of tension pre-
vailed (disintegration of continents and divergence them from each other). 
And, vice versa, in the period of motion of the Solar Planetary system from the 
Persej galactic spiral arm to the Sagittarius galactic spiral arm (4655 m.y.a.) 
were compression forces in the Earth. In the period of crossing (3800, 2300, 
805, 65 million years ago) of galactic spiral arm of closeness of Orion there were 
the large-scale freezings, changes of chemical composition of atmosphere 
(saltatory growth of oxygen and carbon dioxide) and gallop in the change of 
the organic world [12]. It is also possible to suppose certain influence of the 
magnetic field of galactic spiral arms of closeness on the inversion of the geo-
magnetic field. In the last time period (from 2 million years ago) passing of 
the Solar Planetary system within the limits of Sagittarius galactic spiral arm, 
the frequency of reversions of the geomagnetic field was bigger, as com-
pared to the Carboniferous period, wherever inversions were not practically.  
From reports, the temporal moment, when the Solar Planetary system in the 
last time crossed border of one of galactic arm concerns at the right time 
about 1.7 million years ago, in the Matuyama reversed epoch after the Gilsa 
polarity event on the geomagnetic time scale of inversions [13]. Now the 
solar-planetary system together with the Earth has entered 1.7 million years 
ago new Galactic Year with which it is possible to allocate on geological time 
scale and geomagnetic time scale [13]. Taking into account, it is possible to 
assume that in the future, during the time period, not less than 18-23 mil-
lion years (if to consider that it will be the narrowest galactic arm) in the 
Earth expects the time period of enough quiet-stable galactic magnetic field 
at movement the Earth along the galactic orbit to the next meeting with the 
raised magnetic field and shock waves of other galactic arm. As the result it is 
possible to tell that during the temporal periods of the last  Galactic Year, in 
the course of passage by the orbit of the Earth, as the part of the Solar Plan-
etary system, certain coordinates of the galactic orbit were observed both 
the periods of blossoming of the biological kinds of the Earth, and the cat-
astrophic natural phenomena, for various biological kinds of the fauna and 
the flora (Permian-Triassic biological accident 225 million years ago). We will 
try to show the role of special time points of the galactic orbit in evolution of 
biological kinds on the Earth.
It is considered that about 4670 million years ago has started to occur the 
gravitational attraction of particles cloud of the cold interstellar dust in one 
agglomeration which it is possible to name “cold” phase of development 
proto-planet  Earth, proceeding during approximately three galactic cycles 
(1-3 galactic years). It is considered that, beginning approximately with the 
temporary period of 4000 million years, process of primary fusion of this 
huge mass of bound together particles under the influence of forces of grav-
itational compression began. That is approximately within one galactic year 
as the result of fusion there were processes of intensive differentiation and 
decontamination of primary substance of the proto-planet Earth. As the 
result, at a boundary about 3750 million years on the surface of the “hot” 
proto-planet there was the first water. As the result of impact of the mag-
netic field of the Sun and the solar wind on proto-planets electro-carrying 
out to heterogeneity Earth during this period could arise primary genera-
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tion of own magnetic field. As considers the majority of biochemists, from 
the moment of emergence on water Earth, within the 5th galactic year, 
in the Kat-Archean stage, formation of stereo-isomers began, there were pro-
teins and poly-nucleotides. That is live could arise from the lifeless. It is fixed 
that for the first time biological life on Earth appeared 3750 million years ago 
in the form of anaerobe archean bacterias and the eu bakterias existing at 
almost total absence of oxygen in the atmosphere. At the Pro-kariot stage 
of development of the biosphere on Earth it is possible to allocate two stage. 
The first stage, begun at the boundary 3750 million years ago and proceed-
ing till 3500 million years ago when the archean bacterias similar to modern 
of methane-oxidizen bacteria, selen bacteria and to other bacteria of hydro-
thermal waters prevailed. Therefore we assume that evolution of biologi-
cal kinds on Earth was defined by the prevailing chemical composition of 
actively allocated hydrothermal waters and volcanic gases. In the second 
stage the life developments on Earth, proceeding from 3500 to 3300 million 
years appeared eu bakteria that is in our opinion connected with significant 
increase in concentration of salts of carbonates in hydrothermal waters. Then 
3300 million. years ago, in the Archean stage, they were replaced by photo-
synthesis  of bacteria cyanogen. 
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3D MODELING OF TRANSIT OBSERVATIONS 
OF THE HOT EXOPLANETS

M.S. Rumenskikh, A.G. Berezutsky, I.B. Miroshnichenko, I.F. Shaikhislamov
Institute of Laser Physics SB RAS, Novosibirsk, Russia

The investigation of the atmospheres of close-orbit exoplanets and their inter-
action with incoming stellar wind becomes more important due to the planned 
launches of new space telescopes. In this paper, we study Gliese-436b, which 
belongs to the class of the planets named Warm Neptunes. Such planets have 
a mass and radius comparable to those of Neptune, but are located at a dis-
tances of <0.05 AU from parent star. The atmosphere of the planet is ionized 
due to proximity to the parent star and the interaction of planetary and stellar 
winds can be considered as the interaction of plasma flows.
The atmosphere of Gliese-436b consists mostly of hydrogen, and the Ly-a 
spectral line is actively absorbed in this medium. Thus,first transit mea-
surements were carried out primarily for this line [1, 2]. The data show that 
absorption takes place at high speeds of ~100 km/s, which can be explained 
by the presence of atoms rapidly moving away from the star. From the transit 
curve and the absorption profile of the line, it is possible to predict the veloc-
ity of the outflow of the planetary atmosphere and how it interacts with the 
stellar plasma wind.
A 3D gas-dynamic model which takes into account the processes of recombi-
nation and plasma-photochemistry of plasma components was used in this 
work [3]. We have studied the processes occurring in the atmosphere of 
Gliese-436b, varying the parameters of its parent star. Comparing the mod-
eled transits with the experimental ones presented in [1, 2], it is possible 
to predict the values of stellar wind parameters such as temperature, density 
and intensity of ultraviolet radiation.
The\work was supported by the RNF project №18-12-00080.
[1] Ehrenreich D., Bourrier V. // Nature, 2015, V. 522, P. 459-461
[2] Lavie B., Ehrenreich D., Bourrier V. // A&A, 2017, V. 605
[3] Shaikhislamov I. F. et al.// MNRAS, 2018, 481(4), 5315-5323.
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Introduction:
The present Earth’s atmosphere is N2–dominated. This feature provides 
diverse conditions for life in physical and chemical senses and shapes 
the habitat we live in. It is undisputed that nitrogen dominated the Earth’s 
atmosphere throughout the Proterozoic, but it is not clear how it behaved 
in the time before and during the Great Oxidation Event transition (GOE). 
Understanding the early form of the geobiological cycle can not only give 
indications on the composition of the early Earth’s atmosphere, it also helps 
us to comprehend the requirements for the evolution of N2–dominated 
atmospheres on other rocky planets.
Scientific background:
The origin of a secondary atmosphere.
On Earth, the first time in which atmospheric nitrogen was possibly present 
in greater extend was the period of magma oceans in the early Hadean. 
Besides H2, CO2, and H2O, also nitrogen might have been outgassed during 
the magma crystallization phase, but if outgassing or direct dissolution 
into the magmatic surface were dominating is still an open question [1–4]. 
The question which kind of molecules are outgassed in the Hadean 
is strongly linked to the redox state of the mantle, determining the initial 
conditions of the secondary atmosphere [5, 6]. A comparison between 
Venus and Earth, both having a comparable amount of atmospheric 
N2 at present day, could motivate the assumption of early outgassed 
(and no more ingassed) nitrogen. On the other hand, CO2 seems to have 
weathered into the surface, a process that is connected to the renew-
ing of surface crust, to the oxidation of the planet and in consequence 
to an active tectonic regime. Furthermore, be it in the magma ocean phase 
or in the further course of Earth history, nitrogen outgassing is triggered 
by oxidation of ammonium in upper mantle minerals [7]. In the humid 
atmosphere after the crystallization phase, abiotic N2 fixation ( = depletion) 
processes such as impactor fixation and lightning are likely to have lowered 
the atmospheric N2 partial pressure.
The interplay of CO2 and N2.
Under the young Sun’s EUV irradiation, which was one to two orders 
higher than that of today [8], unprotected atmospheric N2 suffers mas-
sive escape. The infrared-active CO2 is capable of counteracting thermal 
escape through cooling the upper atmosphere and reducingthe extend 
of the thermosphere [9]. A lack of a footprint of such an atmospheric 
escape in 14N/15N isotope ratios shows that sufficient CO2 must have been 
present in the early Archean to protect atmospheric N2. If only a low CO2 
partial pressure was present back then, a present-level N2 partial pressure 
in the Archean is impossible. These considerations are also valid for exo-
planets, especially for K– and M–type stars, since they are very active in 
EUV also in the long-term. At exoplanets orbiting such a star, CO2 levels 
must be relatively high to allow an N2–dominated atmosphere over long 
periods of time. On the other side CO2 heats a planet’s surface and there-
fore can hinder the condensation of water and the formation of oceans. 
This shows the complex interplay between CO2 and N2 as atmospheric 
constituents.
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The geobiological nitrogen cycle in the Archean.
The nitrogen cycle is acomplex interplay between the Earth’s mantle, crust, 
and atmosphere, includingits hydro- and biosphere. On Earth, its turnover 
is clearly dominated by biological processes [4, 10]. The biosphere is a cru-
cial factor for maintaining the present Earth’s atmospheric N2, since it recy-
cles fixed nitrogen back into the atmosphere through denitrification and 
anaerobic ammonium oxidation. But for ayoung planet (with a biosphere), 
when the atmosphere was still reducing, such a strong return flux was 
not possible, while abiotic processes such as lightning and biological nitro-
gen fixation were active. Models of the thermal mantle evolution show 
that volcanic outgassing could not have balanced these sinks [11, 12]. This 
raises the question if early Earth’s atmospheric N2 partial pressure was as 
stable as it was during the Proterozoic. All in all, the early evolution of nitro-
gen still lies in the dark although it is an apparent feature of planet Earth. 
In combination with these strong ingassing fluxes, a low initial atmospheric 
nitrogen content as discussed in the previous paragraphs would indicate 
rather low atmospheric N2 amounts on early Earth. To get a deep under-
standing of the processes and reservoir sizes in the first 2 Gyr of the Earth’s 
life can also lead to information about the atmospheric development 
of terrestrial exoplanets.
O2 and N2 as indicators for life.
An N2-O2-dominated atmosphere as it has been present on Earth since 
the GOE is chemically not stable, which is once again only possible to maintain 
with the influence of life. This leads to the hypothesis of N2 and O2 as geo-bio-
signature, since one needs active tectonics for reducing CO2 and life for main-
taining N2 and O2 over longer periods of time [4, 13].
Conclusion:
Our goal is to answer the open questions in the context of the Archean geo-
biological nitrogen cycle and the evolution of atmospheric N2 through deep 
time. We develop a model for nitrogen outgassingand recycling and fixation, 
combined with estimates for atmospheric escape. The results we show con-
strain the Earth’s early atmosphere evolution and show limits for the devel-
opment of Earth-like habitats in other stellar systems.
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Introduction:  
Often, microbial communities of terrestrial habitats with extreme environ-
mental conditions become model objects of astrobiology. Irradiation with 
high-energy electrons (HEE) is one of the factors limiting the preservation 
of the viability by microorganisms in the regolith of Mars. Thus, the purpose 
of this research was to study the effect of irradiation with HEE under low 
temperature and low pressure conditions on the micromycetes communities 
of arid soil.
Materials and Methods:  
Soil samples of the upper horizon of gray soil (Negev desert, Israel) were the 
object of the study. The samples were irradiated in a special climatic cham-
ber, which allows to maintain a pressure of 8–9×10-3 Torr and a temperature 
of –130°C throughout the experiment. The samples were irradiated with the 
following doses: 0.05, 1, 2, 3, 4, and 5 MGy. One sample was exposed only 
to low temperature and low pressure, without irradiation, the other one was 
irradiated at room temperature and a pressure of 1 atm. with a dose of 0.05 
MGy (RT, 1 atm.). To determine the colony forming units (CFU) number and the 
structure of the fungal communities, the method of soil dilutions and plating 
on solid nutrient media was used: the fungal Czapek agar and alkaline agar 
were used. Culturing was performed at 5, 25 and 37°C. Fungal biomass was 
determined by direct luminescence microscopy using a calcofluor white dye.
Results and Conclusions:  
The number of fungal propagules in the control samples was 1-5×104 CFU/g 
of soil. The impact of low temperature and pressure did not have a significant 
impact on the number of CFUs. Irradiation with doses of 0.05 MGy and 1 MGy 
led to an increase in CFU by a factor of 5 – up to 11–20×104 CFU/g, whereas 
after irradiation with doses of 3, 4, and 5 MGy, a significant decrease in CFU 
down to 1×104 CFU/g was observed. The lowest CFU number was recorded 
after irradiation with 0.05 MGy (RT, 1 atm.) - 3×103 CFU/g of soil.
The greatest species diversity was observed in control samples - 25-35 spe-
cies. The number of species in the most of irradiated samples was 13–15. Rel-
atively high species diversity (20 species) among the irradiated samples was 
revealed after irradiation with a dose of 2 MGy. The lowest species diversity 
was recorded after irradiation with 0.05 MGy (RT, 1 atm) - 5 species.
After irradiation with HEE, changes were also observed in the structure of 
the fungal communities: biodiversity was significantly lower in the irradiated 
samples compared to the control ones. After irradiation with doses of 1 and 
2 MGy, the number of yeasts significantly increased. After exposure to doses 
of 3, 4, 5 MGy, and 0.05 MGy (RT, 1 atm), species were isolated only when 
cultivated at 25°C. In samples irradiated with high doses of HEE, species of 
the genera Aspergillus and Penicillium dominated, and in the sample that 
received the dose of 0.05 MGy (RT, 1 atm) the species of the genus Tricho-
derma dominated.
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The biomass of fungal spores tended to decrease with increasing radiation 
dose.
As a result, it was shown that the fungal communities of desert soils retain 
viability after irradiation with high doses of HEE under low temperature and 
low pressure conditions. Doses of 0.05, 1, and 2 MGy had a stimulating effect 
on the fungal communities of desert soils, which resulted in an increasing 
in the number of fungal propagules. Higher doses (3, 4, and 5 MGy) had a 
suppressive effect: a significant decreasing in CFU numbers, spore biomass, 
and the absence of spore germination from the soil was observed when culti-
vated at 5 and 37° C. The greatest sterilizing effect was found after irradiation 
with a dose of 0.05 MGy (RT, 1 atm) - the lowest CFU count and the lowest 
biodiversity were revealed.
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Introduction:
ARIEL[1] (acronym “atmospheric Remote-sensing Infrared Exoplanet 
Large-survey,”) is the European Space Agency’s fourth medium-class mis-
sion. The goal of the Cassegrain three-axis telescope equipped with high tech 
spectrometer is to record the spectra of over 1000 known exoplanets from 
Jupiter and Neptune to super-Earth size in the 1.95-7.8 µm range. The tele-
scope will examine their atmospheres, elemental and molecular composi-
tion and spectral analysis will focus on finding of interesting molecules and 
condensates. The Ariane 6-2 rocket will place the satellite in 2028 at the L2 
Lagrange center, where it will provide the observations until 2032. Ariel will 
perhaps answer a wide range of fundamental questions of contemporary 
science concerning astrochemistry and physics of exoplanets,  including the 
evolution of chemical environment on young worlds during period preceding 
origin of the first living structures. It will also evaluate the relevance between 
the distance of particular planet from the parent star of a given size and 
planetary type and its chemistry and composition, exoplanet climate, com-
position of their clouds, the atmospheric temperature and chemical profiles, 
their dynamics and their variability in time. The Czech Republic joined the 
Ariel project last year. In addition to manufacturing of mirrors for the optical 
system, the aim of Czech scientists is to create a catalogue of spectra of ARIEL 
target molecules, radicals and ions detected in exoplanet atmospheres, eval-
uation of critical parameters of the optical system with respect to the spectra 
of these molecules and finding of selected processes markers in planetary 
atmospheres with an emphasis on phenomena associated with high energy 
density events[2], [3]. 
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Introduction:  
Jupiter’s satellite, Europa, is believed to have a subsurface ocean that might 
be a potential environment for the existence of extraterrestrial life. Observa-
tional data from the Hubble Space Telescope (HST) provide possible evidence 
for water plumes being ejected from the ocean to space and permanently 
renewing the icy surface of Europa. In this case, hypothetical microorganisms 
could be ejected from the ocean and frozen in the surface ice layer during the 
water eruption event. These potential life forms might remain in a dormant 
state for an undetermined extended period of time at a very low tempera-
ture in the surface ice layer. The viability of microorganisms after millions of 
years of cryoconservation should be limited by impact of ionizing radiation. 
The determination of the survival time and depth limits was the main aim of 
this study. We calculated irradiation rates depending on ice thickness, and 
performed irradiation (with accelerated electrons) of Deinococcus radiodu-
rans, Arthrobacter polychromogenes, and Methylobacterium sp. bacteria 
embedded into a model of Europa’s ice under simulated temperature and 
pressure conditions of Europa.
Materials and Methods:  
A special vacuum chamber was developed for modelling the extreme irra-
diation of icy samples with bacteria under low temperature and low atmo-
spheric pressure (−130 °C, 0.01 mbar) [1]. 
Strains Deinococcus radiodurans VKM B-1422T, Arthrobacter polychromo-
genes SN_T61, and Methylobacterium sp. KBP.AS.506 [2] were the objects of 
study. A solution of salts modeling the composition of Europa’s ice was used 
for suspension of bacterial cells. There are no direct measurements of Europa’s 
ice composition, but several studies assume Mg2+, Na+, and SO42- to be the 
dominant ions within it. We follow the composition described by the authors 
of [3] to prepare the model ice samples (artificial Europa ice with bacteria). A 
solution of magnesium sulfate, sodium sulfate, and sulfuric acid at a ratio of 
50:40:10 of molar percent with 35 g/L total concentration was used. 
Ice samples irradiation was produced by the electron accelerator with elec-
tron energy in the range of 0.4–1.0 MeV. Four runs of irradiation were exe-
cuted with doses of 5, 10, 50, and 100 kGy. Irradiation rates were 0.28 kGy/s 
for 5 and 10 kGy runs and 2.8 kGy/s for 50 and 100 kGy runs. The determina-
tion of the number of culturable bacteria in the samples was performed by 
plating on glucose–peptone–yeast agar (GPY) [2]. 
A GEANT4 toolkit was used first to calculate the energy absorbed in a unit 
water ice layer per incident particle with a certain total energy. The depth of 
the unit layer was considered to be 0.1 mm and its incident surface as 1 cm2 
with the total depth of the ice column being from 0.05 to 5000 mm. These 
absorbed energy/depth Eabs (E, d) profiles were calculated for electrons, pro-
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tons, oxygen, and sulfur ions as incident particles. To imply these calculations 
to Europa’s radiation environment, we used differential particle spectra J (E) 
[counts per cm2 s sr MeV] from Table 1 in the work of [10]. To obtain total 
accumulated dose at each depth d, one has to numerically integrate J (E) × 
Eabs (E, d) dE for every sort of incident particle, which results in a dose rate 
profile. Thus, we obtain a one-year dose profile. A simple model of Europa 
resurfacing was introduced for the following calculations: A layer of “fresh 
ice” with varying thickness is added atop the ice profile and the calculation 
is then continued for further 1 million years. Ip et al. [4] proposed the static 
resurfacing rate of 12 m per 100 Myr, which was also taken into consider-
ation. These computations were done with MATLAB software.
Results and Discussion:  
After irradiation with doses of 5, 10, and 50 kGy, the number of cultivated cells 
of Deinococcus radiodurans VKM B-1422T decreased on 2, 3, and 6 orders of 
magnitude, respectively (Figure 1). Arthrobacter polychromogenes SN_T61 
shown comparable survival rates - the number of viable cells decreased on 2, 
5 and 6 orders of magnitude at 5, 10, and 50 kGy, respectively. Methylobac-
terium sp. KBP.AS.506 shown lower radioresistance and survived irradiation 
with 5 and 10 kGy doses only. Cultivated cells of all bacteria studied were not 
found in samples that were irradiated with the 100 kGy doses. 

Fig. 1. Impact of high energy electrons irradiation on the number of Deinococcus radi-
odurans VKM B-1422T, Arthrobacter polychromogenes SN_T61, and Methylobacte-
rium sp. KBP.AS.506 viable cells. Error bars are in accordance with the confidence 
interval for p < 0.05.

Fig. 2. Total dose accumulation rate in dependence on exposure time and “fresh ice” 
depth. Red dashed line demonstrates the upper limit of the bacteria survival in our 
experiment.

The total of all dose accumulation rates of considered incident particles is 
presented in Figure 2. The resulting dose rates for different particles are 
presented in [1]. High-energy protons and heavy ions profiles dramatically 
decrease with depth, thus their impact on the microorganisms’ survival in 
the ice layer is significant only for depths less than 1 cm, even taking into 
account their higher biological efficiency compared with electrons. Despite 
the high total dose accumulation rate, the lethal dose does not accumulate 
in the ice layer at depths of 0.1–1 m until 1000–10,000 years after eruption. 
For lengths of time greater than 10,000 years, the dose is lethal in the region 
of interest. For exposure times from 1000 years onwards, we see a nearly 
constant (in comparison with the one-year profile) part emerging in the dose 
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profile. This is the effect of considering a static resurfacing rate from the work 
of [4] in our model. This effect might not be real case, but it has no signifi-
cant impact on the main goals and conclusions of this work. At 0.01–0.1 m 
depths, the lethal dose is accumulated in 100 years, and for depths lower 
than 0.01 m, no viable cells would be present after only one year of radiation 
exposure.
Conclusion:  
Our study demonstrates the ability of terrestrial microorganisms to survive 
high intensity radiation in conditions modelling shallow subsurface environ-
ments of Europa for a long time. Considering radiation dose accumulation as 
the limiting factor for microbial life survivability, we hypothesize that there is 
a chance to discover viable cells at an ice depth of 10–100 cm if the massive 
water release from the ocean of Europa occurred on a landing site 1000–
10,000 years before.
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Introduction:
The arid Mojave Desert is one of the most significant terrestrial analogue 
objects for astrobiological research due to its genesis, mineralogy, and cli-
mate. However, the knowledge of culturable bacterial communities found 
in this extreme ecotope’s soil is yet insufficient. The Mojave Desert is located 
in the southwest of the United States and covers an area of approximately 
150 000 km2, temperatures range from −10 to 50°C. Ten thousand years 
ago this territory was characterized by a humid climate and well-formed 
soil coverage, but the aridization of weather conditions and desertification 
of the region have led this area to its present state [1].
The total number of prokaryotic cells in the soil samplewas detected 
(5.8 ± 1.7) × 108 cells per gram of soil. Cultured bacteria on PYG medium were 
detected at level (8.0 ± 0.5) × 106 colony-forming units (CFU) per gram and 
(5.5±0.2) × 106 CFU/g at 25°C and 10°C, respectively. No CFU were detected 
after incubation at 50°C. Pigmented forms of microorganisms dominated 
in all the cultured communities isolated from the sample. Maximum diversity 
of colony morphotypes was observed at the mesophilic incubation tempera-
ture. Representatives of bacterial genera Agrococcus, Arthrobacter, Bacillus, 
Brachybacterium, Brevibacterium, Cellulomonas, Georgenia, Janthinobac-
terium, Kocuria, Labedella, Leucobacter, Massilia, Microbacterium, Micro-
coccus, Mycetocola, Paracoccus, Planomicrobium, Pseudarthrobacter, Rufi-
bacter, Salinibacterium, and Streptomyces.
The analysis of the resistance to different stress-factors wereperformed for all 
of isolates. Temperature resistance spectra reveals the thermotolerant prop-
erties of communities cultured at 25°C. The wide pH ranges in which the met-
abolic activity is maintained were observed. It could be explained by con-
trast temperature conditions and precipitation regimes leading to a change 
in the solubility of the substances in the soil solution [2]. 
The studied region is characterized by a low content of water-soluble 
salts, however the moderate general resistance of isolated communities 
to the presence of sodium chloride or potassium chloride were observed. 
High resistance to magnesium perchlorate found is particularly important 
in the astrobiology-oriented review of the obtained results. Maintenance 
of metabolic activity in vitro in the presence of perchlorates, at concentra-
tions significantly exceeding those found in the regolith of Mars [3], testifies 
their non-limiting role in the regolith. 
Stress effects, such as low water availability, nutrients deficiencies, high lev-
els of solar radiation, and wide temperature fluctuations in the surface soil 
of the Mojave Desert lead to the formation of physiological survival strate-
gies for prokaryotes existing under these conditions [4, 5]. Our study revealed 
a high diversity (both taxonomic and morphophysiological) of culturable bac-
teria in the investigated soil. Species typical for various soils, including arid 
soils, and species that have not been previously isolated from hot arid soils 
were found in isolated bacterial communities. This suggests that the mech-
anisms of adaptation to cryo-arid and xero-arid conditions include similar 
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physiological processes and adaptations. The obtained spectra of metabolic 
activity in the gradients of physicochemical factors indicate predominantly 
mesophilic and neutrophilic optima of all the studied strains, mostly capable 
of maintaining metabolic activity in a wide range of conditions, up to extreme 
ones for individual strains. Extreme resistance levels were identified in bacte-
ria of Arthrobacter, Microbacterium, Bacillus, Planomicrobium, Kocuria, Leu-
cobacter, and Pontibacter genera. 
The obtained results, considered together with the data of previous 
works [6–8], testify in favor of viability, functionality, and taxonomical diver-
sity of soil bacterial communities in the central part of the Mojave Desert stud-
ied, which is considered as a terrestrial analogue of Martian regolith. The iso-
lated strains require further characterization and description for potential 
biotechnological applications. Due to the low similarity of the nucleotide 
sequences of some individual strains to those found in the database, these 
isolates could be the representatives of undescribed species of culturable 
bacteria. The most resistant strains that have been found could be used 
as model objects in further astrobiological studies. 
The Mojave Desert has undergone processes similar to those that took place 
on Mars and formed its current state. The properties of culturable bacterial 
communities revealed in this study indicate that they have adapted to survive 
in aggressive changing environmental conditions. Consequently, such com-
munities could be considered as a model for further research of the Martian 
regolith habitability and the ability of terrestrial bacteria to adapt to extra-
terrestrial conditions.

Acknowledgments:
This research was funded by Russian Foundation for Basic Research according 
to the research project № 18-34-00331, and partially by PRAS №. 17 (Evolution 
of organic world. Role and influence of planetary processes), subprogram № 1.

References:
[1] Abbey W., Salas E., Bhartia R., Beegle L.W. The Mojave vadose zone: A subsur-

face biosphere analogue for Mars. // Astrobiology. 2013. V. 13. P. 637–646
[2 Makhalanyane T.P., Valverde A., Gunnigle E., Frossard A., Ramond J.B., 

Cowan D.A. Microbial ecology of hot desert edaphic systems. // FEMS Microbi-
ology Review. 2015. V. 39. P. 203–221

[3] ClarkB. C., van Hart D.C. The salts of Mars. // Icarus. 1981. V. 45. P. 370–378
[4] Cockell C.S., Schwendner P., Perras A., Rettberg P., Beblo-Vranesevic K., 

Bohmeier M., Rabbow E., Moissl-Eichinger C. Wink L., Marteinsson V., et al. 
Anaerobic microorganisms in astrobiological analogue environments: From field 
site to culture collection. // International Journal of Astrobiology. 2017. P. 1–15

[5] Cloutis E.A., Craig M.A., Kruzelecky R.V., Jamroz W.R., Scott A., Hawthorne F.C., 
Mertzman S.A. Spectral reflectance properties of minerals exposed to simulated 
Mars surface conditions // Icarus. 2008. V. 195. P. 140–168

[6] Preston L.J., Dartnell L.R. Planetary habitability: Lessons learned from terrestrial 
analogues. // International Journal of Astrobiology. 2014. V. 13. P. 81–98

[7] Loughney K.M., Badgley C. Facies, Environments, and Fossil Preservation 
in the Barstow Formation, Mojave Desert, California. // Palaios. 2017. V. 32. 
P. 396–412

[8] Rainey F.A., Ray K., Ferreira M., Gatz B.Z., Nobre M.F., Bagaley D., Small A.M. 
Extensive diversity of ionizing-radiation-resistant bacteria recovered 
from Sonoran Desert soil and description of nine new species of the genus 
Deinococcus obtained from a single soil sample. Applied and Environmental 
Microbiology. 2005. V. 71. P. 5225–5235.

10MS3-PS-106



512-abstract

THE TENTH MOSCOW SOLAR SYSTEM SYMPOSIUM 2019

PARAFAC ALGORITHM FOR RESOLVING 
FLUORESCENCESIGNATURESOF LIFE-SPECIFIC 
COMPOUNDS

F.A.I. Azar, I. Digel 
FH AachenUniversity ofApplied Sciences, Heinrich-Mußmann-Straße 1, 
52428 Jülich, digel@fh-aachen.de

Keywords:
fluorescence spectroscopy, autonomous navigation, emission-excitation 
matrix, PARAFAC
Introduction:
The project “Technologies for Rapid Ice Penetration and Subglacial Lake 
Exploration” (TRIPLE) has the goal of developing a deployable autonomous 
robotic system for the contamination-free scientific investigation of sub-gla-
cial lakes. In order to perform the exploration mission, the AUV must be able 
to perform its own localization and navigate in an unknown environment.
Specifically, in order to find a suitable area to sample for further testing, it 
must be able to distinguish and classify a target substance from mixture and 
determine its concentration gradient, along which it will travel.
The first payload prototype consisting of miniaturized (65mm x 65mm x 
120mm) fluorescence spectrometer is already available. The device allows 
excitation of the sampleflowing through the cuvette by four LEDs. A pho-
tometric sensor (CMOS) then detects the emitted light of the sample and 
represents the intensity of the emitted wavelengths.
Although individual excitation-emission matrices (EEMs) obtained by fluores-
cence spectroscopy are mostly unique to the dissolved organic material at a 
given concentration, correct signal interpretation for the mixtures represents 
a challenge. A multi-way signal decomposition method known as PARAFAC 
(Tensor Rank Decomposition) can be used to extrapolate signals generated 
by individual components. Using unsupervised / supervised neural networks, 
we were able torecognize and tomeasure dissolvedorganic compounds such 
as NADH, FAD and ATP from their mixture(Figure).However, this technique 
still needs to be applied to the data obtained from miniaturized fluorescence 
spectrometer.

PARAFAC
Extrapolated signal : FAD

Extrapolated signal : NADH

Extrapolated signal : ATPExtrapolated signal : ATP

Measured signal : FAD

Measured signal : NADH

Measured signal : ATP

Fig. 1.
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