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Author and Title Abstract no. 
LUNOKHOD 2 SITE: PANORAMAS DIGITIZING AND NEW GEOCHEMICAL REMOTE 
DATA.   
A.M. Abdrakhimov and V.P. Shashkina 

µ48_01 

  
FOSSIL METEORITES IN ORDOVICIAN: NUMEROUS METEORITE FALLS OR SINGLE 
METEORITE SHOWER?   
V.A. Alexeev 

µ48_02 

  
CYCLIC VARIATIONS OF ACTIVITY OF TITAN NATURAL PROCESSES AND 
DISTRIBUTION OF SEAS ON ITS SURFACE.   
Yu.V. Barkin 

µ48_03 

  
ORDERED STRUCTURES ON PLANETS AND SATELLITES AND MECHANISM OF 
THEIR ORIGIN.  
Yu.V. Barkin 

µ48_04 

  
NEW MEX HRSC / SRC IMAGES OF PHOBOS AND THE FOBOS-GRUNT LANDING 
SITES.  
A.T. Basilevsky, G. Neukum, G. Michael, A. Dumke, T. Roatsch, H. Hoffmann, T.V. 
Shingareva, E.A. Akim, A.G. Tuchin, V.P. Fedotov, E.G. Ruzskiy, A.V. Zakharov, and T.C. 
Duxbury 

µ48_05 

  
NITROGEN ON EARLY TITAN.  
A.A. Berezhnoy 

µ48_45 

  
RESULTS OF REFLECTANCE SPECTRAL, MÖSSBAUER, X-REY AND ELECTRON 
MICROPROBE INVESTIGATIONS OF TERRESTRIAL SERPENTINE SAMPLES.  
V.V. Busarev, M.V. Volovetskij, M.N. Taran, V.I. Feldman, T. Hiroi, and G.K. Krivokoneva 

µ48_06 

  
SOIL HYDRATION OF THE NORTH CIRCUMPOLAR REGION OF MARS RETRIEVED 
FROM 1.91µm ABSORPTION BASED ON OMEGA DATA.  
N.A. Evdokimova, R.O. Kuzmin, A.V. Rodin, A.A. Fedorova, O.I. Korablev, and J.-P. Bibring 

µ48_07 

  
HETEROGENEITY OF METEORITIC NANODIAMONDS FROM THE DATA FOR THEIR 
GRAIN-SIZE FRACTIONS SEPARATED FROM ORGUEIL CI.   
A.V. Fisenko, A.B. Verchovsky, and L.F. Semjonova 

µ48_08 

  
DIURNAL HABITABILITY OF FROZEN WORLDS.  
S. Franck, K. J. Kossacki, W. von Bloh, and C. Bounama 

µ48_46 

  
IMPACT-INDUCED VAPORIZATION: DOMINATION OF MOLECULAR CLUSTERS.  
M.V. Gerasimov, O.I. Yakovlev, and Yu.P. Dikov 

µ48_09 

  
ON THE FLATTENING OF THE MARTIAN CORE-MANTLE BOUNDARY.  
T.V. Gudkova and V.N. Zharkov 

µ48_10 

  
MORPHOLOGICAL ANALYSIS THE RIFT ZONES OF VENUS.  
E.N. Guseva 

µ48_11 

  
EVIDENCE FOR NON-POLAR ICE DEPOSITS IN THE PAST HISTORY OF MARS: CLUES 
TO THE RECENT WATER CYCLE.   
J.W. Head 

µ48_12 

  



Microsymposium 48 
October 20-22, 2008 

Moscow, Russia 
 

2 

Author and Title Abstract no. 
THE MESSENGER MISSION TO MERCURY: NEW INSIGHTS INTO GEOLOGICAL 
PROCESSES AND EVOLUTION.  
J.W. Head III, S.C. Solomon, R.L. McNutt Jr., D.T. Blewett, C.R. Chapman, D.L. Domingue, 
L.G. Evans, J.J. Gillis-Davis, S.E. Hawkins III, J. Helbert, G.M. Holsclaw, N.R. Izenberg, W.E. 
McClintock, T.J. McCoy, W.J. Merline, S.L. Murchie, L.R. Nittler, R.J. Phillips, L.M. 
Prockter, M.S. Robinson, A.L. Sprague, R.G. Strom, F. Vilas, T.R. Watters, and M.T. Zuber 

µ48_13 

  
EMBAYED CRATERS ON VENUS: HOW DO THEY CORRESPOND TO THE 
CATASTROPHIC AND EQUILIBRIUM RESURFACING MODELS?   
M.A. Ivanov 

µ48_14 

  
AGE ESTIMATION OF AN UNKNOWN ORIGIN STONES BY THE 
THERMOLUMINESCECE METHOD.  
A.I. Ivliev, L.L. Kashkarov, and A.V. Safonov  

µ48_15 

  
APPLICATION OF A THERMOLUMINESCENCE METHOD FOR COMPARATIVE 
STUDYING IMPACT GLASSES.  
A.I. Ivliev, O.A. Lukanin, and N.S. Kuyunko 

µ48_16 

  
DETERMINING THE AGES OF MID-LATITUDE PEDESTAL CRATERS.  
S.J. Kadish, J.W. Head, and N.G. Barlow 

µ48_17 

  
MODELING DETERMINATION OF SOIL MATURITY WITH THE M3 IMAGER IN 
CHANDRAYAAN-1 MISSION TO THE MOON.  
V. Kaydash, Yu. Shkuratov, and C. Pieters 

µ48_18 

  
THE DISTRIBUTION OF ASH FROM ANCIENT EXPLOSIVE VOLCANOES ON MARS.   
L. Kerber and J.W. Head 

µ48_19 

  
TECTONICS OF ROTATING CELESTIAL GLOBES.  
G.G. Kochemasov 

µ48_20 

  
TUNGUSKA-1908 PHENOMENON IN RELATION TO THE WAVE PLANETOLOGY 
OCTAHEDRON STRUCTURE OF EARTH.   
G.G. Kochemasov 

µ48_21 

  
LEVELS OF ICE DEPOSITIONS ON THE NORTH-EASTERN RIM OF HELLAS BASIN, 
MARS.  
V.-P. Kostama, M.A. Ivanov, J. Raitala, T. Törmänen, J. Korteniemi, and G. Neukum 

µ48_22 

  
POSSIBILITY OF EXISTENCE OF WATER ICE IN “LOW-LATITUE” AREAS OF 
MERCURY.   
E.A. Kozlova 

µ48_23 

  
GEOCHEMICAL CONSTRAINTS ON THE SEISMIC PROPERTIES OF THE LUNAR 
MANTLE.  
V.A. Kronrod and O.L. Kuskov 

µ48_24 

  
TWO POSSIBLE SOURCES OF POTASSIUM-BEARING INCLUSIONS IN THE NWA 1664 
HOWARDITE.  
C.A. Lorenz 

µ48_25 
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FORMATION OF THE REGULAR SATELLITES OF JUPITER AND SATURN IN 
ACCRETION DISKS: COMPARATIVE MODELING.   
A.B. Makalkin and V.A. Dorofeeva 

µ48_26 

  
THE POTENTIAL EXISTENCE OF ANOLOGUE PLEISTOCENE METEORITE PLACERS IN 
FORMERLY GLACIATED REGIONS OF RUSSIA WHEN COMPARED TO ANTARCTIC 
METEORITE PLACERS.  
A.A. Mardon and A. Zeoli 

µ48_27 

  
EPISODICITY IN THE GEOLOGICAL EVOLUTION OF MARS: ANALYSIS OF AGES 
FROM CRATER COUNTS ON IMAGE DATA AND CORRELATION WITH 
RADIOMETRIC AGES OF MARTIAN METEORITES.  
G. Neukum, A.T. Basilevsky, M.G. Chapman, T. Kneissl, G. Michael, S. van Gasselt, H. 
Hoffmann, and R. Jaumann 

µ48_28 

  
TARGET ROCK INFLUENCES THE IMPACT CRATER MORPHOLOGY.  
T. Öhman, M. Aittola, V.P. Kostama, J. Korteniemi, and J. Raitala 

µ48_29 

  
THE MAJOR CHEMICAL ELEMENTS OF THE LUNAR ROCK IN THE SOUTH 
POLEAITKEN BASIN.  
S.G. Pugacheva, V.I. Chikmachev, and V.V. Shevchenko 

µ48_30 

  
FORMATION OF MONOMERS AND LARGE CLUSTERS IN TITAN THOLIN HAZE.  
A.V. Rodin, Yu.V. Skorov, N.A. Evdokimova, H.U. Keller, and M. Tomasko 

µ48_31 

  
MARS ENVIRONMENTAL AND SOIL SIMULATING FACILITY FOR GEOPHYSICAL AND 
EXOBIOLOGICAL STUDIES.  
P. Schibler, E.Heggy , P. Lognonne, A. Anglade, T. Gabsi, and O. Pot 

µ48_32 

  
AUTOMATED CREATION OF THE LUNAR HYPSOMETRIC MAP: TECHNIQUES OF 
COMPILING.  
V.V. Shevchenko,  K.B. Shingareva, E.N. Lazarev, and J.F. Rodionova 

µ48_33 

  
STRUCTURE AND DEFECTS OF METЕORITIC NANODIAMOND AND ASSOCIATED 
CARBONACEOUS PHASES FROM EFREMOVKA CV3 CHONDRITE.  
A.A. Shiryaev, A.V. Fisenko, V. Krivobok, and L.F. Semenova 

µ48_34 

  
ORBITAL PHOTOGRAMMETRY AND LASER ALTIMETRY OF THE FAR SIDE OF THE 
MOON IN THE AITKEN CRATER REGION.   
M.I. Shpekin, R.A. Sitdikova, and A.I. Khairullina 

µ48_35 

  
DYNAMICS OF COMETARY NUCLEI AND RELATED PHYSICS.  
V.V. Sidorenko 

µ48_36 

  
THE EFFECTIVE TENSILE STRENGTH OF COMETARY NUCLEI AND THE COMETARY 
POPULATION.  
E.N. Slyuta 

µ48_37 

  
PRELIMINARY DATA ON PHYSICAL AND MECHANICAL PROPERTIES OF TSAREV.  
E.N. Slyuta, S.M. Nikitin, A.V. Korochantsev, C.A. Lorents, and A.Ya. Skripnik 

µ48_38 

  
OPTICAL SPECTRUM OF MERCURY: HOW MUCH IRON СAN BE HIDDEN?  
L.V. Starukhina and Yu.G. Shkuratov 

µ48_39 
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ON POSIBLE ORIGIN OF Xe-HL IN METEORITIC NANODIAMONDS.    
G.K. Ustinova 

µ48_40 

  
ABSOLUTE PHOTOMETRY OF THE LUNAR SURFACE.  
Yu.I. Velikodsky, N.V. Opanasenko, L.A. Akimov, V.V. Korokhin, and Yu.G. Shkuratov 

µ48_41 

  
A LOOK BACK AND A LOOK AHEAD ON THE GEOLOGY OF JUPITER’S SATELLITE 
CALLISTO: GALILEO SSI RESULTS, OPEN QUESTIONS, AND REQUIREMENTS FOR 
CAMERA DATA IN A FUTURE MISSION TO JUPITER.  
R.J. Wagner and G. Neukum 

µ48_42 

  
MAPPING SILICATE VARIATIONS ON THE MOON WITH THE LUNAR 
RECONNAISSANCE ORBITER DIVINER INSTRUMENT AND CROSS-COMPARISONS 
WITH OTHER COMPOSITIONAL APPROACHES.  
Wyatt, M.B. 

µ48_47 

  
MODELS OF SURFACE ROUGHNESS FOR PHOBOS.  
E.V. Zabalueva, T.V. Shingareva, A.T. Basilevsky, V.P. Fedotov, E.G. Ruzskiy 

µ48_43 

  
ON DETERMINATION OF THE MOMENT OF INERTIA OF A LIQUID MARTIAN CORE.  
V.N. Zharkov and T.V. Gudkova 

µ48_44 
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Monday October 20 
 
9:45 - 10:00  Introductory Remarks: E.M. Galimov and J.W. Head 
 
Morning Session: Mars  
Chairs: R.O. Kuzmin and L.A. Kerber 
 
10:00 - 10:30 Kuzmin, R.O., Zabalueva, E.V., Christensen, P. Mapping of water ice content 
in the surface layer of Martian soil at the periphery of retreating north polar cap.  
 
10:30 - 11:00 Head, J.W. Results of the latest work on latitude-dependent climate change 
evidence on Mars. 
 
11:00 - 11:30 Kadish, S.J., Head, J.W., Barlow, N.G. Determining the ages of mid-latitude 
pedestal craters. 
 
11:30 - 12:00 Kerber, L.A., Head, J.W. The distribution of ash from ancient explosive 
volcanoes on Mars. 
 
12:00 - 12:30 Kostama, V.-P., Ivanov, M.A., Raitala, J., Tormanen, T., Korteniemi, J., 
Neukum, G. Levels of ice depositions on the north-eastern rim of Hellas Basin, Mars. 
 
12:30  - 13:30 Lunch break 
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Afternoon Session: Mars, Venus, Distant Worlds Chairs: V.N. Zharkov 
and V.-P. Kostama 
 
13:30 - 14:00 Evdokimova, N.A., Kuzmin, R.O., Rodin, A.V., Fedorova, A.A., Korablev, O.I., 
Bibring, J.P. Soil hydration of the north circumpolar region of Mars retrieved from 1.91 µm 
absorption based on Omega data. 
 
14:00 - 14:30 Zharkov, V.N., Gudkova, T.V. On determination of the moment of inertia 
of a liquid Martian core. 
 
14:30 - 15: 00 Ivanov, M.A. Embayed craters on Venus: How do they correspond to the 
catastrophic and equilibrium resurfacing models? 
 
15:00 - 15:30 Guseva, E.N. Morphological analysis the rift zones of Venus. 
 
15:30 - 16:00 Rodin, A.V., Skorov, Yu.V., Evdokimova, N.A., Keller, H.U., Tomasko, M.G. 
Formation of monomers and large clusters in Titan tholin haze. 
 
16:00 - 16:15 Coffee break 
 
16:15 - 18:00 Poster session (see list of posters below)  
  Conveneers: G.G Kochemasov and Yu.I. Velikodsky 
 
18:00 - 20:00 American buffet and slide session 
 

Tuesday, October 21 
 
Morning Session: Mercury, the Moon, Phobos 
Chairs: S.G. Pugacheva and M.B. Wyatt  
 
9:30 - 10:00 Head, J.W.  A review of the MESSENGER Mercury Flyby 1 results. 
 
10:00 - 10:30 Starukhina, L.V., Shkuratov, Yu.G. Optical spectrum of Mercury: How much 
iron can be hidden? 
 
10:30 - 11:00 Kronrod, V.A., Kuskov, O.L. Geochemical constraints on the seismic 
properties of the lunar mantle. 
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11:00 - 11:15 Coffee break 
 
11:15 - 11:45 Pugacheva, S.G., Chikmachev, V.I., Shevchenko, V.V. The major chemical 
elements of the lunar rock in the South pole-Aitken basin. 
 
11:45 - 12:15 Wyatt, M.B. Mapping silicate variations on the Moon with the Lunar 
Reconnaissance Orbiter DIVINER instrument and cross-comparisons with other 
compositional approaches. 
 
12:15 - 12:45 Basilevsky, A.T., Neukum, G., Michael, G., Dumke, A., Roatsch, T., 
Hoffmann, H., Shingareva, T.V., Akim, E.A., Tuchin, A.G., Fedotov, V.P., Ruzskiy, E.G., 
Zakharov, A.V., Duxbury, T.C. New MEX HRSC/SRC images of Phobos and the Fobos-
Grunt landing sites. 
 
12:45  - 13:45 Lunch break 
 
Afternoon Session: Other Worlds, Titan, Callisto, Comets, Impacts, 
Meteorites 
Chairs: R.J.  Wagner and M.V. Gerasimov 
 
13:45 - 14:15 Franck, S., Kossacki, K.J., von Bloh, W., Bounama, C. Diurnal habitability of 
frozen worlds. 
 
14:15 - 14:45 Wagner, R.J., Neukum, G. A look back and a look ahead on the geology of 
Jupiter’s satellite Callisto: Galileo SSI results, open questions, and requirements for camera 
data in a future mission to Jupiter. 
 
14:45 - 15:15 Gerasimov, M.V., Yakovlev, O.I., Dikov, Yu.P., Impact-induced vaporization: 
Domination of molecular clusters. 
 
15:15 - 15:45 Ohman, T., Aittola, M., Kostama, V.-P., Korteniemi, J., Raitala, J. Target rock 
influences the impact crater morphology. 
 
15:45 - 16:00 Coffee break 
 
16:00 - 16:30 Kezirian, M.T., Russell, D.A. Modeling space environments in the Boeing 
radiation effects laboratory: Lessons learned from JIMO and MISSE programs. 
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16:30 - 17:00 Alexeev, V.A. Fossil meteorites in Ordovician: Numerous meteorite falls or 
single meteorite shower? 
 
17:00 17:30 Shiryaev, A.A., Fisenko, A.V., Krivobok, V., Semenova, L.V. Structure and 
defects of meteoritic nanodiamond and associated carbonaceous phases from Efremovka 
CV3 chondrite. 
 
17:30 18:00 Ustinova, G.K. On possible origin of Xe-HL in meteoritic nanodiamonds. 
 
18:00 - 22:00 Russian hosts invite foreign guests for home dinner 
 

Wednesday, October 22 
 
8:30 - 13:00 Excursion to Museum of Energia Corporation, Korolev, Moscow region. For 
registered foreign guests. 
 
13:00 - 17:00 Free person-to-person discussions at Vernadsky Institute. 
 
18:00 - 23:00 Circus at Vernadsky Prospect. For registered foreign guests. 
 
  

Posters 
to be given at poster session on Monday October 20, 16:45 - 18:00  

 
1.  Abdrakhimov, A.M., Shashkina, V.P. Lunokhod 2 site: Panoramas digitizing and new 
geochemical remote data. 
 
2.  Barkin, Yu.V., Cyclic variations of activity of Titan natural processes; distribution of seas 
on surface; free and forced librations. 
 
3.  Barkin, Yu.V. Ordered structures on planets and satellites and mechanism of their origin. 
 
4.  Berezhnoy, A.A. Nitrogen on early Titan. 
 
5.  Busarev, V.V., Volovetskij, M.V., Taran, M.N., Feldman, V.I., Hiroi, T., Krivokoneva, G.K. 
Results of reflectance spectral, Moessbauer, x-ray and electron microprobe investigations of 
terrestrial serpentine samples. 
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6.  Fisenko, A.V., Verchovsky, A.B., Semjonova, L.F. Heterogeneity of meteoritic 
nanodiamonds from the data for their grain-size fractions separated from Orgueil CI. 
 
7.  Gudkova, T.V., Zharkov, V.N. On the flattening of the Martian core-mantle boundary. 
8.  Ivliev, A.I., Lukanin, O.A., Kuyunko, N.S. Application of a thermoluminescence method 
for comparative studying impact glasses. 
 
9.  Ivliev, A.I., Kashkarov, L.L., Safonov, A.V. Age estimation of an unknown origin stones by 
the thermoluminescece method. 
 
10.  Kaydash, V., Shkuratov, Yu.G., Pieters, C.M. Modeling determination of soil maturity 
with the M3 imager in Chandrayaan-1 mission to the Moon. 
 
11.  Kochemasov, G.G. Tunguska-1908 phenomenon in relation to the wave planetology 
octahedron structure of Earth. 
 
12.  Kochemasov, G.G. Tectonics of rotating celestial globes. 
 
13.  Kozlova, E.A. Possibility of existence of water ice in “low-latitude” areas of Mercury. 
 
14.  Lorenz, C.A. Two possible sources of potassium-bearing inclusions in the NWA 1664 
howardite. 
 
15.  Makalkin, A.B., Dorofeeva, V.A. Formation of the regular satellites of Jupiter and 
Saturn in accretion disks: Comparative modeling. 
 
16.  Mardon, A.A., Zeoli, A. The potential existence of anologue Pleistocene meteorite 
placers in formerly glaciated regions of Russia when compared to Antarctic meteorite 
placers. 
 
17.  Neukum, G., Basilevsky, A.T., Chapman, M.G. Michael, G., van Gasselt, S., Hoffmann, 
H., Jaumann, R. Episodicity in the geological evolution of Mars: Analysis of ages from crater 
counts on image data and correlation with radiometric ages of Martian meteorites. 
 
18.  Schibler, P., Heggy, E., Lognonn, P., Anglade, A., Gabsi, T., Pot, O. Mars environmental 
and soil simulating facility for geophysical and exobiological studies. 
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19.  Shevchenko, V.V., Shingareva, K.B., Lazarev, E.N., Rodionova, J.F. Automated creation 
of the lunar hypsometric map: Techniques of compiling. 
 
20.  Shpekin, M.I., Sitdikova, R.A., Hairullina, A.I. Orbital photogrammetry and laser 
altimetry of the far side of the Moon in the Aitken crater region. 
 
21.  Sidorenko, V.V. Dynamics of cometary nuclei and related physics. 
 
22.  Slyuta, E.N. The effective tensile strength of cometary nuclei and the cometary 
population. 
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LUNOKHOD 2 SITE: PANORAMAS DIGITIZING AND NEW GEOCHEMICAL REMOTE DATA. 
A. M. Abdrakhimov and V. P. Shashkina, Vernadsky Institute, Russia, 119991, Kosygina 19, 
albertabd@gmail.com 

Introduction: Last decade is marked by arising 
scientific interest in Moon investigations. It is ob-
tained new data of Clementine, Lunar Prospector 
missions; Lunar-Globe, Lunar Reconnaissance and 
other are coming. It is interesting to correlate new 
remote data and the data obtained from the Moon 
surface. For these purposes Lunokhod 2 panoramas 
were digitized (Fig. 1-4). And geochemical compar-
ing of Lunokhod 2 and Clementine data were exe-
cuted. 

On January 16, 1973, the automatic spacecraft 
Luna 21 deposited the remotely controlled vehicle 
Lunokhod 2 on the eastern side of Mare Serenitatis, 
crater Le Monnier, at coordinates 25°51' N, 30°27' 
E. The main purpose of the mission was the study of 
the transitional zone between mare and highland [1]. 
Lunokhod 2 also investigated the southern part of a 
moderately sized linear furrow Fossa Recta located 
on the mare surface in the south-eastern part of the 
floor of crater Le Monnier (Fig. 5, 6). The vehicle 
was equipped with a wide-angle panoramic camera, 
a "piloting" camera, XRF (RIFMA-M) spectrometer 
and other instruments. Lunokhod 2 worked 4 months 
(5 lunar days) and covered 37 kilometers.  

86 detailed panoramas were obtained during this 
mission. 689 images were digitized into grayscale 
mode and with resolution 300 dpi and composed into 
digitized panoramas, represented here. Each pano-
rama is a mosaic of 5-8 images (Fig. 1-4).  

On the first lunar day Lunokhod 2 moved to 
south on the bottom of Le Monnier Crater, which is 
covered by mare regolith (Fig. 1).The depth of re-
golith 1-6 m. The floor of Le Monnier appears to be 
a typical mare surface, practically horizontal, with 
gentle undulations and peppered with small craters. 
The craters range in diameter from a few centimeters 
to several hundred meters. Chemical composition of 
the surface of the regolith is revealed by the XRF 
spectroscope RIFMA-M [3]. At the landing point (6 
km from the highland shores), the Al content is 9 ± 
1%, and the Fe content is 6 ± 0.6%. This composi-
tion were interpreted that a thin supply of highland 
material mixed in the upper layer of the mare re-
golith [1]. 

On the second lunar day Lunokhod 2 reached the 
south edge of Le Monnier Crater and rose into high-
land area (Fig. 2). .The depth of regolith ran up to 10 

m [1]. The XRF analyses had shown that the Fe con-
tent in the most "highlandic" regolith went down to 
4.9 ± 0.4 wt.%, and Al went up to 11.5 ± 1.0[3]. 

On the third lunar day Lunokhod 2 turned to the 
east and returned into mare area (Fig. 3). The Fe 
abundances went up to 6% [3].  

On the forth day the vehicle reached graben 
Fossa Recta and investigated both sides of this tec-
tonic structure during two last lunar days (Fig. 4). 
The depth of Fossa Recta is 40-80 meters. Drawing 
near the graben the depth of regolith went down 
emerging pristine magmatic 'mare' rocks. The slope 
of Fossa Recta walls is about 30-35° and covered by 
basaltic boulder talus [1]. The XRF analyses had 
shown that the Fe content reached more "mare" val-
ues: 7.5 ± 0.9 wt.% Fe, 8 wt.% Ca on the west side 
and 8.0 ± 1.0 wt.% Fe on the east side of Fossa 
Recta [3].  

We compared the Lunokhod XRF compositions 
with geochemical data (Lucey et al., 2000) derived 
from Clementine orbital spectral measurements for 
the studying area. In spite of bad resolution (~200 
m) it looks like the systematic discrepancy of Fe 
abundance values exists: 6±0.6% and 12-14% Fe at 
the landing site; 4.0±0.4% and 10-8% Fe at most 
"highland" point; 8±1% and 10-14% at the most 
"mare" point. The reason of this discrepancy re-
quired further investigation (Fig. 7). 

By Clementine spectral crude data (~700 m) the 
TiO2 abundance could change along the Lunokhod 2 
route from 4-6% at mare parts to 0.5-2% at highland 
parts (Fig. 7). 

Conclusions: 1. All Lunokhod 2 panoramas 
were digitized. 2. Analyses of panoramas could de-
fine three lunar landscape types: mare plain, high-
land, graben area. 3 Geochemical comparing of 
crude Clementine orbital and Lunokhod 2 surface 
data revealed the systematic discrepancy, requiring 
further examinations. 

References: : [1] Florensky K. P. et al. (1978) 
LPSC IX, 1449-1458. [2] Florensky K. P. et al. 
(1976) Int. Geological Congress, XXV Session, 
205-234 (in Russian). [3] Kocharov G. E. and Vic-
torov S. V. (1974) Dokl. Acad. Nauk. SSSR, 214, 72-
74 (in Russian). [4] Lucey P. G. et al. (2000) JGR, 
105, 20297–20305. 

 
Figure 1. Day 01, session 2, panorama 5. Luna 21 (right) landing site. The bottom of Le Monnier Crater is covered by re-
golith, which is formed on mare basalts.  
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Figure 2. Day 02, session 13, panorama 28. "Highland" site near the rim of Le Monnier Crater, Oncoming (Vstrechnye) Hills. 

 
Figure 3. Day 03, session 3, panorama 1. "Mare" site between Oncoming Hills and Fossa Incospicus. "Mare" landscape. 

 
Figure 4. Day 04, session 11, panorama 9. The site near Fossa Recta. 

 
Figure 5. Photo mosaic Lunokhod 2 route site (NASA AS15-M-0392, AS15-M-0394, AS15-P-9294).  
Figure 6. Scheme geomorphologic map of Lunokhod 2 working site[2]: 1-3 – Late, Middle and Early Copernican craters; 4 - gra-
ben Fossa Recta; 5-7 –Late, Middle and Early Eratosthenian craters; 8 - graben Fossa Incospicua; 9 - Le Monnier lava-flooded crater floor; 
10 – Late Imbrian craters; 11 –Le Monnier crater rim; 12 –tectonic reaps; 13 – large crater edges; 14 – hill slopes; 15 - ridges; 16 – geomor-
phologic boundaries; 17 - Lunokhod 2 route. 

 
Figure 7. RIFMA-M XRF measurements [3] and remote geochemical data on Fe abundances[4] (left) and on Ti abundances 
[4] (right). 
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Introduction: More than 40 fossil meteorites (1 

to 20 cm in diameter) have been found in mid-
Ordovician marine limestone (~480 Ma) in the 
Thorsberg quarry at Kinnekulle, southern Sweden 
[1-3]. Primary minerals in these meteorites are 
almost completely replaced by diagenetic 
psevdomorphs and only tiny relict chromite grains 
are available to the analysis. The chemical 
composition of chromites matches that of modern L 
(or LL) chondrites, and it was concluded that these 
meteorites and chromite grains derived from 
catastrophic destroyed L chondrite parent asteroid 
~480 Ma ago. Heck et al. [3] measured noble gases 
(He and Ne) in a total of 23 batches of one to a few 
chromite grains (mass of each batch 4-40 µg) from 
these meteorites. They found, the exposure ages are 
all close to or less than a million years. These ages 
generally increased according to their position in 
the sediment column and the difference between 
the highest and lowest ages is consistent with the 
total deposition time of the sediments of 1-2 Myr. 
According to [3], these data provide evidence of a 
long-lasting rain of meteorites following the 
destruction of the parent asteroid. In our report we 
present the results of the analysis of the data from 
[3]. This analysis has allowed us to draw other 
conclusions. 

Noble Gases: Principal feature which has been 
found is a distinct correlation between the mass of 
the samples (batches) and the contents of the noble 
gases 4Не, 20Ne, 21Ne, and 22Ne. The negative 
correlation between 21Ne contents and mass of the 
batches is shown on the Fig. 1 for two groups of 
samples: one from the bed of Arkeologen (Ark) and 
another from other beds (non-Ark). The same 
correlations are found for the 4Не, 20Ne, and 22Ne 
(Table). 

Exposure Ages: The negative correlation is 
also observed between the estimated in [3] 
exposure ages and the mass of the samples (Fig. 2). 
Though it is obvious, the exposure age (duration of 
an irradiation by cosmic rays) cannot depend on the 
mass of the analyzed sample.  

The exposure ages in [3] were calculated 
according to contents of the 21Ne cosmogenic 
component: 21Necos = 21Nemeas (the measured 21Ne 
content) - 21Netr (trapped 21Ne, ~20-50 % of 
21Nemeas) - 21Nenuc (nucleogenic 21Ne, ≤3 % of 
21Nemeas). Nucleogenic 21Ne produced when 18O 
captures α-particles from U and Th decay was 
calculated by assuming all 4He to be radiogenic and 
a ratio (according to data [4]) of 21Nenuc/4Herad = 

2.8×10-8 for a mean O concentration of the 
chromite 33.6%. The 21Nenuc/4Herad ratio in crystal 
rocks (chromites) was calculated in [3] according 
to the reference values from [4] and [5]. However, 
the results of measurements in [5] characterize 
isotopic ratios in terrestrial gases, not in crystal 
rocks. The 21Nenuc/4Herad ratio  in crystal rocks can 
be essentially higher than in terrestrial gases due to 
better retention of 21Nenuc in the rocks in 
comparison with retention of 4Не [6]. 

Discussion: The chromite grains (and samples) 
were characterized by five indexes of preservation 
[3]. The best preserved grains (index 1) have large 
smooth, shiny black surfaces and resemble black 
glass or flint, whereas the worst preserved (index 5) 
are characterized by uneven surfaces with 
numerous cracks. The latter grains are usually rare 
and small. All data for samples with an index 1 
(Gol 001 and Ark 002; 8 samples) are located in the 
area of big masses on Figs 1 and 2, while data for 
samples with the indexes 5 and 4 (Goda 001 and 
Gla 001; 4 samples) are in the area of small masses. 
The average grain size is 80-100 µm (i.e. radius 
r~40-50 µm) and it implies that the samples with 
the small masses and high indexes of preservation 
can have mainly grains of small sizes (r ≤40-50 
µm).  

According to SRIM calculations for chromites, 
the nuclei of nucleogenic 21Ne (E ~0.15 MeV) have 
very short range of ~0.2 µm in comparison to the 
range of α-particles (4He nuclei) from decay of Th 
and U (Eα = 4.01-8.75 MeV) which is ~10-30 µm. 
This difference can be responsible for higher 
21Nenuc/4Herad ratios in small chromite grains in 
comparison with the larger grains. This grain size 
(i.e. mass) dependence was taken into account by 
normalization of the lg21Ne values in the Fig 1 to 
the lg21Ne value on regression line for lgM = -4.4 
(the maximal mass of sample with an index 1, i.e. 
M = 40 µg). It allowed us to calculate the high 
limiting values of the exposure ages Т21 norm. For all 
samples of non-Ark group, these Т21 norm values are 
the same within the limits of errors. The average 
age value is 0.31 ± 0.02 Ma. The obtained Т21 norm 
ages does not depend on the position of the 
meteorite in the stratigraphic column (Fig. 3a). 
The average limiting value of the exposure age for 
meteorites of the Ark group is defined as 0.06±0.02 
Ма. The difference of the average ages of two 
groups can be caused by different contribution of 
U/Th α-particles in formation of 21Nenuc in the 
Arkeologen bed and in overlying strata. 
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Distribution of normalized 4Не contents (Fig 3b) 
confirms this assumption. 

Conclusion: The found features in distributions 
of noble gas contents and of exposure ages imply 
the falling single meteorite shower. Time of this 
event corresponds to the stratigraphically oldest 
occurrence of meteorites in the column. Meteorites 
in the younger strata most likely are a result of 
redeposition. In this case there is no necessity to set 
up a hypothesis of intensive flux of meteorites to 
Earth during ~1-2 Ma about 480 Ma ago.  
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Table. The correlation coefficients between mass of the samples and the noble gas contents   

Group*        4He       20Ne 21Ne (Fig. 1)       22Ne 

non-Ark -0.85±0.08 -0.89±0.05 -0.88±0.06 -0.91±0.05 

Ark -0.96±0.03 -0.98±0.02 -0.95±0.04 -0.96±0.03 

* non-Ark – Gla 001, Goda 01, Tre 002, Sex 002, 003 and Gol 001; Ark – Ark 002, 007 and 030 [3]. 
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Fig. 1. The negative correlation between the 21Ne 
contents and mass of samples of non-Ark (a) 
and Ark (b) groups of fossil meteorites 
(according to data [3]). 

Fig. 2. The negative correlation between cosmic-
ray exposure ages and mass of the samples of 
non-Ark (a) and Ark (b) groups of fossil 
meteorites (according to data [3]). 

Fig. 3. The normalized  exposure ages of the fossil 
meteorites (a) and of the 4Не contents (b) in 
chromite grains depending on a location of 
meteorites in the 3.7 m column in the 
Thosberg quarry, southern Sweden. H is the 
depth relative to base of Arkeologen bed. 
Arrows designate boundaries of the beds. 
Horizontal lines are average values (±1σ). 
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Abstract. The hypothesis is developed, that the 
mechanism of the forced relative displacements of 
shells of the Titan is responsible for observably 
asymmetry of hemispheres, for activity and cyclicity 
of the processes occurring in its shells. In given 
report I give new dynamical illustrations to an 
organization of the natural processes on Titan: cyclic 
atmospheric processes, polar asymmetry of structure 
of an atmosphere, concentration of lakes and bogs in 
polar zones of the Titan. The phenomena of polar 
inversion of activity of processes, free and forced 
librations of the Titan with the big amplitudes are 
predicted.  
 
1 Introduction. In the paper of  2002 [1] I in 
particular wrote: “The important conclusion of the 
carried out research is the establishment of the high 
endogenous activity of the Titan. It is possible, that 
it is the second world in Solar system (after the 
Earth) where all natural processes roughly 
prove: atmospheric processes and processes in an 
oceanic shell, tectonic processes and volcanic 
activity. In this connection exclusive interest is 
represented with landing to a surface of the Titan to 
2004 of a space vehicle from a board of station 
"Cassini" started to Saturn in 1997”. 

 
Fig. 1. “Costa Blanka” on Titan. http://saturn.jpl.nasa.gov. 
Prediction of high endogenous activity of Titan (Barkin, 
2002): “Titan is a second world in Solar System similar in 
its activity to the Earth”. 
 
“We in the right to assume, that on the Titan 
observed active volcanic activity, occurred in the 
past and occurred in present planetary changes of a 
face of the Titan in the form of dome formations and 
uplifting of some zones and areas, ordered system of 
cracks and the valleys connected to it along which a 
moving of ice masses is observed. On the Titan there 
are rough and intensive atmospheric processes.  
Natural processes on the Titan also are uniform, as 
well as on the Earth. They are dictated and are 
directed by the same mechanism - the mechanism of 
the swing, wobble and wanderings of the Titan 
shells. Natural processes are cyclic, are characterized 

by the uniform frequency basis determined by 
frequencies of perturbed orbital motions of the 
Titan, the Saturn and other celestial bodies. The 
methane ocean of the Titan, quite probably, 
represents system of the seas which formation 
was caused by the directed radial displacement of 
shells of the Titan. All shells of the Titan, including 
ocean and an atmosphere, are deeply dynamically 
mutually connected and penetrated with uniform 
rhythms and cycles in the existence and evolution.” 
([1], p. 72). 
All stated assumptions about the high activity of 
Titan, about cyclicity of its natural processes, 
concentration of the seas in polar zones of opposite 
hemispheres etc. have obtained clear confirmations 
by realization of the space – mission “Cassini”. 
2 Concentration of fluid masses of the Titan near 
to the polar zones. Most of the many lakes and seas 
seen so far are contained in this image, including the 
largest known body of liquid on Titan. These seas 
are most likely filled with liquid ethane, methane 
and dissolved nitrogen [2].  

 
  
Fig 2. Lakes on Titan at polar regions in northern a) and 
southern b) hemispheres of Titan.(Land of Lakes? June 28, 
2005 Full-Res: PIA06240 Titan's North Polar Region. 
October 11, 2007 Full-Res: PIA10008). http:// saturn. jpl. 
nasa.gov. 
 
The view of Titan's south pole reveals the intriguing 
dark feature named Ontario Lacus and a host of 
smaller features dotting the south polar region. The 
northern features, the sizes of small seas, are either 
completely or partially filled with liquid 
hydrocarbons.  
The analytical solution of the problem about forced 
relative oscillations of the core and mantle of the 
Earth separated by a viscoelastic layer has shown 
that oscillations with annual, decadal periods and 
with the periods of planetary secular perturbations 
have mainly the polar character [3]. Moving and 
gravitating core organize and control asymmetrical 
polar tides of all fluids of the planet. With a 
reference to the Titan it means, that its fluid masses 
during the evolution under action of the specified 
mechanism could tend of asymmetric concentration 
in polar zones. This phenomenon of concentration of 



fluid deposits in various physical states (water, ice, 
liquid methane, etc.) in polar regions of these bodies 
is universal and widely should be observed on 
planets and satellites of solar system. The data of 
modern observations in really give confirmations to 
the specified theoretical conclusion [1]. 
3 Cyclic activity of Titan. Tidal and shell-dynamics 
interactions of the given celestial body with external 
celestial bodies lead to variations of its tensional 
state and as consequence to variations of different 
planetary processes including variations of seismic 
activity [5]. It is clearly observed that variations of 
lunar seismicity have the celestial mechanical nature 
and depend from the Moon perturbed orbital motion. 
Using dynamical analogy in translatory-rotary 
motions of synchronous satellites and corresponding 
characteristics of perturbed Titan orbital motion we 
have obtained evaluations of periods of variations of 
seismic activity of Titan:   Tanom= 15.9455;  Tdrac= 
15.9444; Tsyn= 15.9661; Tsynod/2= 7.9846;  Tdrac/2= 
7.9722; Tdrac/3= 5.3148 and oth.  These periods are 
multiple to periods analogous to sinodyc, 
anomalistic, draconic periods of the lunar orbital 
motion. Another long-periodic variations of the 
Titan processes (seismic, atmospheric and others) 
are caused by orbital motion of Saturn and by 
mutual action of Saturn and satellites, and probably 
of Titan librations.   
4 The cyclicity of Titan's methane clouds. “The 
most robust cloud feature observed on Titan over the 
past several years, its south polar clouds, have 
completely dissipated. Certainly the seasonal cycle 
of insolation has much to do with this event. But 
cloud features at midlatitudes are not in-phase with 
the distribution of solar forcing, so some internal 
mechanism must be providing a time-lag. We 
present results of an axisymmetric global circulation 
model of Titan with a simplified suite of 
atmospheric physics forced by seasonally varying 
insolation” [4]. 
 

       
Fig. 3. The approximating broken line of activity of clouds 
on the Titan (on the paper [4]).  
The basic interval of  variations makes 15.98 days, 
i.e. the period of orbital motion. Minima are 
displaced relatively to previous maximum 
approximately on 6.5 days. On the data of paper [4].  
5 About possible regime of forced and free 
librations of Titan. First data about Titan rotation 

testify that this satellite makes librations, turns with 
big amplitudes [6]. We can assume that observed 
changes in orientation of Titan indicate on forsed 
and free librations of the upper shell of the ice crust 
of Titin decopled with supper shell due to existence 
of ocean layer [6]. It is possible, that long-periodic 
librations of the Titan in longitude are reflected in 
the appropriate variations of natural processes, 
including observably changes of a cloudy cover. For 
a rigid model of the Titan this period is estimated in 
2.09 yr [7]. However for two-layer model uncoupled 
with each other shells (as it is supposed in the case 
of Titan) it can be much less and make all about 0.3-
0.4 years as it could be approximated on the 
character of curves on Fig. 3. The specified values of 
periods allow to estimate the ratio of the polar 
moments of inertia of the crust and of all 
Titan: 2(2 4) 10!÷ " . In result we come to a 
conclusion, that the amplitude of forced librations in 
a longitude of the Titan, appreciated on the basis of 
the elementary model of a rigid non-spherical body 
[7], for layered model should be increased in 25÷  
50 times i.e. to make about 3’ ÷ 6’.  
The amplitude of free librations (evaluated on values 
of the maximal displacements of details on the 
surface of Titan) can be appreciated in 1 - 2 degrees. 
The given estimations have rather approached 
character. More full research of forced and free 
librations of Titan will need more detailed data of 
observations.  
6 Conclusions. A cyclicity of variations of 
atmospheric processes of Titan with period equal to 
its orbital period, predicted by the author, has 
obtained a confirmation in the work. The existence 
of the seas in antipodal areas, also predicted by the 
author [1], has obtained confirmations on results of 
Cassini mission. The observed displacements of 
details of Titan surface on Cassini images partially 
can be explained by significant on amplitude of free 
and forced librations in longitude, by assumption 
about decoupling of the crust and by existence of 
under-crust liquid ocean.  
The partial suport of RFBR grants N 08-02-00367, 
N 07-02-91212 is acknowledged. 
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ORDERED STRUCTURES ON PLANETS AND SATELLITES AND MECHANISM OF THEIR 
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Abstract. It is shown, that in a distribution of 
formations on planets and satellites of terrestrial group 
it is rather clearly the phenomena of netting (grid) and 
alignment proves. When, the centers of formations are 
situated along parallels and meridians or along 
inclined parallel straight lines (on the plane “longitude 
– latitude”) in this or that system of coordinates 
connected to a celestial body. Generally, these systems 
of coordinates are inclined with respect to an axis of 
planet rotation. This phenomenon already was 
discussed earlier [1] - [3], and in the given work some 
new illustrations of the ordered distribution of 
formations of planets and satellites are given. 
The presence of similar law in distribution of 
formations of a celestial body testifies for the benefit 
of their internal origins, and activity of endogenous 
processes, their rhythms and orderliness are dictated 
by gravitational influences of external celestial bodies. 
 
1. Introduction. “Planetary distribution of the 
geological structures of the Earth, Moon, Venus, Mars 
and some  satellites is ordered… It can be called as 
grid-phenomenon (or net-phenomenon), or 
phenomenon of the cellular structure  in the positions 
of the geological   formations. Its sense is very simple. 
In accordance with this law the centers of the different 
geological formations of the celestial body: volcanoes, 
hot spots, eruptive centres, triple junctions of the 
plates, some craters, mountains and others formations 
are located closely to the  nodes of the original grid 
formed by the selected parallels and meridians of the 
special planetary  reference system. In general case 
this reference systems is inclined with respect to the 
planet (satellite) equator.” [1]. 
As the basic mechanism controlling a ordering in 
redistribution of various formations of celestial bodies  
the mechanism of the forced relative swing and 
displacements of the basic shells of a planet (satellite) 
along the certain primary radial directions and the 
mechanism of excitation of elastic waves in the top 
layers of a mantle (and their superposition) is 
suggested. The specified mechanism [3], its reality 
and effectiveness last years have obtained wide 
confirmations in geodynamics, a space geodesy, 
geophysics, gravimetry, at research of planets and 
satellites. 
 
2 Grid-phenomenon. Grid-phenomenon  of the 
geological,  geographical, geophysical and others  
structures and formations in first was discovered  for 
the Earth and widely observe on many solar system 
bodies.  New regularities of the ordered position and  
of the motion of the lithosphere plates, of the ordered  
hot spot positions, triple junction positions and of the 
many others formations and structures, including 
anomalies of the different physical fields of the Earth, 
 

 
were established  and studied with respect two 
fundamental inclined reference system of the Earth [1] 
– [3]. An elegant grid of ordered positions of triple 
junctions of the Earth’s plates is illustrated in special 
inclined reference system (Principal Lithosphere 
Reference System of the Earth - PLRS) (Fig. 1). 

 
Fig. 1. Triple junctions ordered positions on the Earth. A 
special projecton of the Earth. Red line is inclined equator of 
the Earth (equator of PLRS). The boundaries of lithosphere 
plates are presented. 
The formation mechanism of   the cells of the parallels 
and meridians with grid system of the geological 
formations at its nodes is  connected with  
translational relative displacements  of the Earth shells 
[3]. On my geodynamical model grids of celestial 
body formations  are the usual geodynamical 
consequences of the radial relative displacements and 
oscillations of the body shells. Relative shell 
displacements are caused by the  gravitational 
attraction of external celestial body.   
In turn the mechanism of the swing and relative 
displacements of the shells of celestial body actuates 
another - the wave mechanism of deformations of all 
layers of the top shell (mantle), including superficial. 
As a result of effects of superposition of deformations 
of superficial layers (and their evolution in geology 
history) also occurs formation of the specified grid 
structure (cells structures). The similar structure was 
discovered even on the Sun, i.e. mentioned 
mechanism of formation of the ordered systems of 
formations is universal, has a celestial-mechanical 
nature and its action is shown on all planets, satellites 
and stars [3].  
 
3 Axography method. For analysis of pnenomenon of 
alighment and grid phenomenon the special computer 
methods have been developed [2]. This methods with 
the help of special criteria of alignment allow to 
specify the primary radial-directed axes with respect to 
which the phenomenon of ordered latitude and 
longitude distribution of the centers of formations is 
shown most clearly. On Fig. 2 poles of similar axes 
are marked by red color. We connect the specified 
axes to radial directions of primary relative 
displacement of the core and the deformable mantle. 
In the case of the Earth numerous displays of 
alignments of its various formations have been 
discovered and studied: hot spots, triple junctions of 



lithosphere plates, volcanoes and many others 
geological structures [1] - [3]. Some illustrations on 
application of the specified methods of the analysis of 
alignment and the ordered structures of other bodies of 
solar system below are resulted.  

 
Fig.2. The phenomenon of latitude ordering in an 
distribution of hot spots with respect to polar axis of 
Principal Geodynamical Reference System [3] (a pole of Tar 
desert - a pole of Brazil).  
 
4 Mercury. 

 

 
Fig. 3. Ordered positions of centers of Mercury formations: 
mons, dorsums, albedo features, big craters and oth. along 
active parallels and meridians of planet on the plane 
“latitude-longitude” on the data [4].   
 
5 Io.  
On satellite Io the grid phenomenon and alignment in 
distribution of various formations, first of all 
volcanoes is extremely clearly shown.  

 
Fig. 4. The phenomenon of alignment of volcanoes of Io. 
 
On a coordinate plane "longitude - latitude" volcanoes 
(they are marked by daggers [5]) mainly are situated 
along a system of straight parallel lines. Figures above 
a map mark continuations of the appropriate lines on 
all surface of Io.  
 
6 Pluto.  
By figures on Fig. 5 are marked antipodal areas with 
contrast brightness’s on Pluto. An inclined belt (big 
circle) of dark areas of Titan surface also is presented 

here. The presence of similar structures on Pluto 
testifies for the benefit of existence (in the past and 
probably in present) of the effective mechanism of the 
swing, oscillations and relative displacements of its 
shells (core, mantle and others shells) first of all under 
action of gravitational influence of satellite Charon. 
 

 
Fig. 5. Asymmetry of hemispheres of Pluto surface. The grid 
phenomenon, phenomena of alignment and antipodal 
positions in redistribution of Pluto formations. Space Hubble 
telescope image.  
 
7  Enceladus. 
 

 
Fig. 5. Meridional and grid ordering of the hyzers (желтые 
звездочки) and "tiger stripes" positions on Enceladus in 
Southern pole regio. http://saturn.jpl.nasa.gov. 
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Introduction. The Russian mission Fobos-Grunt 

planned for launch in 2009 should return samples of 
Phobos materials to the Earth. The Scientific objectives 
as well as the mission scenario and profile can be found 
in [1]. For ballistic, operational and landing safety rea-
sons the potential landing sites for this spacecraft were 
selected on the anti-Martian side of Phobos within the 
area 5oS-5oN, 230-235oE (Figure 1).  
 

   
Figure 1. Fragment of map of Phobos by Peter Thomas 
with the selected landing sites (1, 2). Outer circle extends 
from that outlining the landing sites by 1 km. 

Previously available images for this area show a gen-
erally smooth surface with a few craters of diameters 
from a few tens of meters up to 100-200 m, most of 
which look highly degraded; only one is relatively fresh. 
However, this smoothness could be an observational 
effect due to the relatively low image resolution (>6 
m/px) and high solar angle at the site when the images 
were taken. This is why new HRSC images showing the 
vicinity of the landing area with higher resolution taken 
during recent (July-August, 2008) flybys of Phobos by 
the Mars Express spacecraft are so interesting for mis-
sion support. 

Analysis of the new images. The closest flyby (93 
km from Phobos) was in orbit 5851 [2]. Five HRSC and 
several SRC images were taken. The HRSC images have 
a resolution of 3.7 m/px (nadir channel), 3.9 m/px (stereo 
channels 1 and 2) and 7.6 and 7.7 m/px (photometric 
channels 1 and 2). The SRC images have a nominal reso-
lution of 0.9 m/px, but are significantly smeared. Figure 
2 shows a color anaglyph 3-D view of Phobos from this 
flyby. 

 
Figure 2. Color anaglyph of the part of Phobos imaged 
during orbit 5851. 

 Photogrammetric analysis of the new HRSC images 
aiming to produce a digital terrain model and an accurate 
coordinate grid is in progress, but preliminary identifica-
tion of already imaged and mapped surface features of 
Phobos (Figure 3) can easily be done from visual com-
parisons with the available images and maps [3-8].  

  

 
Figure 3. HRSC image (nadir channel) taken in orbit 
5851 with named craters and the position of landing sites 
1 and 2 in red ellipse, the latter corresponding to the 
outer circle in Figure 1.    

 Using this approach we have identified the Fobos-
Grunt landing area on these new HRSC images. It is 
within the field of view, but in the dark at the moment of 
imaging, although very close to the terminator. An analy-
sis made at George Mason University, Fairfax, VA, USA 
indicates that if the orbit of Mars Express is not changed, 
this place will not be illuminated by the Sun in future 
flybys either. So the hopes for obtaining high-resolution 
images of Phobos with selected area well-seen are weak.  

Meanwhile, the newly acquired HRSC images show 
that within the illuminated part of Phobos, there is rather 
smooth place northeast of the current landing area and 
very close to it which could potentially be an alternative 
landing area for the Fobos-Grunt mission (Figure 4). 
Preliminary considerations made at the Keldysh Institute 
of Applied Mathematics, RAS, Moscow, showed that 
within the ballistic and operational constraints, such a 
change in the position of the landing area looks possible. 
We are now exploring this possibility. 
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Figure 4. Fragment of HRSC image (nadir channel) 
taken in orbit 5851 showing the current (red ellipse) and 
suggested new (turquoise ellipse)  landing areas. Points 
1 and 2 in the ellipses are the current and suggested 
landing sites. 

The suggested new landing area is between 7oN to 
21oN and 214o to 233oW. Here, on the HRSC images 
with resolution 3.7 and 3.9 m/px, the surface looks rather 
smooth. The largest and most prominent surface feature 
within the suggested landing area (the turquoise ellipse) 
is a ~300 m crater at its eastern boundary (Figure 4,5). It 
has distinct shadow inside which extends to about 3/4 of 
the crater diameter. Nearby, there is a crater of approxi-
mately the same size but significantly less prominent and 
without a shadow inside. Also seen are about 20 craters 
with diameters from a few tens of meters to ~150 m, but 
only a few of them have a shadow inside extending to the 
center of the crater. Taking in mind that the considered 
area is very close to terminator (within 10-15o of arc) 
even these craters seem not to be dangerous for the land-
ing. 

Figure 6 shows the size–frequency diagram for the 
suggested landing area: it can be seen that the crater areal 
density here is lower than the so-called equilibrium func-
tion to which a population of relatively small craters 
tends to reach with time [9]. 

A few the NE trending grooves are entering the land-
ing area from the northeast. They are 100-200 m wide 
and several kilometers long. The grooves have no shad-
ows although the Sun illuminates them at an angle of 60 
to 80o relative to their strike. This means that they have 
very gentle slopes. 

Within the described area there are at least four ~500 
m across subareas which show practically no visible 
features, and certainly no feature with shadows. Within 
two of these featureless subareas we suggest selecting 
two landing sites (points 1 and 2 in the turquoise ellipse 
of Figure 3). Their approximate coordinates are 11oN, 
226oW and  17oN, 220oW.  Both the more precise deter-

mination of the positions of the suggested landing area 
and landing sites, and the study of the detailed character-
istics of the surface crucial for landing safety, are now in 
progress.  

 
Figure 5. Fragment of HRSC image (nadir channel) 
taken in orbit 5851 showing the suggested new landing 
area 

 
Figure 6. Size-frequency plot for the craters within the 
suggested landing area (turquoise ellipse). Black line 
shows the so-called equilibrium function for lunar cra-
ters of smaller than 1 km in diameter [9]. 

Conclusion. Preliminary analysis of the newly ac-
quired high-resolution HRSC images of Phobos suggests 
that the earlier selected landing area for which there are 
no high resolution images taken at optimal illumination 
conditions can be replaced with a new landing area and 
sites which seem to be ballistically and operationally 
available and rather safe in relation to the surface rough-
ness.  
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Abstract:  Previously, we have reported on re-

flectance spectral measurements of arbitrary selected 
terrestrial serpentine and chlorite samples which may 
be considered as analogues of hydrated solid celes-
tial bodies [1]. Then, we performed electron micro-
probe, Mössbauer and X-ray investigations of the samples 
and made a previous correlation analysis of the results for 
Mg-serpentine samples. We discovered a considerable 
magnitude (up to ~25% in relative intensity) of an absorp-
tion band centered at 440 nm in reflectance spectra of 
lizardites and chrysotiles. It was found a strong correlation 
of the equivalent width of the absorption band in reflec-
tance spectra of the samples with octahedral total Fe3+.  

Reflectance spectral measurements:  The visible 
and near-IR reflectance spectra of seven magnesial serpen-
tine samples (powders of ≤0.15 mm grain size) were meas-
ured in the 400-1000-nm range. A description of the facili-
ties is given in [1]. Normalized reflectance spectra of 1a, 
4a, 4b, 10a, 28,  30 and 2540 serpentine samples are 
shown in Fig. 1. 

 
Fig. 1. 

We have found a pronounced absorption band at 440 
nm in reflectance spectra of the samples (except for 30 
one). The curves are presented in the order of increasing of 
the band strength from top to down (Fig. 1). The equiva-
lent width of the band was calculated for each of the re-
flectance spectra (after the continuum slope was calcu-
lated, withdrawn and the spectrum normalized) according 
to the following formula:  

λλ Δ−=∑
=

N

i
irW

1
440 ))(1( ,                           (1)          

where W440 is the equivalent width, Δλ is the spectral step, 
r(λi)  are the residual intensities in the spectrum, and N is 
the number of points in the band.  

Reflectance spectra of 1a, 28, 30 and 2540 powdered 
serpentine samples were measured in a more wide spectral 

range (400-3600 nm). For that, it was used the 
Keck/NASA RELAB spectral facilities in  Brown Univer-
sity [2]. The results are shown in Figs 2 and 3. 

 
Fig. 2. 

 
Fig. 3. 

As seen from the spectra (Figs 2 and 3), unlike other 
serpentine samples having an absorption band at 440 nm,  
sample 30 has a strong and wide absorption band at 900 
nm and a less intense absorption band assigned to vibra-
tions involving the OH-stretching modes with lattice 
modes or to fundamental vibrations (e. g., [3]). 

We have investigated an effect of magnetite content in 
sample 28 (3.5 wt.%) on its reflectance spectrum (Fig. 4).  

   
Fig. 4. 
For the purpose, magnetite was extracted from sample 28 
(by a magnetic method and consecutive crushing of the 



RESULTS OF REFLECTANCE SPECTRAL, MÖSSBAUER, X-REY AND ELECTRON MICROPROBE 
INVESTIGATIONS:  V. V. Busarev et al. 

 

sample), and reflectance spectra of sample 28nm (without 
magnetite) and magnetite from it were measured . 

Results of electronic microprobe, X-ray and Möss-
bauer investigations of the samples are given in tables 1-3. 
We have found a strong linear correlation of the equivalent 
width of 440-nm-absorption band in reflectance spectra of 
the samples with their contents of octahedral Fe3+  (coeffi-
cient R=0.97, table 3) and total (octahedral + tetrahedral) 
Fe3+ (R=0.90). 

Conclusions:  Thus,  we  suppose  that  a  440-nm-  

absorption   band in  reflectance  spectra  of  solid celestial 
bodies may be used as an indicator of Fe3+ and, hence, 
hydrated and/or oxidized states of their matter. 
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Table 1. Microprobe results for serpentines. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
Table 2. Results of X-ray investigation of mineral content of the samples. 

 
Mineral content of the samples (wt. %)  

 
Numbers of samples 

List of  minerals 
detected in the samples 

30 4a 4b 10a 2540 1a 28 

Lizardite 10 46 - 9 42 10 47 
Clinochrysotile 23 17 - 90 52 90 47 

Serpentines 

Antigorite - - - - -  - 
Chlorite - - - - - - 2.5 

Magnetite - - - 1 5 - 3.5 
Forsterite - 7 - - 1 - - 
Brucite 67 10 - - - - - 
Calcite - 20 - - - - - 
Quartz - - - - - - - 

Plagioclase - - - - - - - 
Talc - traces - - - - - 

Enstatite - - - - - - - 
Diopside - - - - - - - 

Sum 100 100 - 100 100 100 100 
 

Table 3. Results of correlation analysis for the equivalent width of a 440-nm-absorption band and iron content (according to  measurements) 
for serpentine samples. 

Sample N W 440 FeΣ 
(wt.%) 

Fe2+
O 

(wt.%) 
Fe3+

T 
(wt.%) 

Fe3+
O 

(wt.%) 
Fe3+

Σ 

(wt. %) 
30 0 2.2153 2.0735 0.1418 0 0.1418 

1012b 0.8316 2.4656 2.2708 0 0.1948 0.1948 
4b 2.2946 1.7489 0.9007 0.5789 0.2676 0.8465 
4a 3.6991 1.3136 0.5149 0.4335 0.3665 0.8000 

10a 3.9692 1.7334 0.4160 0.0953 0.4559 0.5512 
2540 5.7817 2.1376 0.0299 0.1560 0.4510 0.6071 

1a 11.0904 1.8966 0.4305 0.5690 0.8971 1.4661 
28 12.7039 2.3397 0.1006 0.4562 0.8329 1.2892 

       
R  0.0758 -0.7247 0.5449 0.9712 0.8956 

 

            N 
Oxides 
(wt. %) 

1a 
 
 
 

4a 
 

4b 
 

10a 28 2540 
 

30 

FeO 2.44 1.69 2.25 2.23 3.01 2.75 2.85 
MgO 48.59 48.26 51.61 44.90 44.25 44.44 45.12 
Al2O3 0.78 - - 0.89 1.38 1.45 0.10 
SiO2 47.84 49.75 46.02 51.07 49.77 49.47 51.44 
Cr2O3 - - 0.07 0.70 1.23 1.56 0.14 
CaO 0.02 0.08 0.05 0.10 0.01 0.02 0.08 
K2O 0.01 0.01 - - - 0.09 0.02 
Na2O - 0.08 - - 0.19 0.03 0.22 
MnO 0.16 - 0.01 0.09 0.08 - 0.01 
P2O5 0.13 0.14 - 0.02 0.08 0.20 0.01 
TiO2 0.04 - - - - - - 
NiO - - - - - - - 
Sum 100 100 100 100 100 100 100 
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        Introduction:  Mapping spectrometer OMEGA 
is operating onboard Mars Express since 2003, 
delivering hyperspectral images in the range 0.38-5.1 
μm in 352 spectral channels with spatial resolution 
up to few hundred meters [1]. Five years of this 
experiment have resulted in identification of various 
water-bearing minerals including sulphates and 
phyllosilicates [2,3], as well as water adsorbed by 
regolith [4]. However, numerous minerals may 
change their hydration state under Martian 
conditions on the seasonal timescale, with the 
hydration degree manifested in narrow absorption 
feature near 1.9 μm. In this work we analyze this 
feature as a signature of  hydrated minerals and 
determine seasonal trends and spatial distribution of 
hydrated soil on Mars. 
         Data treatment: Full OMEGA dataset has 
been processed in order to retrieve 1.91 μm band 
absorption index. First, atmospheric absorption was 
eliminated based on synthetic spectra of the Martian 
atmosphere, calculated for particular location, 
season, and local time. Atmospheric thermal profile 
and surface pressure from the European Mars 
Climate Database [5] corrected by MOLA 
topography on short scales was adopted; the contents 
and vertical distribution of water vapor was 
evaluated using exponential approximation with 
variable scale height retrieved from GFDL Mars 
GCM[6]. Latitudinal distribution of water vapor 
retrieved from MGS/TES experiment [7] was 
adopted. After corrections on the atmospheric 
absorption, index value is calculated, equal to the 
ratio of reflected intensity in the band center (1.92 
μm) to the continuum.  

The resulting map corresponding to the range 
Ls = 90°-180°  is shown in Fig. 1a. Evidently, the 
extreme index values observed in both polar regions, 
specifically at the North polar cap and South polar 
cloud hood, indicate 2 μm absorption feature 
characteristic for surface ice and water ice clouds, 
respectively, rather than 1.9 mm feature. In addition, 
some enhancement of the index value in the tropics, 
reaching 0.05-0.06, may relate to the optically thick 
water ice clouds of the aphelion tropical cloud belt. 
In order to exclude artificial assignment of the water 
ice absorption to hydration index, we have applied 
additional filtering on 1.5 μm water ice feature. 
Observations where 1.5 μm relative absorption 
exceeds 0.03, which means the presence of water ice 

on the surface, were dropped from the analysis, as 
shown on Fig. 1b.  
 

 
a 

 
b 

Figure 1. Global maps of 1.92 μm absorption index for 
Northern summer period: (a) all data included; (b) filtered 
on 1.5 μm water ice signature 

For the sake of confidence, we also analyzed 
spectrum shape in the  vicinity of 1.9 μm feature. 
This range contains strong CO2 gas absorption, 
whose correction is not enough accurate to estimate 
faint hydrate absorption, moreover, some spectral 
channel in this range have substantially degraded 
since OMEGA operations have started. Taking into 
account individual errors of each pixel, we evaluated 
presumed positions of the absorption maxima based 
on polynomial fits of spectra near 2 μm. If 1.9 μm 
index value is caused by a broad absorption centered 
at 2 μm rather than hydration feature, evaluated 
absorption maximum would shift in longwave 
direction, and respective pixel is ignored. The map 
of near- 2 μm absorption maximum position is 
shown in Fig. 2. A strong contribution of water ice 
(maxima at 1.95-1.96 μm) is manifested in the area 
of the aphelion cloud belt and in some locations near 
the pole. However, for most of the rest area, 
maximum absorption wavelength is about 1.93 μm, 
confirming identification of this feature as a 
signature of hydrates. 



 
 Figure 2. Maps of 1.9 μm absorption band center position. 
Longwave shift in the tropics, near the North pole and 
along -180-120 and 0-60 longitudes indicate the 
contribution of water ice clouds.  
  Results:  It is interesting to keep track of possible 
changes in soil hydration state during the aphelion 
season. As remarkable values of the 1.9 μm 
absorption index associated with hydrated minerals 
are only observed in the vicinity of the polar cap, 
detailed maps corresponding to time slices of 30°-
90°, 90°-120° and 120°-180° are presented in Figure 
3 (a,b,c) in polar projection.  
As in Fig. 1(b), pixels showing ice absorption at 1.5 
μm are filtered out, which results in patchy 
appearance of plates (a) and (c) due to the presence 
of surface frost and clouds. The sequence of maps 
shows an enhancement of the hydration index from 
spring to mid-summer, with subsequent fading to the 
fall season.  In contrast with [8], our analysis shows 
that in the near-polar regions soil hydration is 
enhanced during spring season. This may be 
explained by poleward transport of water released by 
retreating seasonal polar cap and capture of part of 
this bulk water in bound state[10]. As the summer 
progresses, soil is warmed up and releases bound 
water that results in fading of 1.9 μm index as seen 
in Fig. 3(c). Asymmetric distribution of bound water, 
with the enhancement around 90°W, particularly 
remarkable during the late aphelion season (Fig.3c), 
may reflect the zonal structure of near-surface water 
vapor transport out of the North polar cap triggered 
by planetary wave activity. 
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Figure 3. 1.9 μm  index identical to presented in Fig.1(b) 
for particular seasons: (a) 30°-90°; (b) 90°-120°; (c) 
120°-180°. Bright red spot near 80°N,135°W and a 
belt surrounding the polar cap is gypsum-rich region 
partially covered by frost and clouds in (a) and (c).
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Introduction:  One of the most efficient 
ways of investigation of presolar materials is the 
SIMS analyses of their individual grains that 
have been successfully used for micron- and 
submicron-size grains such as SiC, graphite, 
oxides and silicates. For technical reasons this is 
not possible for nanodiamonds at the moment. 
The grain-size analysis of meteoritic nanodia-
monds developed by us a decade ago replaces, 
to certain extent, the analysis of single nano-
diamond grains and is in particular efficient for 
recognition of different diamond populations [1-
3]. Here, as a part of our long-term program for 
analyses of meteoritic nanodiamonds, we pre-
sent the data obtained for grain-size fractions of 
nanodiamonds separated from Orgueil CI mete-
orite. Some of the data and in particular for the 
coarsest fractions have been published in [4]. 

Experimental: Separation of nanodia-
monds from the bulk meteorite was curried out 
using technique basics of which has been devel-
oped in [5]. Separation of bulk diamond colloid 
(sample OD-7) into grain-size fractions was 
conducted using a multistage centrifugation un-
der variable conditions (Fig. 1). One of the aims 
of the separation was to obtain the coarsest 
nanodiamond fraction. According to the separa-
tion conditions the average grain size of the 
fractions increases in the following sequence: 
OD-14, 13, 17, 12, 11, 16, 15. Concentrations 
and isotopic compositions of C, N and some 
noble gases have been measured in all the frac-
tions using a combination of pyrolysis (300-
800oC) followed by combustion (300-1200oC) 
as the means of extraction for the species. 

Results and discussion: Bellow only the 
bulk compositions of the fractions are dis-
cussed. The unseparated sample OD-7 has the 
isotopic compositions of carbon, nitrogen and 
xenon (δ13C= -34.7‰, δ15N = -302.6‰ and 
136Xe/132Xe = 0.442) that is in agreement with 
the previous data [6, 7]. However the 132Xe and 
36Ar content in the OD-7 (7.21x10-7 cm3/gC and 
21.3x10-5 cm3/gC respectively) is by a factor 
~1.4 higher then determined in [7]. This proba-
bly is due to the difference in normalisation: we 
did it to the total carbon content, while in [7] to 
the sample weight. 

The obtained Orgueil nanodiamond frac-
tions are significantly different from each other 
in terms of noble gases concentrations and ele-
mental compositions as well as isotopic compo-
sitions of carbon and nitrogen (Fig. 2): 

1. The fine grain-size fractions are de-
pleted by noble gases compared to the coarse 
ones. The depletion factors for different noble 
gas components such as Xe-P3 and Xe-HL are 
significantly different: for the finest and coars-
est fractions this factor is 45 for Xe-P3 and 2.5 
for Xe-HL. These observations are in a good 
agreement with our previous data for grain-size 
fractions of nanodiamonds from other meteor-
ites (e.g., [1]) and can be explained by both im-
plantation effects [1, 8] and surface adsorption 
[9]. 

2. Carbon isotopic composition becomes 
systematically lighter with increasing grain size 
with the exception of the coarsest fraction OD-
15 where carbon is significantly heavier than 
expected that is likely due to a presence of fine-
grained SiC. 

3. Nitrogen in the fractions has a variable 
isotopic composition with no obvious trend. 

Conclusions: Apart from the implanta-
tion and sorption effects mentioned above and 
which suggest P3 and HL noble gasses to be 
acquired by diamonds in separate events, varia-
tions of carbon isotopic composition require 
several isotopically different nanodiamond 
populations to be present. 
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Fig. 1 
Separation of bulk dia-
mond colloid (sample OD-
7) into grain-size fractions 

Fig. 2 
Orgueil nanodiamond frac-
tions are significantly different 
from each other in terms of 
noble gases concentrations (A) 
and isotopic compositions of 
xenon (A) as well as carbon 
(B: red symbols) and nitrogen 
(B: black symbols) 
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Introduction: Ultramafic and mafic minerals are 

the main components which could represent material 
of large impacting meteorites. There is still a question 
about possible transformation of magnesiosilicates 
during high-temperature impact-induced processing, 
which form distal ejecta. Some early experimental 
works [1,2,3,4] stated congruent evaporation of 
forsterite giving no changes in the mineral composi-
tion. Sata et al. [5] argued for a certain disproportiona-
tion of Mg and Si between melt and vapor for forster-
ite and enstatite. Volatilization of elements into vapor 
plum during impacts considered mostly as a mass con-
version of solid mass to vapor phase without any 
change in elements composition. In some cases vola-
tilization of elements is considered on the bases of 
general row of volatility providing preferential 
volatilization of “volatiles” (K, Na,…) contrary to 
“refractories” (Al, Ca, …). Most of experiments on 
evaporation are performed at vacuum chamber 
pressures and temperatures not exceeding ~2500 K. 
Such conditions are not compatible with that of 
impact-generated dense vapor plumes with 
temperatures about 4000-5000 K. The goal of our 
experiments was to investigate behavior of main 
elements during vaporization of rocks and minerals at 
conditions typical for hypervelocity impact vaporiza-
tion. Experiment: Experiments were performed using 
two stage light-gas-gun (LGG) and laser pulse (LP) 
simulation techniques [6]. Expansion of the vapor 
cloud in LGG experiments was into ~10 mbar air and 
in case of LP experiments into 1 bar He gas. Conden-
sates were collected on Ni and Cu foils which were 
placed into the path of the vapor plume expansion. 
Analyses of initial samples and of condensed films 
were performed using X-ray photoelectron spectros-
copy (XPS) technique. Condensed films were etched 
layer by layer (with an exposition equivalent to re-
moval of ~20 nm of solid silicate) by a beam of argon 
ions and for every layer XPS analysis was performed 
providing sequential chemical analysis of the cross-
section of the film. XPS analyses gave both elemental 
chemical composition of the condensate and the distri-
bution of elements between different bonding states. 

LGG experiments were performed using Cu pro-
jectile at vimp ~6 km/s. Special grid system permitted to 
collect condensates for XPS analysis. 

Experimental results: a) Magnesiosilicate targets. 
Compositions of condensates for ultramafic targets 
were regularly shifted towards higher concentration of 
silicon and depletion in magnesium and iron. In case 

of LP experiments with pyroxene and enstatite samples 
the increase of Si/Mg ratio was insufficient. 
It was also interesting to find that Mg/Si ratio for oli-
vine, serpentine and enstatite through the thickness of 
the condensed films was about unity (see Fig.1). 
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with sufficient portion of framework and some portion 
of isolated structures (see Fig. 2). Condensed films 
also contain some quantities of reduced forms of ele-
ments (Si+2, Si0, Fe0, Mg0) as a result of redox proc-
essed inside a vapor cloud [7]. Condensates from LP 
experiment with olivine and from LGG experiment 
with olivinite have good structural coincidence. It is 
remarkable that both olivine and olivinite condensates 
are characterized by the absence of isolated silicon-
oxygen tetrahedrons but polymerization of tetrahe-
drons in chain and framework structures. Here we 
have a total loss of initial olivine structure and its 
transformation towards pyroxene type structure. Mg is 
redistributed between chain polymerization and traces 
of reduced and pure oxide forms. 

In case of experiments with serpentine and serpen-
tinite their condensates had mostly layered structure. 
About 1/3 of magnesium here was present in the form 
of Mg(OH)2. This effect was due to the interaction of 
plume components with water vapor inside the vapor 
cloud [8] which provided ~14 wt. % of water chemi-
cally bound to condensate. 

b) Aluminasilicate targets. Remarkable feature of 
condensates here was the positive correlation of Al and 
Na despite their opposite classical volatility. An earlier 
set of LP experiments with samples representing al-
bite-orthoclase mixtures [9] also showed bound behav-
ior of Na and Al in condensed layers which resulted in 
correlation of these elements, decrease of volatility of 
alkalis. Condensates were composed mainly composed 
of  netheline and SiO2 components.  
The bottom layers of condensates in LP experiments 
with various silicates were regularly enriched in Ca 
over its starting concentration. 

Discussion: Produced condensates in experiments 
with magnesiosilicate targets show compositional uni-
formity for Mg/Si ratio and chain polymerization. This 
effect works for ultramafic and mafic minerals provid-
ing in one case deep difference between starting sam-
ples and their condensates (e.g. olivine, serpentine) but 
week change for other (e.g. pyroxene, enstatite). Con-
densates in experiments with aluminasilicate targets 
had distinct netheline component.  

Near critical point vaporization of complex systems 
is characterized by volatilization of molecular clusters 
[6] which can become a dominant part of the vapor. 
Cited effects provide strong evidence for volatilization 
of Mg and Si from high-temperature magnesiosilicate 
melts in a molecular clusters which have Mg/Si ratio 
about 1, or “enstatite” cluster, or with formation of a 
“netheline” type cluster (Na:Al:Si=1:1:1) in case of 
aluminasilicate targets. The effect is more evident for 
simple minerals while for complex samples it is ob-
scured by multiple vapor components. 

Thermodynamic evaluation was done using 
"Magma" code [10] which uses empirical model of 
ideal mixing of complex components in the silicate 
melt. Such an approach considers silicate melt as an 
ideal mixture of complex oxides and silicate pseu-
docomponents (clusters). The concentration of such 
pseudocomponents is proportional to their stability in 
the melt. Extrapolation of thermodynamic data to tem-
peratures up to 5000 K shows that at temperatures over 
~2500 K melts looses the domination of “olivine” 
clusters and “enstatite” clusters become dominant. 
Calculations shows that “enstatite” component is do-
minant in high-temperature melts (>2500 K). SiO2 has 
noticeable activity which provides framework features 
(see Fig. 2) in condensates. “Olivine” component rap-
idly decreases with growing temperature and gives low 
input of isolated features in condensates. MgO compo-
nent is abundant in melts but shows volatility less than 
that of “enstatite” cluster providing enrichment of melt 
residua in Mg. “Netheline” component is dominant for 
Na and Al containing pseudomolecules. “Wollaston-
ite” (Ca:Si=1:1) component is dominant for Ca con-
taining pseudomolecules. Our experimental results 
proves the possibility of activity of “wollastonite” 
cluster in the frontal (most heated) part of LP produced 
vapor plumes. 

Volatility of elements in the form of molecular 
clusters is the effect of very high temperatures which 
are typical for impacts. Disproportion of elements be-
tween plum and residual melt in impacts is more an 
effect of cluster formation rather than their behavior 
according to the row of elements individual volatility.  
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On the flattening of the Martian core-mantle boundary 
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In a static approach the calculations for the non-hydrostatic 
deviations in the core-mantle boundary have been performed 
for a trial interior structure model of Mars with a crust of 50 
km thick (Fig.1). Mars departs from hydrostatic equilibrium to 
significant extent. It is seen if we compare the first even 
gravitational moments 0

2J and 0
4J  for the Martian models in 

hydrostatic equilibrium state 30
2 10)825.181.1( −⋅÷≈J , 

60
4 10)825.767.7( −⋅÷−≈J  with gravitational moments 

of the planet 3
2 10956607.1 −⋅=J , 

5
4 10538575.1 −⋅−=J  [1].  
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Fig. 1. The distribution of density ρ, gravity  g , temperature T, bulk 
modulus K and the rigidity μ as  a function of radius through the 
planet for a trial interior model of Mars 
                                                                                            
The definition of the “topography” needs the choice of a 
reference surface. Usually the “topography” is referenced to 
the areoid determined from the gravity field. As we want to 
know how nonhydrostatic contributions influence the dynamic 
flattening at the core-mantle boundary and the amplitudes of 
the nutations of Mars, the areoid does’t fit. To avoid 
uncontrollable stresses and deformations in the mantle of the 
planet due to the significant deviation of Mars from 
hydrostatic equilibrium state, we do not consider the areoid as 
the reference surface. An outer surface of a hydrostatical 
model is taken as a reference surface [2, 3]. 
 

...})()()()()(1{),( 4422011 ++++= tPsstPssssssr θ ,                  
   

where s1 is the mean radius (the radius of an equivolume 
sphere) and )(2 tP  and )(4 tP  are the first even ordinary 
Legendre polynomials, which depend on even degrees of 

θcos=t  , θ  is the polar distance. The parameters s2, s4, 
and 1

0
−e of the equilibrium figure are given as function of the 

planetary radius in fig. 2.  
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Fig.2. The distribution of the parameters of the equilibrium figure of 

Mars s2, s4 and 1
0
−e  along the planetary radius. 

 
The joint analysis of second-degree harmonics of the 
topography and the nonequilibrium part of the gravitational 
potential of the planet has been made. The anomalous density 
field is represented in the form of two weightable thin layers 
positioned on the surface and on the interior level – the crust-
mantle interface and extended in terms of spherical harmonics, 
the amplitudes being selected so that the anomalous 
gravitational field can be produced. The problem is reduced to 
the determination of Green’s response functions for the case 
of a single anomalous density wave (ADW) located at two 
depth level [4, 5, 6]. For the case when one ADW is on the 
surface 11 =x  and the other ADW is on the interior level 

2x < 1 the relation between the gravitational moments inmC , 

the amplitudes jinmR .  and the loading coefficients jnk ,  and 

jnk ,  has the form [5]: 

[ ]

⎥
⎦

⎤
⎢
⎣

⎡
+++

+
=

+++
+

=

+

+

2,
2

2
1

2
2,1,

00

1

2,
2

22,1,
00

)1()1(
12

3

)1()1(1
12

3

ginm
n

nginmn

inm
n

ninmninm

HxkHk
Rn

RxkRk
Rn

C

ρ
ρ

ρ
ρ

ρ

 



 2

where we introduce the corresponding heights of layers 

11,1, / ρinmginm RH =  - the harmonic coefficients in the 

expansion of relief. The level 2x , in particular, may play the 
role of level of isostatic compensation or crust-mantle 
boundary. Only 2,ginmH will be unknown, since nk and 2,nk  
may be calculated for the particular planet model (Fig. 3). 
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Fig. 3. Load coefficients at the surface for different lithosphere 
thickness.  
 
To calculate the amplitudes of ADW, the data on martian 
topography [7] and gravity [1] have been used. 
Only unequilibrium components of gravity and topography 
fields have been considered: surface relief (or topography) 
was referenced to the standard equilibrium spheroid in the first 
approximation, and the hydrostatically equilibrium field of 
Martian spheroid was subtracted from the full potential 

),,(),,(),,( θλϕλϕ RrrRrT Mars −=  

),,(),,(),,( 0 trVrVrTg −= λϕλϕ  2/πθϕ =+ , 

where t=cosθ  = sin ϕ. 
Using the amplitudes of ADW as boundary conditions the 
displacements at the mantle-core boundary and the ellipticity 
of this level have been estimated.  
Two types of models have been considered. We started with a 
simple model – an elastic model. Then the models with an 
elastic lithosphere and weakened layers below it (relaxed 
values of shear moduli) were calculated: the effective shear 
modulus (rigidity) of the mantle is reduced in comparison with 
an elastic one and in extreme case is approaching zero 
everywhere except the elastic lithosphere. The thickness of the 
elastic lithosphere was varied  from 50 to 300 km (Fig. 3 ). 
Non-equilibrium state of Mars results in three-axiality of the 
core-mantle boundary. For an elastic model the deviation of 
Mars from hydrostatic equilibrium state leads to the large 
decrease of the semiaxe b of CMB , going through the central 
region of Tharsis rise, by 660-780 m, and the increase of both 

the equatorial semiaxe a by 240-300 m, and the polar axe c by 
400-490 m. We also have studied the effects of the relaxation 
of shear modulus on the obtained results. 
The mean equatorial flattening 1

)(
−

−mcabe  of the core-mantle 
boundary under given loading for a trial model with different 
reology is plotted in Fig.4.  
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Fig. 4.   The mean equatorial flattening 1
)(

−
−mcabe  of the core-mantle 

boundary under given loading for a trial model with different reology 
(μ is multiplied by the coefficient from 1 to 10-5 in 50 km (1), 100 
km  (2), 200 km (3), 500 km (4), 1000 km (5) thick astenosphere 
layers and everywhere (6) under the elastic lithosphere). The elastic 
lithosphere is 300 km thick.  The solid point is the value for μ=0.  
 
These results are used to compute amplitudes of forced 
nutations that is important for future observations of Mars’s 
rotation state [8]. 
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Introduction. The Venusian rifts form a 
global-wide system of structures the total 
length of which is about 40,000 km [5, 6, 9]. 
The systematic photogeologic study [3, 7, 8] 
of the rift zones began after the acquisition of 
the Magellan data. In [1] the rifts were 
subdivided into two categories: (1) structures 
and structural zones that predate regional 
plains with wrinkle ridges, the older rifts, and 
(2) structures and zones that postdate the 
plains, the younger rifts. In [2] a global map 
(1:50M) of the areal distribution of the older 
and younger rift zones on Venus was 
presented. The older rifts form swarms of 
fractures and graben (groove belts, GB) and 
represent subdued linear depressions. The 
swarms are about 350-400 km wide and can be 
many hundreds of km long. The young rifts 
are much more prominent morphologically by 
dense collections of broad graben and 
topographically are deep canyons (Chasmata) 
that usually associate with the dome-shaped 
rises. The graben and fractures of the younger 
rifts are more sinuous than in groove belts and 
form broad zones (400-500 km wide) that 
extend for many hundreds to a few thousands 
of km [2]. 

The goals of the study: From the 
morphologic point of view, both the younger 
and older rifts consist of extensional 
structures. Are they similar or different 
morphometrically? If the characteristic spacing 
of structures within the different age groups of 
rifts is different, it would suggest progressive 
changes in the thickness of the deformed layer. 
If the spacing remains to be about the same, 
then it could be concluded that there were no 
changes in important parameters of rifting on 
Venus as a function of time. Thus, the main 
goal of our study was to estimate characteristic 
spacing of structures of the older and younger 
rifts and compare them to each other. 

Technique of the study: In order to 
acquire the morphometric data we have 
divided the global geological map of Venus 
[4] into square areas 5x5o each (Fig. 1, 2). The 
quadrangles where the either older or younger 
rifts are presented were selected. These formed  
 

two populations of samples, one for the older 
and one for the younger rifts. From each 
population about 10% of samples were drawn 
at random. The spacing was measured in these 
areas along profiles oriented across the strike 
of the structural zones. The spacing was 
measured in the left-looking SAR images with 
106 m/px resolution. The images were 
received from the USGS Map-a-Planet web-
site. 

Results: The spacing of structures within 
the older rifts was measured along 44 profiles, 
the total number of the measurements id 1611. 
The spacing of structures in the younger rifts 
was measured along 32 profiles, 718 
measurements. The mean spacing of fracture 
and graben within the older rifts is about 
1180±150 m (1 σ) and the structures within the 
younger rifts have the mean spacing about 
1730±270 m (1 σ) (Fig. 3). With these data we 
first tested the hypothesis that variances of 
spacing in two population of structural zones 
are equal to each other (the null hypothesis) 
versus the non-equality (the alternative 
hypothesis) by the F-test at the level of 
significance α=0.01. The F-ratio for the 
observed structures is about 3.04, which is 
larger than the critical value of 1.98 at the 
chosen α. Then we tested the hypothesis that 
the mean spacing values of structures within 
both types of rifts are equal (the null 
hypothesis) versus the non-equality of the 
means (the alternative hypothesis) by the t-test 
at the same level of significance (0.01). The 
value of t for the observed structures is about 
14.11, which far exceeds the critical value of 
about 1.99. 

Thus, we can reject the both null 
hypotheses of equality of either the variance or 
the mean spacing for structures of the older 
and younger rifts and conclude that (1) the rift 
systems on Venus form distinctly different 
populations of extensional zone and (2) the 
spacing within the zones of extension on 
Venus significantly increased as a function of 
time. 
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Fig. 1. The regions of measurement spacing in pre-PWR rifts with example selection images 
from squares (map GB from [4]). 
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Fig. 2. The regions of measurement spacing in post-PWR rifts with example selection images 
from squares (map RF from [4]).

Fig. 3. Correlative histograms for pre-
PWR (RZ) rifts and post-PWR (GB) rifts. 
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EVIDENCE FOR NON-POLAR ICE DEPOSITS IN THE PAST HISTORY OF MARS: CLUES TO 
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RI 02912 USA (james_head@brown.edu). 

 
Introduction: The polar caps provide a record of the 

recent climate history of Mars [1]. Studies of the spin-
axis/orbital parameter history of Mars provide a robust 
solution for the most recent ~20 Ma of martian history, 
but cannot be mapped further back into the past due to 
the chaotic nature of the solutions [2].  Thus, deconvolv-
ing the complex climate history of Mars requires analysis 
of the basic geological information, and interpretation of 
the depositional record of glaciation and glacial condi-
tions at non-polar latitudes. These interpretations are 
assisted by an understanding of glacial and periglacial 
conditions in areas that are polar analogs to Mars (such 
as the Antarctic Dry Valleys) [3], and an understanding 
of the behavior of polar ice under different insolation 
conditions, using global climate models (GCMs) [4-5]. 
Finally, the availability of very high resolution images 
and topography (e.g., MOLA, MOC, CTX, HRSC, 
HiRISE) provide the ability to characterize and interpret 
these deposits. Here we report on recent analyses to as-
sess the presence, age, and significance of non-polar ice 
deposits as evidence of the history of climate on Mars 
and to provide clues to the current water cycle.   

The Current Environment: Polar regions represent 
cold traps for planetary volatiles and analysis of these 
areas permits an assessment of the amounts and types of 
volatiles, their stability and mobility, and the long-term 
geological record of climate change. Present polar depos-
its on Mars consist of a thin residual ice unit (Api) over-
lying a thick sequence of layered deposits (Apl), and are 
of Late Amazonian age [6]. The individual layers in the 
current deposits are thought to be related to variations in 
spin-axis/orbital parameters [2]. These variations cause 
changes in insolation and climate, and corresponding 
variations in dust and volatile stability, mobility, trans-
port and deposition [e.g., 7-8]. Recent analysis of the 
history of orbital parameters has shown that the current 
martian climate is likely to be anomalous, and that Mars 
may have spent much of its history at considerably 
higher obliquity than its present value [2]. We outline 
eleven examples of non-polar ice-related deposits that 
have implications for the climate history of Mars. 

(1) The Latitude-Dependent Mantle and Recent Ice 
Ages: Multiple lines of evidence have been presented on 
the basis of MGS instrument measurements and observa-
tions that show the presence of geologically very young 
and unusual features and deposits that formed as a result 
of recent quasi-periodic climate change [e.g., 9]. The 
observations span a wide range of scales (from meters to 
hundreds of km), are diverse in nature (topography, mor-
phology and chemistry), and are strikingly consistent 
with models of current and past ground ice stability [10]. 
The observations all point to the presence of a succession 
of young, meters-thick latitude-dependent surface depos-
its that were ice-rich when formed, and whose deposition 
and removal were driven by spin-axis/orbital parameter 
induced climate change [e.g., 9]. MOLA-derived rough-
ness shows preferential smoothing at sub-kilometer 
scales above ~30° latitude in both hemispheres, attrib-
uted to a young, superposed surface mantle deposit [11]. 
MOC data analysis [12] revealed the presence of many 
features that also showed a latitude dependence. Mustard 
et al. [13] showed the presence of a distinct pitted mantle 

texture between 30°-60° latitude in both hemispheres, inter-
preted to be the dissected remnant of a former ice-rich dust 
deposit. Poleward of 60° in both hemispheres, the terrain was 
characterized by bumpy polygon-like features interpreted to be 
different types of contraction-crack polygons, thought to mark 
the presence of shallow ice-rich deposits undergoing thermal 
cycling [e.g., 3,14]. Also documented within the deposit was 
the local presence of multiple layers [e.g.,15-17]. Features 
interpreted to be very recent water-carved gullies were ob-
served to be latitude-dependent in their occurrence, concen-
trated at 30°-50° [e.g., 18-22]. Viscous-flow features, inter-
preted to be the result of the accumulation, mobilization and 
flow of ice-rich material [16], in local microenvironments 
[e.g.,23], occur in the same latitude band as the gullies. The 
global distribution of interpreted water abundance from Odys-
sey GRS/NS data [24,25] shows a remarkable correlation with 
the latitude-dependent deposits and features interpreted from 
MOLA and MOC data, confirming earlier predictions about the 
stability of near-surface ice in martian near-surface deposits 
[e.g., 10].   

Latitude is the single variable with which all of these diverse 
observations correlate, and climate is the only process known 
to be latitude-dependent. The very strong correlation between 
the nature of the terrain smoothness, mantle continuity, high 
interpreted water content, and theoretical stability of ice in the 
near-surface soil, all compellingly point to climate-driven wa-
ter ice and dust mobility, and emplacement during recent peri-
ods of higher obliquity [2]. Degradation and dissection of the 
deposit in mid-latitudes further point to recent climate change 
[e.g.,13], perhaps reflecting return of mid-latitude ice to polar 
regions during the recent phase of lower obliquity [e.g., 7,9].   

(2) Northern High Latitude Cold-Based Glacial Crater 
Fill: Some northern high-latitude contain concentric ridges 
arrayed in lobate patterns that start at the crater rim, descend 
down the walls and across the crater floor, and separate around 
central peaks. These have been interpreted to be drop moraines, 
deposited during the advance and retreat of a lobate cold-based 
glaciar, originating on the crater rim [26].   

(3) Mid-High Latitude Concentric Crater Fill: Concentric 
crater fill (CCF) was initially observed in Viking data [27]; 
new data show details of morphology and structure that support 
the role of ice in CCF formation [28].  Recent image data sug-
gest that CCF craters may have been ice-filled and that CCF 
formed as a part of more regional glaciation [29].   

(4) Mid-Latitude Lineated Valley Fill (LVF) and Plateau 
Glaciation: Earlier studies emphasized the role of vapor-
diffusion-assisted emplacement of ice in slope-related talus, 
causing talus lubrication and plastic flow of the debris [27]. 
New data strongly support some earlier interpretations [30] that 
significant ice was involved and that debris-covered glacial 
flow formed regional valley glacial landsystems [31,32].    

(5) Mid-Latitude Lobate Debris Aprons (LDA): Earlier 
thought to represent ice-assisted creep [27], the intimate asso-
ciation of LDA with LVF [33], and LDA internal structure  and 
morphology now point to a debris-covered glacier mode of 
origin for many LDAs [34]. 

(6) Evidence for Mid-Latitude Ice Highstands: New data 
show evidence for highstands of ice (e.g., perched lobes in 
high-standing box canyons, trimlines, moraines) suggesting 
that almost a kilometer of ice has been lost from LVF [35].    

 (7) Low Mid-Latitude Phantom Lobate Debris Aprons: 
New high-resolution data show evidence for the former pres-
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ence of ice-rich deposits surrounding  massifs at latitudes 
even lower than the LDA, interpreted as representing the 
presence of former ice lobes [36] at even lower latitudes. 

(8) Tropical Mountain Glaciers: New data suggest 
that the fan-shaped deposits on the NW flanks of the 
Tharsis Montes and Olympus Mons represent huge tropi-
cal mountain glaciers [37-42] formed during periods of 
high obliquity [43] during the Late Amazonian.  

(9) Near Equatorial Outflow Channel Rim Depos-
its: The graben at the origin of Mangala Valles outflow 
channel (18°S) contains glacial-like features on its rim, 
suggesting that the climate earlier in the Amazonian was 
cold enough in the near-equatorial regions to cause glaci-
ation, rather than runoff [44]. The lack of evidence of 
melting of these glacial features suggests that the outflow 
of water did not radically change the climate. 

(10) Pedestal Craters: Recent analysis of pedestal 
craters has shown more clearly their latitudinal distribu-
tion [45] and revealed strong evidence for significant 
thicknesses of ice below pedestal protective veneers [46].  

(11) South Circumpolar Ice Cap: The Hesperian 
Dorsa Argentea Formation: The set of Hesperian-aged 
south circumpolar deposits represented by the Dorsa 
Argentea Formation [DAF; 6,47-48] has been interpreted 
to be a volatile-rich polar deposit representing more than 
twice the area of the present Amazonian-aged layered 
terrain and residual polar ice, which it currently under-
lies. This huge polar ice-related deposit makes up about 
2% of the surface of Mars and has undergone significant 
evolution since its emplacement. The deposit characteris-
tics (e.g., smooth, pitted and etched deposits, pedestal 
craters, sinuous ridges interpreted by some as eskers, 
fluvial channels around the margins, and marginal plains 
thought by some to be remnants of ponds and lakes, etc.) 
have been interpreted to indicate that the DAF contained 
significant quantities of water ice, and that it represented 
an ancient circumpolar ice sheet [48]. These data also 
suggest that the circumpolar ice sheet subsequently un-
derwent meltback and liquid water sub-ice-sheet drain-
age, ponding in adjacent valleys, and ultimately draining, 
through surface sub-aerial channels, down into the Ar-
gyre basin more than 1000 km away. Estimated volumes 
are ~2.19 x 106 km3 for the present deposit (equivalent to 
a global layer ~15 m deep), and perhaps twice as much 
for the original deposit (equivalent to a global layer ~30 
m deep) [48]. The current estimated volume of the DAF 
is ~1.2-1.8 times the size of the current Amazonian north 
polar layered deposits, and ~1.6 times the size of the 
current Amazonian south polar layered deposits [48], 

approximately the same size as the Greenland ice cap and ~7% 
of the Antarctic ice sheet. If the atmosphere was thicker during 
the Noachian and Hesperian eras than today, then conditions at 
the south pole may have been very different. For example, 
above a few hundreds Pascals, surface temperature distribution 
would behave much more like on Earth, with high altitude 
regions significantly colder than lower plains because of adia-
batic cooling of the atmosphere [49]. Within this context, it is 
likely that the high southern latitudes would have become a 
cold-trap where ice would tend to accumulate and form a large 
ice cap, both because of their latitude and their altitude.  

Summary: Together, these data provide insight into the 
climate history of Mars; they suggest that the climate of Mars 
has been similar to that of today for much of the Amazonian, 
with climate variations being driven largely by changes in spin-
axis/orbital parameters [2] and that obliquity was above 45° for 
part of the Late Amazonian. The Hesperian-aged DAF suggests 
that conditions were different in this important transitional 
period, with the possibility of a thicker atmosphere producing 
the huge south-circumplolar DAF. These observations provide 
an important context for the assessment of the Noachian cli-
mate history of Mars. They also provide important insight into 
the nature of the current and recent water cycle.   

References: 1) M. Carr, Water on Mars, 1996; 2) J. Laskar et al, 
Icarus 170, 343, 2004; 3) D. Marchant and J. Head, Icarus 192, 187, 
2007; 4) M. Richardson and J. Wilson, JGR 107, 5031, 2002; 5) M. 
Mischna et al., JGR 108, 5062, 2003; 6) K. Tanaka and D. Scott, USGS 
I-1802, 1987; 7) J. Laskar et al, Nature 419, 375, 2004; 8) S. Milk-
ovich and J. Head, JGR 110, 2349, 2004; 9) J. Head et al., Nature 426, 
797, 2003; 10) M. Mellon and B. Jakosky, JGR 100, 11781, 1995; 11) 
M. Kreslavsky and J. Head, JGR 105, 26695, 2000; GRL 29, 15392, 
2002, GRL 30, 17795, 2003; 12) M. Malin and K. Edgett, JGR 106, 
23429, 2001; 13) J. Mustard et al., Nature 412, 4211, 2001; 14) N. 
Mangold et al., JGR 109, 2235, 2004; 15) M. Kreslavsky and J. Head, 
GRL 29, 15392, 2002; 16) R. Milliken et al., JGR 108, 2005, 2003; 17) 
V-P. Kostama et al., GRL 33, L11201, 2006; 18) M. Malin and K. 
Edgett, Science 288, 2330, 2000; 19) F. Costard et al., Science 295, 
110, 2002; 20) P. Christensen, Nature 422, 45, 2003; 21) J. Heldmann 
and M. Mellon, Icarus 168, 285, 2004; 22) J. Dickson et al., Icarus 
188, 315, 2007; 23) M. Hecht, Icarus 156, 373, 2002; 24) W. Boynton, 
Science 297, 81, 2002; 25) W. Feldman et al., Science 297, 75, 2002; 
26) J. Garvin et al. MAPS 41, 1659, 2006; 27) S. Squyres et al., Mars, 
U of AZ Press, 523, 1992; 28) M. Kreslavsky et al., MAPS 41, 1659, 
2006; 29) J. Head et al., Vernadsky-Brown Micro 46, 2007; 30) B. 
Lucchitta, JGR 89, B409, 1984; 31) J. Head et al. EPSL 241, 663, 
2006; 32) J. Head et al., GRL 33, L08S03, 2006; 33) J. Head and D. 
Marchant, LPSC 37 #1126, 2006; 34) L. Ostrach and J. Head, LPSC 
38, #1100, 2007; 35) J. Dickson et al. Vernadsky-Brown Micro 46, 
2007; 36) E. Hauber et al., EMSEC:MEE, 2007; 37) J. Head and D. 
Marchant, Geology 31, 641, 2003; 38) D. Shean et al., JGR 110, 
05001, 2005; 39) S. Kadish et al, LPSC 38 #1125, 2007; Icarus in 
revision, 2008; 40) D. Shean et al, JGR 112, 2761, 2007; 41) S. Milk-

ovich et al., Icarus 181, 
388, 2006; 42) J. Head 
et al. Nature 44, 336, 
2005; 43) F. Forget et 
al. Science 311, 368, 
2006; 44) J. Head et al., 
GRL 31, L10701, 2004; 
45) S. Kadish et al., 
LPSC 39 this volume, 
2008a; 46) S. Kadish et 
al., LPSC 39 this vol-
ume, 2008b; 47) K. 
Tanaka and E. Kolb, 
Icarus 154, 3, 2001; 48) 
J. Head and S. Pratt, 
JGR 106, 12275, 2001; 
49) F. Forget et al., 
AGU Fall Meeting, 
P11A-0964, 2004. 

 
 



The MESSENGER mission to Mercury: new insights into geological processes and 
evolution 
 
James W. Head, III (1), Sean C. Solomon (2), Ralph L. McNutt, Jr. (3), David T. Blewett (3), Clark R. Chap-
man (4), Deborah L. Domingue (3), Larry G. Evans (5), Jeffrey J. Gillis-Davis (6), S. Edward Hawkins, III (3), 
Jörn Helbert (7), Gregory M. Holsclaw (8), Noam R. Izenberg (3), William E. McClintock (8), Timothy J. 
McCoy (9), William J. Merline (4), Scott L. Murchie (3), Larry R. Nittler (2), Roger J. Phillips (4), Louise M. 
Prockter (3), Mark S. Robinson (10), Ann L. Sprague (11), Robert G. Strom (11), Faith Vilas (12), Thomas R. 
Watters (13), and Maria T. Zuber (14) 
 
(1) Department of Geological Sciences, Brown University, Providence, RI 02912, USA 
(James_Head@brown.edu), (2) Department of Terrestrial Magnetism, Carnegie Institution of Washington, 
Washington, DC 20015, USA, (3) Johns Hopkins University Applied Physics Laboratory, Laurel, MD 20723, 
USA, (4) Southwest Research Institute, Boulder, CO 80302, USA, (5) Computer Sciences Corporation, Lanham-
Seabrook, MD 20706, USA, (6) Hawaii Institute of Geophysics and Planetology, University of Hawaii, Hono-
lulu, HI 96822 USA, (7) Institute of Planetary Research, Deutsches Zentrum für Luft- und Raumfahrt, Berlin, 
Germany  12489, (8) Laboratory for Atmospheric and Space Physics, University of Colorado, Boulder, CO  
80303, USA, (9) National Museum of Natural History, Smithsonian Institution, Washington, DC 20560, USA, 
(10) School of Earth and Space Exploration, Arizona State University, Tempe, AZ 85287, USA, (11) Lunar and 
Planetary Laboratory, The University of Arizona, Tucson, AZ 85721, USA, (12) MMT Observatory, The Uni-
versity of Arizona, Tucson, AZ 85721, USA, (13) Center for Earth and Planetary Studies, National Air and 
Space Museum, Smithsonian Institution, Washington, DC 20560, USA , (14) Department of Earth, Atmospheric, 
and Planetary Sciences, Massachusetts Institute of Technology, Cambridge, MA 02129, USA 
 
The MErcury Surface, Space ENvironment, GEo-
chemistry, and Ranging (MESSENGER) mission, a 
part of NASA’s Discovery Program, was designed to 
answer six questions [1]: (1) What planetary forma-
tional processes led to Mercury’s high ratio of metal 
to silicate? (2) What is the geological history of Mer-
cury? (3) What are the nature and origin of Mercury’s 
magnetic field? (4) What are the structure and state of 
Mercury’s core? (5) What are the radar-reflective 
materials at Mercury’s poles? (6) What are the impor-
tant volatile species and their sources and sinks near 
Mercury? MESSENGER is currently midway through 
a complex interplanetary cruise phase that involves 
three flybys of Mercury. The first of these, on 14 
January 2008, provided important new information 
relating to several of the questions above [2-13]. Here 
we summarize observations made during the flyby 
that are most relevant to new insights about geological 
processes that have operated on Mercury and implica-
tions for the planet’s history [3, 8-13]. The instru-
ments that provided the most direct information on the 
geological history of Mercury during this first encoun-
ter were the Mercury Dual Imaging System (MDIS) 
[14], the Mercury Atmospheric and Surface Composi-
tion Spectrometer (MASCS) [15], and the Mercury 
Laser Altimeter (MLA) [16].   

Among the many specific questions remaining fol-
lowing the Mariner 10 mission to Mercury (1974-
1975) were (1) the level of mineralogical and compo-
sitional diversity of the crust, which appeared rela-
tively bland in Mariner 10 data, (2) the nature of the 
rest of the huge Caloris impact basin seen only par-
tially in Mariner 10 images, (3) the origin of the ex-
tensive plains observed on the surface (ponded impact 

ejecta or extrusive lava flows?), (4) the diversity and 
global distribution of tectonic features that have de-
formed the crust and their implications for strain as a 
function of time, and (5) the bombardment chronology 
and geological history of Mercury [1, 17-19]. The 
viewing geometry for the first MESSENGER encoun-
ter of Mercury [1] provided important information on 
these questions from image and remote sensing data 
on an additional 20% of the surface of Mercury not 
seen by Mariner 10, as well as comprehensive views 
of the Caloris basin and its surroundings.   

MESSENGER MDIS multi-spectral images [8-10] 
revealed a relatively low-reflectance surface with 
three broad units identified from reflectance and spec-
tral slope in the wavelength range 0.4–1.0 µm. These 
new data helped to confirm the diversity of color units 
detected in re-processed Mariner 10 color-ratio images 
[20] and to extend the analysis to larger areas of Mer-
cury. One of these new units is higher in reflectance 
and forms relatively red plains material that corre-
sponds to a distinct class of smooth plains; these 
plains, on the basis of their sharp contacts with other 
units, are interpreted to have been emplaced volcani-
cally. A second unit is represented by lower-
reflectance material with a lesser spectral slope and is 
interpreted to form a distinct crustal component en-
riched in opaque minerals and possibly more common 
at depth. A spectrally intermediate terrain appears to 
form the majority of the upper crust in the newly ob-
served area. Several other spectrally distinct units are 
found in local regions: (1) moderately high-reflectance, 
relatively reddish material associated with rimless 
depressions and located at several places along the 
interior margin of the Caloris basin rim; (2) high-
reflectance deposits observed in some impact crater 

 
 



floors; and (3) fresh crater ejecta that is less modified 
by space weathering than older surface materials.   

MASCS spectrometer data [9,15] show absorption 
and spectral slope properties of resolved spectra that 
are indicative of differences in composition and rego-
lith maturation processes among color units defined 
by MDIS. Mid-ultraviolet to near-infrared reflectance 
observations of the surface revealed the presence of a 
previously unobserved ultraviolet absorption feature 
that suggests a low FeO content (<2–3 weight %) in 
silicates in average surface material. This result is 
supported by the lack of evidence for a key Fe2+ ab-
sorption band in spatially resolved spectra taken near 
the equator. 

A comprehensive view of the Caloris impact ba-
sin, the youngest known large impact basin on Mer-
cury, was provided by the new MESSENGER data 
[8,10]. These observations support the interpretation 
that the surface of the Caloris interior is not composed 
of an extensive impact melt sheet, but rather has been 
resurfaced by volcanic plains. Evidence for a volcanic 
origin for the interior plains includes embayed craters 
on the basin floor, volcanic constructs, and diffuse 
deposits surrounding rimless depressions interpreted 
to be of pyroclastic origin [10,13]. Although the inte-
rior of Caloris basin appears similar in many respects 
to lunar mare basins flooded by mare basalts, the 
volcanic plains in Caloris are higher in reflectance 
than surrounding basin materials and lack spectral 
evidence for ferrous iron-bearing silicates. The new 
data permit the mapping throughout the basin interior 
of tectonic landforms observed in the eastern part of 
the basin by Mariner 10; contractional wrinkle ridges 
and extensional troughs occur in an annulus around 
the complete basin interior but have distributions and 
age relations different from their lunar basin counter-
parts, indicating a different stress history. A major 
surprise of the first flyby was the discovery of Pan-
theon Fossae, an extensive radial graben system lo-
cated in the center of the Caloris interior, with indi-
vidual graben up to hundreds of kilometres in length. 
This feature is unlike any structure seen in lunar ba-
sins. 

The MDIS color data and the geological interpre-
tations from the image data helped to address a major 
question remaining from Mariner 10 [17]: Are the 
plains on Mercury formed by volcanic flooding, simi-
lar to the lunar maria, or did they form by impact 
ejecta ponding in a process similar to that thought to 
form the lunar light plains (Cayley Formation)? The 
new MDIS images show evidence for volcanic edi-
fices and vents around the Caloris basin inner margin 
[10,13]. Impact crater morphologies and size-
frequency distributions derived from the new data [12] 
show that smooth plains exterior to Caloris display a 
crater density considerably less than that characteriz-
ing Caloris basin interior plains; this is interpreted to 
mean that the exterior plains are volcanic in origin and 
not Caloris impact ejecta. Moreover, morphologic 
evidence from regions exterior to Caloris shows that 

plains were emplaced sequentially inside and adjacent 
to numerous large impact craters and basins, often to 
thicknesses in excess of several kilometres [13]. A 
3200-km-long Mercury Laser Altimeter profile [11] 
indicates that MLA data will be essential in further 
quantifying the thickness of plains. Features perhaps 
indicative of shallow magmatic intrusion include 
Pantheon Fossae, a possible radial dike swarm, and a 
floor-fractured crater, suggestive of shallow intrusion 
and floor uplift. Taken together, these observations 
from geomorphology, stratigraphy, color images, and 
impact crater size-frequency distributions support a 
volcanic origin for several regions of plains and ap-
pear to substantiate the important role of volcanism in 
the geological history of Mercury [20].  

The global significance of contractional deforma-
tion was further underlined by new observations of 
numerous lobate scarps and wrinkle ridges. The aver-
age cumulative contractional strain is at least one third 
greater than that inferred from Mariner 10 images, and 
newly revealed stratigraphic relationships will permit 
an assessment of the time dependence of this strain [3].   

These data provide new insight into the geologi-
cal history of Mercury. In addition to improving our 
understanding of the diversity and character of the 
crust and the role of volcanism, the size distribution of 
impact craters on smooth plains matches that of lunar 
craters postdating the Late Heavy Bombardment, 
implying that the plains formed no earlier than 3.8 Ga 
[12]. The new data from the first MESSENGER flyby 
of Mercury, and that from subsequent encounters and 
orbital operations, will enable us to relate global con-
traction to the history of volcanism and impact crater 
and basin formation. Through the synergism provided 
by the instruments on the MESSENGER spacecraft 
[1], we will be able to infer the nature and history of 
materials on the surface, and how the geological his-
tory fits into the larger context of Mercury's dynamic 
system: a liquid iron-rich outer core, coupled through 
a dominantly dipolar magnetic field to the surface, 
exosphere, and magnetosphere, all of which interact 
with the solar wind.  
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Introduction: The style of resurfacing on Venus 

is among the key problem in the geologic history of 
this planet. There are two alternative models of the 
resurfacing. The first is the model of catastrophic 
resurfacing [1]. It states that at some specific point 
(say, ~500 Ma ago) the entire surface of Venus were 
renewed and the observable population of crates 
began to accumulate. The model of equilibrium 
resurfacing [2] states that both the endogenous 
processes (volcanism and tectonics) and the 
exogenous impact cratering acted in a balanced way 
and that there were no major cataclysms of either 
volcanism or tectonism in the geological past of 
Venus. 

Both models are rested on two basic 
observations about the population of craters: (1) the 
spatial distribution of craters is indistinguishable 
from the completely random and (2) only a small 
proportion of craters is modified by volcanic flows 
and/or tectonic structures. The spatial randomness of 
the distribution of craters had been tested with the 
same result in different ways and by different groups 
of researchers [2-4]. A careful geologic analysis of 
the morphology of craters revealed that only ~6.2 % 
of the Venusian craters are embayed from outside 
and 9.6 % of the craters are tectonized [1]. These 
characteristics of the distribution and morphology of 
the craters put severe restrictions on the model of 
equilibrium resurfacing and are the starting points of 
the catastrophic resurfacing model. 

Limits of the equilibrium model: An 
elaborated model proposed in [2] describes the 
possible parameters of the equilibrium model under 
the restriction of the spatial randomness of the 
distribution of the craters. In this model, the craters 
considered as dimensionless points and the 
successive and randomly distributed resurfacing 
events have been modeled as circular areas of 
constant and significant thickness. These areas could 
either completely cover (erase) the craters or did not 
affect them. The last case produces partially embayed 
craters. The model predicts that the craters remain to 
be randomly distributed if the diameter of the 
resurfacing areas is either smaller than about 4o or 
larger than about 74o. If the characteristic size of the 
resurfacing areas falls between these limits the 
restriction of the randomness of the craters is 
violated. The authors of [2] have concluded that if the 
surface of Venus is renewed according to the 
equilibrium model, the randomly distributed 
resurfacing events should occur either within small 
areas (4o or ~420 km) and relatively frequently (at 
~0.15 m.y. intervals) or relatively seldom (at ~50 
m.y. intervals) in larger areas (74o or ~7700 km). 

Proportion of modified craters: These 
estimates of the areas of resurfacing events were 
made without considering the size distribution of the 

craters. When the craters are not treated as 
dimensionless points, however, the problem of 
embayed and/or tectonized craters becomes to be 
important issue of the equilibrium model. The 
proportion of the modified craters in the framework 
of this model can be estimated by the functions that 
describe the probabilities that a resurfacing event 
completely erases a crater, deforms it, or leaves it 
unaffected [2, Appendix C]. These are decreasing 
functions of the size of the resurfacing event: The 
smaller events are more effective in the partial 
deformation of the craters then in the complete 
erasing of them. Thus, when the events are smaller 
the larger fraction of embayed/tectonized craters 
appears. Figure 1 shows these functions that were 
constructed based on the size distribution of 
observable volcanic features on Venus taken from the 
global geologic map of Venus [5]. The upper branch 
takes into account an assumption that multiple 
resurfacing events never completely erase a crater 
and overestimates the proportion of affected craters 
[2]. The lower branch assumes that two resurfacing 
events completely erase a crater and underestimates 
the proportion of the modified craters [2]. The 
expected fraction of the modified craters lies 
somewhere between these branches. 

The proportion of all volcanically embayed 
craters (~0.066, Fig. 1)  

 

 
Figure 1. Proportion of deformed craters as a function 
of the size of the resurfacing events. 
 

implies that the characteristic diameter of the 
resurfacing events should be about 1200 km (~11o). 
This value is too large to satisfy the restriction of the 
completely spatially random distribution of craters. 
When the embayed and tectonized craters are 
combined, the proportion of these modified craters 
(0.158, regardless of the nature of modification) 
corresponds to the lower limit of the range of 
diameters the resurfacing events, ~3-4o (Fig. 1). This 



appears to suggest that the smaller sizes of the 
resurfacing events are more likely if the equilibrium 
model is correct [2]. The characteristic diameters of 
the events, however, should not be significantly 
smaller because it would cause too high proportion of 
the deformed craters (Fig. 1). This puts another limit 
on the equilibrium resurfacing model. 

What are the size distributions of the volcanic 
features seen on the surface of Venus? How do they 
correspond to the actual proportions of the 
volcanically embayed craters? I assessed the 
distribution by measuring the areas of individual 
fields of the two major types of volcanic plains on 
Venus (regional plains, rp and lobate plains, pl). 
Shield plains were not considered because they are 
heavily embayed and, therefore, their size 
distribution should be strongly biased toward the 
smaller sizes. Regional plains are also embayed by 
younger materials but for this study the only 
occurrences of this units that are as far as possible 
from the covering plains were taken into account. 
Figure 2 shows the size distribution of the 
occurrences of the plains and the proportions of 
craters embayed by them. 

 

 
Figure 2. The size distributions of individual 
occurrences of volcanic plains: (a) regional plains, 
(b) lobate plains. 
 

The number of craters embayed by regional 
plains is 17 and the total amount of craters 

superposed on this unit is 582. This gives the 
proportion of the embayed craters to be ~3%. In the 
framework of the equilibrium model, this percentage 
of the embayed craters requires that the characteristic 
diameter of the resurfacing event should be ~2500 
km (Fig. 1). This diameter is well in the forbidden 
zone where the random distribution of craters is not 
observed (Fig. 1) and is much larger than the 
majority of sizes of individual fields of regional 
plains (Fig. 2a). The actual size distribution of 
occurrences of this unit suggests that the proportion 
of the embayed craters must be much larger if the 
equilibrium resurfacing operated during emplacement 
of regional plains. The observable characteristics of 
the plains (the size of occurrences and the number of 
embayed craters) strongly contradict to the 
predictions of the equilibrium resurfacing model. 
Thus, the model falls to describe adequately the 
process of formation of the plains. 

The total number of craters superposed on lobate 
plains is 54 and the plains embay 27 of them. The 
proportion of the embayed craters in this case is, thus, 
~50%. These values satisfy to the predictions of the 
equilibrium model. The characteristic size of the 
resurfacing events in the case of lobate plains is about 
75 km, which is inside the zone where the spatially 
random distribution of craters is warranted (Fig. 1). 
This diameter corresponds also to the middle of the 
size distribution of occurrences of the plains (Fig. 
2b). Thus, the model of equilibrium resurfacing can 
be adopted for the explanation of the process of 
emplacement of lobate plains. 

Conclusions: Regional and lobate plains 
represent two distinctly different episodes of 
volcanism on Venus. The densities of craters 
superposed on these two units are ~1.96 ± 0.30 (3 σ) 
for regional plains and ~1.06 ± 0.51 (3 σ) for lobate 
plains. These values mean that the plains emplaced 
during widely separated periods. The model of 
equilibrium resurfacing falls to explain the 
characteristic features (the size distribution of 
occurrences and the proportion of embayed craters) 
of the older regional plains. The same characteristics 
of the younger lobate plains, however, correspond 
well to the predictions of the model. This suggests 
that the style of resurfacing on Venus changed 
significantly during the observable portion of the 
geologic history of this planet. Emplacement of 
regional plains probably can be explained by the 
catastrophic resurfacing [1], whereas the equilibrium 
resurfacing [2] dominated at later stages of the 
geologic history of Venus. 
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Introduction 
The carried out researches in the lab of 

cosmochemistry of a GEOCHI RAS of ground, 
meteoritic, and lunar matter are based, in particular, 
on application of thermoluminescence (TL) method 
[1-5]. In the present article the data of a TL 
accumulation age for three stone samples are 
presented. These samples have been found in 
territory of European part of the Russian Federation 
in 2006 by research group under direction of A.V. 
Safonov. The purposes of the carried out TL 
measurements was obtaining the additional 
information by consideration of a question on the 
nature of an origin of these samples. 

Method of determination of a TL age, 
and investigated samples 

The method of age determination of 
accumulation of a natural TL is widely applied to 
dating of rather "young" of ground matter sample 
series, for example, of volcanic ashes and glasses 
[6, 7]. This method is based on a TL intensity 
measuring, which was stored during the geology 
time of the searched samples due to radiation 
influence of the total internal and environmental 
radioactive isotopes radiation (TLNAT). The 
comparison of determined value of TLNAT with 
artificially induced TL by certain dose from an 
external radiation source (TLIND) enables to 
estimate the time interval past from last heating 
moment of investigated matter up to 400-500 0С. 
The high recording a TL sensitivity of used device 
allows us to perform analysis of samples by near 1 
mg weight of a stone, a mineralogical composition 
of which is unknown. Thus it is carried out three 
series of successive measurements of TL for each 
sample (it was used weight of 2 mg), prepared from 
fine granulated, highly homogeneous samle 
powder.  
Samples of three different stone fragments similar 
to basalt of an unknown origin were studied. 

Preliminary studying of these samples has shown, 
in particular, presence in their matter of mineral 
phases, characteristic for objects of a space origin, 
such as nickel-iron, lawrencite, oldhamite, 
moissanite, cliftonite and microdiamonds. Besides, 
for these samles the signes of shock process 
influence was noted. 
Curves in Figure show the example of TLNAT and 
TLIND glow curves in a TBX sample. Induced TL 
due to 60Co a radioactive source of dose 440 krad 
(4.4 kGr). 

Results 
The results of intensity measuring of TL 

are shown in the Table 1, where S1 is area under a 
glow curve in the region of heating temperature of a 
sample 100-240 0C, and S2 is those in the region of 
240-340 0С. For all three studied samples is 
observed crisp outlines of glow curve accumulated 
TLNAT (see fig.). The values of intensity TL thus are 
in an interval from ~0.01 up to ~24 rel. un. for low-
temperature area (S1), and from ~0,1 up to ~31 rel. 
un. for high-temperature area (S2). It is necessary to 
note, that for a sample ZERN is characteristic very 
high (in the limits of several tens rel. un.) degree of 
heterogeneity, that follows from comparison of 
values of a TLIND for three parallel tested by 2 mg 
weight samples measuring. 
For calculation of a total radiation dose for the 
samples (see Table 2), the data of the measurements 
of a K, Th and U contents, specially carried out for 
them [8], were used. As it follows from the obtained 
data, the total dose values for the investigated samples 
differ from each other within the limits of one order of 
magnitude. 
Results of TLNAT accumulation age estimation, (see in 
Table 3), have shown that the investigated stone 
fragments have completely various time-interval 
characteristics, as (a) time past from the moment of 
their formation, and/or (b) thermal or, probably, shock 
- thermal history of each these objects. 

 
 

 
 
 
 
 
Fig. Glow curves in a sample TBX, where the 
curve "Nat" is obtained at recording of TLNAT, and 
"Gam" is obtained at recording of TLIND . The last 
was induced by 60Co-source. 
 



Table 1. Data of a TL measurements in the investigated samples. 
 

TLNAT** TLIND  Sample Test * 
S1 S2 S1 S2 

1 0.0105 0.127 1.237 2.020 
2 n.m. n.m. 7.125 11.946 

ZERN 

3 n.m.. n.m. 0.264 0.388 
1 0.130 1.141 n.m. n.m. 
2 0.181 1.126 105.4 389.8 

MKL 

3 0.050 0.570 77.8 241.9 
1 17.104 31.385 3047.7 3890.3 
2 24.253 27.209 3205.3 4265.2 

TBX 

3 16.603 26.640 3298.7 4015.5 
 

* - Number of tested sample by weight of 2 mg; 
** - n.m. – not measured. 

 
Table 2. Data of radioactive total dose measurements in the investigated samples. 

 
Content, 10-6 g/g Dose, rad/y K2О Sample 
Th U Th U Weight, % Dose, rad/y 

Total 
dose, rad/y 

ZERN 2.2 1.0 0.180 0.306 0.31 0.027 0.513 
MKL 7.3 19.1 0.600 5.845 2.8 0.248 6.693 
TBX 10.1 6.5 0.828 1.990 0.07 0.006 2.824 

 
Table 3. Data of TLNAT accumulation age in stone samples of unknown origin. 

 
Equivalent dose, krad T, y Sample 

For S1 For S2 

Total dose, 
rad/y For S1 For S2 

ZERN 3.74 27.7 0.513 7290 54000 
MKL 0.52 1.16 6.693 77.7 173 
TBX 2.68 3.10 2.824 949 1100 

 
 
Conclusions 
Values of TLNAT accumulation ages past 

from the moment of last heating to temperature, at 
least, higher 450 0С are laying for three investigated 
samples in a wide interval from ~0.1 up to ~50 
thousand years. Certainly, obtained data are 
indicate necessity of carrying out of further more 
detailed investigations, in particular, of TL in the 
separate mineral phases for the purpose studying of 
the shock - thermal history of these samples. 
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Introduction. A thermoluminescence 
method is one of the most sensitive methods for the 
investigation of impact processes influence on 
mineral substance of stone meteorites, and also 
rocks of terrestrial impact craters [1-4]. Our 
measurements of a thermoluminescence (ТL) of 
tektites have shown possibility to use ТL method 
for the investigation of the glasses formed at impact 
melts quenching [5-7]. In the given work new 
results of TL measurements in impact origins 
glasses are presented: in tektites from various 
strewn fields (moldavites, indoshinites, 
philippinites, australite), in Libyan Desert glasses, 
and also impact glasses genetically connected with 
impact craters Zhamanshine (irgizites) and 
Elgygytgyn. Besides the data received for a series 
of samples of aside volcanic glasses - obsidians 
from Armenia, Kamchatka and North America are 
resulted for comparison. 

The investigated samples. ТL was 
measured in following samples: australite 2520* 
(the Center. Australia), australite 15135 (W. 
Australia), philippinite 2339 * (province Risal, 
Philippines), philippinite 1239 (province Risal, 
Philippines), indoshinite * (Vietnam), indoshinite K 
(Vietnam), indoshinite (Lam-Dong, Vietnam), 
moldavite* (Luchenice, Czechia), moldavite 
(Koroseki, Czechia), moldavite (Mohelno, S. 
Moravia), impactite E-113-1 (Elgygytgyn, 
Chukotka), impactite E-37в (Elgygytgyn , 
Chukotka), irgizite 3P-IrgN, irgizite 2P-T5 
(Zhamanshine, Kazakhstan), Elgygytgyn irgizite 
1P-1 (Zhamanshine, Kazakhstan), Libyan Desert 
glass № H-45-6 * (Egypt), Libyan Desert glass № 
790 (Egypt), obsidian ARM-1* (Armenia), obsidian 
U-IV/3a (Armenia), obsidian U-IV/3б (Armenia), 
obsidian OKX-1 (Kamchatka) and obsidian St 
(North America). The sign "*" indicates the 
samples, results of TL measurement in which are 
presented in [7]. The technique of preparation of 
samples and TL measurement is similar to a 
technique described in work [7].  

Results of TL measurements. Natural 
TL. ТLNAT saved up in natural conditions from the 
moment of formation of samples in terrestrial 
conditions has been found out in all samples of 
impact glasses of Elgygytgyn crater and in 
obsidianes. It is necessary to notice, that in the 
sample obsidiane St (N. America), ТLNAT intensity 
was approximately 10 times sizes above, than one 
in other samples of obsidianes (see fig. 1 in [7]). 
ТLNAT of tektites and Libyan Desert glasses was 
close to background radiation. 

Induced ТL.  Measurements of induced TL 
(ТЛIND) saved up from an external source of x-ray 
radiation was conducted in the investigated 
samples, using identical technique described in 
work [7]. Based on the results of these 

measurements the areas under glow curves S1 (in 
the range of heating temperature 50-180°C) and S2  
(in range 180 – 350°C) and also their ratios S1/S2 
have been calculated. These data are in the table. 
Value of ТLIND reflects sensitivity of samples to 
accumulation of induced ТL. It is proportional to 
quantity of a various kind of structural defects both 
in glasses, and in submicroscopic mineral phases 
containing in the glass. The quantity of such defects 
in impact origin samples depends on shock loading 
which they have undergone during the initial 
moment of formation [2-4], and also various others 
physico-chemical factors in the course of their 
formation [6]. Value S1/S2 used by us is the 
sensitive indicator of changes of defective structure 
of the sample. From the data resulted in the table it 
is visible, that tektites have S1/S2 values close to 1. 
Therefore it is possible to assume, that all 
investigated samples of tektites have the same 
defects. However intensity of ТЛIND in some tektite 
samples differs several times (see S1, S2 in tab. and 
glow curves Av and Avt on fig. 1). The possible 
reason is various speed of cooling of the samples 
that has caused their various structural features 
connected, in particular, with formation in glass of 
germs of crystals and submicroscopic mineral 
phases.  

Results of ТLIND measurement in the 
investigated samples of impactites and irgizites are 
similar to results of measurements in tektites (see 
table and glow curves Im and Ir on fig. 1). 

Samples of Libyan Desert glasses have 
very high ТLIND intensity and accordingly high 
values of S1 and S2 (see table in the present work 
and fig. 3 in [7]). The ratios S1/S2 equal 1.4±0.1 in 
sample Lg and 2.2±0.2 in sample Lge are also 
essentially above than ones in other investigated 
glasses. These ТLIND features can be explained by 
higher SiO2 content (> 97 wt.%) and slower cooling 
initial melt of the Libyan desert glasses that 
promoted to arising of crystal structures in these 
glasses in more degrees than in tektite glasses. 

Four samples of obsidians - APM-1, U-
IV/3a, U-IV/3б and OKX-1 (fig. 2) have shown 
values S1/S2 close to 1, which is characteristic as 
well for samples of tektites, impactites and irgizites. 
Only sample of obsidiane St has much higher ТLIND 
intensity in the range of 180-350oC and much more 
low S1/S2 = 0.4±0.1 (fig. 2, tabl.). These effect is 
explained apparently by more degree of 
crystallization of obsidiane St in comparison with 
obsidianes from Armenia and Kamchatka. Really, 
microscopic studying of samples shows, that 
obsidiane St differs from the others. It contains 
much more the smallest crystal inclusions Fe-Ti-
oxide phases. 



 
 

Table. Results of calculation of glow curve 
intensity ТLIND induced by x-ray radiation in 

various temperature regions. 
 

 
 

Sample 
Sym- 

bol * 
S1 

(50-180) 
°С 

S2 
(181-350) 

° C 
S1/S2 

1 Аustralite № 2520 Av 1.8±0.3 1.9±0.2 1.0±0.2 

2 Australite №15135 Avt 10.4±2.5 9.7±1.6 1.1±0.3 

3 Philippinite № 2339 Fl 3.6±1.0 3.8±0.9 1.0±0.4 

4 Philippinite №1239 Pr 9.6±1.3 9.5±1.3 1.0±0.2 

5 
Indoshinite, 
Vietnam In 3.7±1.2 3.9±1.3 0.9±0.5 

6 
Indoshinite K, 
Vietnam Ik 6.1±1.3 6.2±2.2 1.0±0.4 

7 
Indoshinite Lam-
Dong, Vietnam Il 3.6±0.7 3.5±0.8 1.1±0.3 

8 
Moldavite 
Luchenice * Ml 5.5±1.1 4.5±0.7 1.2±0.3 

9 Moldavite Koroseki Mk 8.0±1.4 6.4±1.2 1.2±0.3 

10 Moldavite Mohelno Mm 9.4±1.8 7.9±1.9 1.2±0.3 

11 Impactite E-113-1 Im 5.6±0.8 5.5±0.8 1.0±0.2 

12 Impactite E-37в Ip 2.9±0.1 3.4±0.1 0.9±0.1 

13 Irgizte 3P-IrgN Ig 0.7±0.4 0.8±0.3 0.9±0.6 

14 Irgizte 2P-T5 Ir 3.5±1.3 2.9±1.0 1.2±0.6 

15 Irgizte 1P-1 Iz 1.9±0.1 1.9±0.2 1.0±0.1 

16 
Libyan desert glass 
№ H-45-6 Lg 92±4 68±6 1.4±0.1 

17 
Libyan desert glass 
№ 790 Lge 145±7 66±5 2.2±0.2 

18 Obsidian APM-1 Ob 3.0±0.6 3.7±0.8 0.8±0.2 

19 Obsidian U-IV/3a Oa 4.7±0.8 5.5±0.7 0.9±0.2 

20 Obsidian U-IV/3б Oab 5.2±0.5 5.4±0.3 1.0±0.1 

21 Obsidian OKX-1  Oo 5.5±0.8 5.6±0.9 1.0±0.2 

22 Obsidian St  Os 5.1±0.3 11.8±1.0 0.4±0.1 
* Designations of samples used in figures 1 and 2. 

 

 
Fig. 1. The glow curves ТLIND induced x-ray 
radiation in samples of tektites, impactites and 
irgizites, where Av - australite 2520, Avt - 
australite 15135, Im - impactite E-113-1 and Ir - 
irgizite 2P-T5. 

 
Fig. 2. The glow curve ТLIND induced x-ray 
radiation in samples of obsidianes, where Ob - 
obsidiane APM-1, Oa - obsidiane U-IV/3a, Oab - 
obsidiane U-IV/3б, Oo - obsidiane OKX-1 and Os 
- obsidiane St. 

 
 

References: [1] Sears D.W.G. (1988) 
Nucl. Tracks Radiat. Meas. V. 14. No 1/2. P. 5-17. 
[2] Ivliev A.I., Badjukov D.D., Kashkarov L.L. 
(1995) Geochemistry International, 33, N 9, 1368-
1377. [3] Ivliev A.I., Badjukov D.D., Kashkarov 
L.L. (1996) Geochemistry International, 34, N10, 
912-919. [4] Ivliev A.I., Badjukov D.D., Кuyunko 
N.S. (2002) Geochemistry International, 40, N 8, 
739-750. [5] Kashkarov L.L., Ivliev A.I., Kalinina 
G.V. (2004) Vestn. Otd. nauk о Zemle RAN, No 1 
(22'), Moscow, IPE RAS, 2004. 
URL: http://www.scgis.ru/russian/cp1251/h_dgggm

s/1-2004/informbul-1_2004/planet-2.pdf. [6] Ivliev 
A.I., Kashkarov L.L., Kalinina G.V. (2006) Vestn. 
Otd. nauk о Zemle RAN. No 1 (24') Moscow, IPE 
RAS, 
URL: http://www.scgis.ru/russian/cp1251/h_dgggm
s/1-2006/informbul-1_2006/mineral-15.pdf. [7] 
Ivliev A.I., Lukanin O.A, Kashkarov L.L., Кuyunko 
N.S. (2007) Vestn. Otd. nauk о Zemle RAN. No 1. 
No 1 (25') 2007, Moscow, IPE RAS, 
URL: http://www.scgis.ru/russian/cp1251/h_dgggm
s/1-2007/informbul-1_2007/planet-19.pdf. 

 



DETERMINING THE AGES OF MID-LATITUDE PEDESTAL CRATERS.  S. J. Kadish1, J. W. Head1, and N. 
G. Barlow2, 1Dept. Geol. Sci., Brown University, Providence, RI 02912 USA (Seth_Kadish@Brown.edu), 2Dept. Physics and 
Astronomy, Northern Arizona University, NAU Box 6010, Flagstaff, AZ 86011-6010 (Nadine.Barlow@nau.edu). 
 

Introduction: Pedestal (Pd) craters are a subclass of im-
pact craters on Mars characterized by a crater bowl perched 
near the center of a mesa that is surrounded by an often-
circular, outward-facing scarp [1] (Fig. 1,2). First recognized 
in Mariner 9 data [2], pedestal craters have been interpreted to 
form by armoring of the substrate during the impact event [3-
6]. Following armoring, a marginal scarp is created by prefer-
ential erosion of the substrate surrounding the armored region, 
historically thought to involve eolian deflation of the fine-
grained, non-armored, intercrater terrain [e.g. 2-3]. A weak-
ness of this model is that it is not consistent with the com-
monly circular planform of pedestal craters; erosion via a pre-
dominant wind direction would likely produce asymmetric 
pedestals [e.g. 1,6,7]. Alternatively, on the basis of the prefer-
ential distribution of Pd poleward ~40° latitude (Fig. 3), some 
researchers [e.g., 8-9] have called on models of impact into 
volatile-rich targets to produce pedestal craters during periods 
of high obliquity (>45°), when mid- to high-latitude substrates 
were characterized by thick deposits of snow and ice. Return 
to lower obliquities led to sublimation of the volatile-rich 
units, except below the protective cover of pedestal craters [8-
9], and migration of the volailtes back to the poles [e.g., 10-
12]. In this case, the ages, attributes, and geographic distribu-
tion of Pd populations can provide important constraints on the 
timing and extent of the ice-rich, climate-related deposits. 
Here we report on the evidence for Amazonian ages of the Pd 
populations documented in a survey that identified 2696 Pd 
between ~60°N and S latitude [9].  

Morphological Evidence: The majority of Pd observed 
appear morphologically fresh (Fig. 1,2). Although some Pd 
have partially infilled crater bowls, crater rims are usually 
well-preserved and are readily identified in MOLA profiles of 
Pd. The outward-facing scarps at the margins of Pd mesas 
show minor degradation; scarps appear sharply defined at a 
range of image resolutions, from THEMIS IR (100 m/pix) to 
HiRISE (27 cm/pix). Pd are typicaly circular in planform, as 
confirmed by low lobateness values [9,13]. The preferred ar-
moring model [5] produces a radially symmetric indurated 
surface; low lobateness values thus suggest minimal alteration 
to the mesa from post-modification/erosional processes. 

A population of 71 Pd, located in Utopia Planitia and 
Malea Planum, have pits in their marginal scarps [9] (Fig. 1-
3). These pits, which are ~20 m deep, have crisp, cuspate pe-
rimeters, and show no evidence of infilling from down-
wasting of the pedestal scarp or from accumulation of eolian 
debris. This suggests that the pits, which represent sublimation 
of ice at the scarp from the volatile-rich substrate underlying 
the armored pedestal surface [9], formed recently. Although 
active sublimation may suggest young (Amazonian) Pd ages, it 
does not guarantee this based on sublimation rates and ground 
ice stability at mid to high latitudes at current obliquity [14-
15].      

Stratigraphic Relationships: Pd exist at most longitudes 
polarward of ~40°N and S latitude (Fig. 3). Pd are especially 
concentrated in the northern hemisphere, where mid- and high-
latitude units tend to be Amazonian or Hesperian in age [16-
17]. In particular, the mapped distribution of Pd [9] shows 
populations to be superposed on a number of Amazonian units, 
most notably the Vastitas Borealis Formation (AHvh), as well 
as smooth (Als1) and coarse (Alc) lobate materials mapped 
Tanaka et al. (2003). They determined these units to be early 
to mid Amazonian in age. Tanaka et al. (2003) map a smaller 
population of Pd, which they note is present on Amazonian 

materials such as polar layered deposits (Apl1), as well as 
Hesperian plains including the Scandia unit (Hs).   

In addition we have identified several cases in which one 
Pd is partially draped or completely superimposed on another 
pedestal crater [9] (Fig. 1). These overlaps suggest that Pd 
formed during multiple high obliquity events, from distinct 
depositions of ice-rich material at mid and high latitudes. 
These obliquity excursions have been common throughout the 
Amazonian [18], and have occurred within the last 20 Myr, 
creating numerous opportunities for mid-latitude Pd formation. 

Size Frequency Distribution: The diameters of 1364 Pd 
were measured (1028 from the Northern Hemisphere and 336 
from the Southern Hemisphere). This population, which is 
~50% of the total mapped [9], was identified using the first 13 
THEMIS IR image releases (orbit range 816 to 13499); the 
remaining 1332 were found in THEMIS IR releases 14 
through 23. Using a convex hull to deliniate the region where 
Pd are capable of forming, and clipping this by the THEMIS 
IR coverage of the first 13 releases, we calculated an area that 
can be used to create a size frequency distribution (SFD) for 
the Pd population (Fig. 4). This is an atypical SFD because we 
are not trying to date the age of the underlying unit, but rather, 
we are trying to constrain the age of the Pd crater population. 
Because we are using the minimum area where Pd can form 
within the coverage provided, the best fit for the data in the 
resulting SFD gives us a lower limit for the amount of time 
necessary to form the Pd population, which is ~50 Myr (Fig. 
4). The duration and frequency of the emplacement of the ice-
rich substrate at mid latitudes is not currently known, but we 
can use proposed obliquity histories for Mars [18] to estimate 
the time it has taken for the population to form. This will re-
quire determining the total time period, dating back from the 
present, of which at least 50 Myr was at high obliquity and 
thus supported conditions for the mid-latitude, ice-rich sub-
strate. Additional work to extrapolate more age information 
from SFDs will include crater counting on pedestal surfaces 
using HiRISE data.    

Conclusions: On the basis of the evidence provided, we 
believe that the pedestal craters present at the mid-latitudes of 
Mars are primarily Amazonian in age. Specifically, this con-
clusion is derived from: 1) morphological evidence of fresh 
features associated with Pd including crater rims, pedestal 
scarps, and sublimation pits, 2) superposition relationships 
showing Pd emplaced on Amazonian-aged units, and Pd 
draped over other Pd suggesting formation during multiple 
periods of high obliquity, and 3) a size frequency distribution 
establishing a lower limit (~50 Myr) for the time necessary to 
form the Pd population. This is reasonable in the context of a 
sublimation-driven formation mechanism [9], the obliquity 
history of Mars [18], and models for the proposed redistribu-
tion of ice/snow during obliquity excursions [10-11]. 
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Introduction: The Moon Mineralogy Mapper (M3) 

is the NASA instrument to be launched to the Moon 
onboard of the first Indian lunar spacecraft, 
Chandrayaan-1, in fall 2008 [1]. The goal of the M3 
experiment is to provide scientific community with 
detailed maps of lunar mineralogy and soil maturity 
using the unprecedented spectral resolution of the M3 
spectrometer. In this study we consider an algorithm 
for soil maturity determination using M3 data. In par-
ticular, we analyze the effect of spectral resolution on 
the reliability of maturity degree (IS/FeO) prediction.  

The M3 imaging spectrometer: The instrument 
will measure lunar spectra in the 430-3000 nm range 
with the 10 nm spectral resolution in 260 discrete 
bands. At the 100 km altitude above the lunar surface 
it will be able to resolve 70 m sized details. The ex-
pected outcomes of the M3 instrument are maps of 
global surface mineralogy and soil maturity (Is/FeO). 
The parameter Is/FeO characterizes the amount of 
nanophase reduced iron relative to total iron in the 
volume of regolith particles [2]. In this study we use 
spectral and chemical data for lunar samples to de-
velop an algorithm for remote determination of matur-
ity degree of lunar soils with M3 multispectral imaging 
data.  

Lunar samples data used: The Lunar Soil Char-
acterization Consortium (LSCC) selected a broad suite 
of soils to be a representative of both the composi-
tional diversity in lunar soils and the degree of matur-
ity [3]. The LSCC carried out coordinated composi-
tional and spectral measurements for four size frac-
tions of each soil along with measurements of Is/FeO. 
Particle size of subsamples varies as follows: 1) <45 
μm, 2) <10 μm, 3) 10–20 μm, and 4) 20–45 μm. The 
<45 μm samples are considered to present the bulk 
soils, since it has been demonstrated that the optical 
properties of bulk soils are dominated by small size 
fractions [4]. Sample numbers used here are shown in 
Fig. 1 (bottom line). Bi-directional reflectance spectra 
with high spectral resolution were acquired for each 
subsample in the RELAB at Brown University over 
the spectral range 0.3–2.6 μm with 5 nm sampling 
resolution [5]. The LSCC samples show the particle-
size trends consisting of increasing amount of reduced 
nanophase iron with decreasing particle size (Fig. 1).  

The algorithm for remote sensing determination 
of Is/FeO with M3 data: The M3 spectrometer will 
measure lunar spectra with greatest spectral resolution 
ever achieved from lunar orbit. At the M3 spectral 

range lunar spectra exhibit smooth increase of reflec-
tivity toward the greater wavelengths and two broad 
bands with centers near 1 and 2 microns.  

 
Figure 1. Distribution of maturity degree over the set 
of LSCC lunar samples for particle size separates and 
bulks.  

After the Clementine mission, different techniques 
for remote sensing determination of lunar chemistry 
and mineralogy were developed, however, all these 
techniques used 5 spectral bands in UVVIS-NIR range 
(e.g., [6]). We here search with LSCC data for the best 
correlation between Is/FeO and spectral parameters. 
We establish the link using particle size separates and 
then use the independently measured Is/FeO values of 
the bulk samples to test the quality of our algorithm. 
We are also investigating how best to use the increased 
spectral resolution of M3 to determine the maturity 
parameter Is/FeO with better reliability. The limited 
number of LSCC subsamples (54 particle size sepa-
rates of 18 samples) allows searching for the link be-
tween Is/FeO and spectrum parameters using sample 
spectra that should consist of ≤54 spectral channels. 
This limitation follows the requirement of complete-
ness of the linear equations system used for the statis-
tical analysis. Thus we resampled the spectra to 45 
channels (0.4, 0.45, … 2.55, 2.6 μm).  

We then normalize all the spectra to reflectance at 
the last spectral channel (2.6 μm) and looking for the 
statistically best link in the following form: 

[ ] CAW
K

k
kk +⋅= ∑

=1
s FeOIlog   (1) 

where k is the spectral channel number, K is the total 
number of spectral channels, Ak is the normalized spec-



 

tral reflectance in the kth spectral channel, Wk  is the kth 
weight coefficient, C is the additive coefficient. 

The statistical analysis is performed for six cases N 
(see Table 1). The number of spectral channels K de-
creases from 45 to 5 (the number of Clementine 
UVVIS bands also equals 5), the effective spectral 
resolution Δλ vary from 0.05 to 0.4 μm. The correla-
tion coefficient r and standard deviation parameter σ 
are presented in the last two columns in Table 1. We 
note that the best result in terms of r and σ is achieved 
for 11 channels with Δλ=0.2 μm while the worst result 
is for the first case with K=45 channels.  

Table 1. Results for relationships found with Eq. 
(1) for reduced LSCC spectra of bulks. 

N K Δλ, μm R σ 
1 45 0.05 0.701 0.336 
2 22 0.10 0.946 0.117 
3 15 0.15 0.948 0.110 
4 11 0.20 0.957 0.098 
5 9 0.25 0.946 0.107 
6 5 0.40 0.948 0.102 

Detailed results for the best link (Eq. 1) are shown in 
Table 2; the weight coefficients for each spectral chan-
nel are presented. Figure 2 shows comparison of meas-
ured Is/FeO values with results of prediction (red tri-
angles). The dashed line in Fig. 2 denotes the diagonal; 
the light grey strip presents ±σ deviations from the 
diagonal (σ = 0.098, see Table 1). Each sample is la-
beled with its own sample number in Fig. 2.  

Discussion: The results we obtained can be ex-
plained from the statistical point of view as follows. 
Spectra of lunar soils in UVVIS-NIR range are rather 
smooth without narrow spectral features. At the same 
time each spectrum measured contains some noise. 
Too many spectral channels does not bring additional 
spectral information, i.e. does not show new spectral 
features, but does add noise that resulting in less reli-
able Is/FeO estimate with Eq. 1. Decreasing the spec-
tral resolution by averaging the neighboring channels 
reduces this noise thus increasing the correlation coef-
ficient. Further resampling of spectra destroys the real 
spectrum shape, which results in worse correlation.  

On the other hand in our analysis we resample 
spectral channels evenly. This means we treat the ef-
fect of each part of the spectrum on the maturity pa-
rameter as the same. The maturation of lunar soil is 
known to change the shape of spectrum mostly in the 
vicinity of 1 and 2 μm pyroxene and olivine bands. 
Therefore some parts of spectrum would be more sen-
sitive to capturing maturity variations than others. We 
plan to check the effect of selected bands (groups of 
bands) on the reliability of Is/FeO prediction by our 
method. 

Conclusions: Thus we present a simple algorithm 
utilizing the high spectral resolution data from the up-
coming M3 instrument onboard of the Chandrayaan-1 
lunar mission for the remote estimate of the parameter 
Is/FeO. Testing the new algorithm with the LSCC sam-
ples data shows the most reliable determination, when 
spectra are resampled to 0.2 μm resolution and pre-
sented with 11 channels in the range 0.4 – 2.6 μm. 

Acknowledgment. This work was partially sup-
ported by CRDF grant UKP2-2897-KK-07.  

References: [1] Pieters, C., et al. (2007) Lunar and 
Planetary Science XXXVIII, # 1295. [2] Morris, R. 
(1978) Proc. Lunar Sci. Conf. 9, 2287–2297. [3] Tay-
lor, L., et al. (2001) J. Geophys. Res. 106, 27,985–
28,000. [4] Pieters, C., et al. (1993) J. Geophys. Res., 
98, 20,817– 20,824. [5] Pieters, C., Hiroi, T., (2004). 
Lunar Planet. Sci. 35 # 1720. [6] Pieters, C., et al. 
(2002) Icarus 155, 285–298. 

Table 2. Spectral channels λ,μm and weight coeffi-
cients Wk

 for the best link “Is/FeO-spectra”. 
Channel number k λ, μm Wk 

1 0.475 -7.869 
2 0.675 6.056 
3 0.875 2.422 
4 1.075 0.184 
5 1.275 -3.391 
6 1.475 -12.614 
7 1.675 13.874 
8 1.875 -1.332 
9 2.075 3.193 

10 2.275 -3.412 
11 2.475 6.118 
C --- -3.520 

 
Figure 2. Results of Is/FeO prediction for bulks. 
Weight coefficients from Table 2 are used. Lunar sam-
ple numbers are shown with labels for each sample.  
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       Introduction: Extensive friable layered deposits 
(FLDs) were identified in early images of Mars and are 
distinguished by their easily eroded surfaces, which 
form dunes, yardangs, and etched terrain. Fine-grained 
deposits include the equatorial Medusae Fossae 
Formation, the Electris deposits, and the Arabia 
deposits, as well as some deposits in Hellas and Argyre 
and layered and pitted deposits near the poles [1]. These 
deposits display a variety of morphologies and differ 
greatly in the cohesiveness and fineness of their 
layering. Many of the deposits appear to drape 
unconformably over topography, suggesting deposition 
by airfall [see 2]. Theories for the origins of these 
friable layered deposits include ancient reworked eolian 
material, paleo- (and current) polar deposits, 
atmospheric deposition of ice nucleated on dust, 
ignimbrites, and ashfall [3]. The fine texture of the 
deposits and the ubiquitous dust on Mars make the 
composition difficult to determine using spectral data. 
The deposits are easily eroded and moved by the wind, 
making them difficult to accurately date using craters 
[4]. 

In order to test the likelihood that these friable 
units are composed of volcanic ash, we combined an 
eruption and emplacement model for the Martian 
atmosphere [5] with a global circulation model (GCM) 
[6] in order to simulate the transport of the ash from the 
vent into the plume and finally to its emplacement on 
the surface. Simulations were run for many volcanoes 
using the modern Martian atmosphere at present 
obliquity and a volcanic output of 1E9 kg/s.  

Results: Volcanoes with vents at greater altitudes 
would disperse material more widely. Additionally, due 
to the generally easterly winds at the latitudes of the 
volcanoes, the bulk of the pyroclastic material would be 
emplaced to the east of the erupting volcano. This result 
would make it more difficult for the Tharsis volcanoes 
to be responsible for formations to their west, such as 
the Medusae Fossae Formation [7], although they 
would be expected to contribute to it, especially at its 
eastern edges.  

Deposits in Arabia are more difficult to produce, as 
the closest volcano, Syrtis Major, sits on the eastern 
part of the formation.     

 
 
 
 



 

 
Contours are in kg/m2 with intervals 1, 10, 100, 1000, 2000, 5000, 8000, 10000 and 20000. 
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     Often observed a sensible difference in appearance and structure between tropical and extra-tropical zones of 
various heavenly bodies including rocky and gas planets, satellites and Sun compels to look for a common 
reason of such phenomenon. All bodies rotate and their spherical shape makes zones at different latitudes to have 
differing angular momenta as a distance to the rotation axis diminishes gradually from the equator to the poles 
(this is felt particularly when one launches rockets into space –preferable more cheap launches are from the 
equatorial regions – Kourou is better than Baikonur). One of remarkable changes occurs at tropics. As a total 
rotating planetary body tends to have angular momenta of its tectonic blocks equilibrated it starts mechanisms 
leveling this basic physical property. At tropical zones (bulged also due to the rotation ellipsoid) the outer shell – 
crust as a consequence tends to be destroyed, sunk, subsided and shrunk; a density of crust material changes; the 
atmosphere reacts changing chemistry and structure; in terrestrial anthroposphere man looses its mass and stature 
(well known pygmioidness process). But according to the Le Chatelier rule mechanisms with an opposing 
tendency also begin to act.  
     At Earth the wide planetary long tropical zone is marked by destruction of the crust. It is demonstrated by 
development of numerous islands of the Malay Archipelago (the Sunda Isls., Maluku Isls, Philippines) between 
the Southeastern Asia and Australia. In Africa and South America huge depressions of the Congo and Amazon 
Rivers develop where the Archean crust is subsided to depths of more than 2 km. In the Pacific along the equator 
numerous islands of Micronesia occur.  Subsidence of the basaltic oceanic crust is followed by an intensive  
folding and faulting of basalt and sedimentary layers (Fig. 1) as a larger mass must be held by a smaller space (a 
planetary radius is diminished). The central Atlantic is very demonstrative in this sense suffering huge transform 
fault zones changing to more quite tectonics to the north and south (Fig. 1, [1]) where basaltic effusions (plateau-
basalts) form large provinces (Fig. 5, 6, [2, 3]). This addition of dense basalts to the upper crust level helps to 
increase angular momentum of the extra-tropical blocks. Seismicity of the tropical zone is significantly higher 
than outside of it. Mantle derived diamonds are more nitrogen rich (thus, heavier) in extra-tropical zones than in 
Africa where even unique diamonds with boron (it makes the carbon crystal less dense) are known. 
     At Mars the widespread enigmatic chaotic and fretted terrains at the highland-lowland boundary could be 
considered as traces of the crust destruction along the wide tropical belt. A system of hillocks and their relics and 
separating them depressions is controlled by a crosscutting tectonics. Prevailing subsidence here is characteristic. 
     At Saturn a wide tropical zone usually has higher albedo than extra-tropical ones. Relatively heavier methane 
clouds in the H-He atmosphere are absent around the equator and concentrated on the higher latitudes (Fig. 2).     
     In the tropical zone of Titan the darker methane lowlands are normally rippled in at least two directions with 
spacing a few km to 20 km (such forms erroneously are taken as dunes). This subsidence rippling gradually is 
replaced by smooth surfaces of dark basins (possibly liquid methane) at the higher northern and at lesser degree 
southern latitudes. This planetary pattern is comparable with a behavior of the basalt floor of terrestrial oceans. 
     On Iapetus the wide equatorial zone of the bright trailing hemisphere is distinguished by relatively numerous 
craters with darkened floors (Fig. 3). Thus looks tending subside and disintegrate tropical terrain on the uplifted 
bright hemisphere. This terrain connects both flanks of the dark leading hemisphere and is a continuation of its 
equatorial bulge (a squeezed out feature as a result of the dark hemisphere subsidence).  
     Around the Tethys’ equator there is a band of slightly darker surface material.  It may be an area of less 
contaminated ice and ice with a different structure than ice at higher latitudes as think Cassini scientists. If it is 
coarser-grained (more loosely packed) and purer then the equatorial region tends to be less dense diminishing its 
angular momentum.   
     Sun presents a special case because its equatorial region rotates faster than the higher latitudes. It could be 
attributed to an important loss of angular momentum by this region during formation of planets (significant 
transfer of momentum to the planetary system) and its compensation according to the Le Chatelier rule by the 
faster rotation. But, in turn, this faster rotation causes an intensive destruction of this region in tendency to keep 
“ status quo”. The photosphere is “perforated” by darker colder spots deep up to 300 (maybe more?) km – 
famous solar spots long to 200000 km and smaller pores (Fig. 4). In the chromosphere there is a remarkable loss 
of “heavy” Ca ion from this region (compare with the loss of methane from the equatorial region of Saturn).       
         Under more close inspection of other planetary bodies this uniform separation of tropical and extra-tropical 
zones should be discovered.     
       If the tropical belts of rotating globes tend to diminish their angular momenta, extra-tropical zones by the 
same reason tend to increase their momenta. The best evidences, naturally, presents Earth where in higher and 
lower latitudes enormous masses of erupted mantle derived basalts form volcanic plateaus (Fig. 5, 6). Their 
origin is assigned to gigantic hot plumes (superplumes) rising from the core-mantle boundary and melting 
mantle with production of easier melting out basaltic fractions [2, 3]. The hotter mantle expands adding to 
angular momentum the same as additional dense basalts in the crust. In the lower atmosphere there is a similar 
tendency. A newly produced global map for wind power (speed) over oceans made by the NASA’s QuikScat 



satellite after 10 years of observations reveals that wind powers at the equatorial belt are visibly weaker than at 
higher and lower latitudes [4].  Wind farms for electricity production are possible off the coast of Northern 
California, around Tasmania, New Zeland, Tierra del Fuego. Thus, the atmosphere also tends to add momentum 
to extra-tropical zones like other geospheres.      On Mars wide extra-tropical belts of pedestal craters with broad 
effusions of fluid-rich material [5] obviously help to mend defective momentum (compare to Fig 5-6. on Earth).     
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Fig. 1. Earth: Intensive faulting of the tropical zone of the Atlantic bottom [1]. Fig. 2. Saturn: PIA09769, a 
weak methane absorption at the equatorial belt (the bright area, IR light, 890 nm). Fig. 3. Iapetus: PIA09756, 
continuation of the dark equatorial ridge of the leading side on the trailing side by dark floor “craters”. Fig. 4. 
Solar spots (SOHO, June 6, 2007). Fig. 5. Large igneous provinces of Asia; basaltic eruptions are blackened [3, 
the book-jacket picture]. Fig. 6. Sketch map of Gondwana illustrating the Mesozoic continental flood basalt 
(CFB) provinces; the heavy line across the Paraná and Karoo provinces indicates the southernmost extent of the 
high-Ti CFB [2].  
     Images credit: NASA/ JPL/ Space Science Inst.(Fig. 2, 3).  
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       The 100th anniversary of the famous explosion over the Siberian taiga in Tunguska basin (June 30, 1908) 
clearly shows that two main explanatory directions always remain. One – an extraterrestrial source having in 
mind an asteroid, comet, meteorite, tektites, solar plasma – all contradictory explanations not taking into account 
all essential facts and witnesses reports. Second – a terrestrial origin taking into account a tectonic situation of 
the region and several repeated similar events (though much weaker but with significant effects on forest, 
electricity, atmosphere) during passed 100 years that occurred in the area  (Fig. 2). The repetition of resembling 
events in the wide and long but tectonically meaningful area (belt) must completely exclude the first 
extraterrestrial possibility.     
       It should be stressed that not only the Tunguska-08 event and smaller resembling phenomena but also 
mysterious light nights of June-July 1908 were restricted by deep-seated tectonics (Fig. 2). The light nights of 
the end June – beginning July 1908 over a large part of Europe and the western Siberia have drawn attention of 
population and scientists before was known about an explosion over Siberian taiga. There were no talks about a 
connection between these planetary scale phenomena but many tried to understand a mystery of the light nights 
just after their observations. A few versions appeared but the mystery is not yet finally solved. It is very useful 
for approaching a solution to understand not only the geographical position of the phenomenon but also its 
relation to the Earth’s deep structure. 
        The wave planetology based on experience of the Solar system cosmic researches has established that 
“orbits make structures of celestial bodies” [1& others]. This has relation to movements of celestial bodies in 
elliptical keplerian orbits with cyclically changing accelerations causing action upon bodies of inertia-gravity 
forces warping them in several wavelengths. The fundamental wave1 long 2πR (R – a body radius) makes a 
tectonic dichotomy – a division of a body into two hemispheres-segments (subsided and uplifted). The first 
overtone wave2 long πR makes superposed on the dichotomy sectors. The tectonic sectors are grouped by  the 
same algorithm around six vertices of a structural octahedron (Fig. 1). In one of them – the Pamirs-Hindukush 
vertex - meet four sectors: two uplifted in different degree (African ++, Asian +) separated by two subsided also 
in different degree (Indoceanic - -, Eurasian -) (Fig. 2). The Eurasian sector, as well as the others, is well 
distinguished on the surface and in the core-mantle boundary relief and in geophysical fields. As a result of its 
subsidence (contraction) its surface is undulating (rippling)  – a groove-ridge relief is developed (clearly 
observed from cosmos).  The light nights – a massive formation of silver clouds over the Eurasian sector – could 
be one of tectonic manifestations connected with the angular momentum regulation of the subsiding sector 
(bringing up the water vapor and its freezing).  
       The surrounding Eurasian sector uplifted (extended) sectors are broken by faults and rifts and are 
characterized by frequent earthquakes along boundaries with the subsided sector and appearance of the 
electrophone bolides and other atmospheric anomalies. A well studied correlation between earthquakes and 
atmospheric luminous phenomena was established in the NW Italia (the Taro valley- the Po tributary) [2] ( Fig. 
5) and in the central Norway – Hessdalen valley in seismically active Scandinavian mountains. In the east the 
wide boundary between subsiding (about 1mm/year) Eurasian sector and uplifting Asian one is marked by 
regular earthquakes (Fig. 3) [3]. Opposite vertical movements of the two sectors create friction and pressure in 
rocks giving rise to tribo- and piezoelectricity blocked by the electrically neutral atmosphere but seeking ways to 
the charged ionosphere. In any case, between two charged geospheres there is a relation as some ionosphere 
events, such as Aurora Borealis, in their distribution are influenced by the lithosphere structures (sea coast lines, 
for an example). Luminous phenomena, plasma events like ball-lightnings   are often observed along tectonically 
active zones, and even as high as in cosmos cosmonauts conduct experiments studying concentration of charged 
particles in relation to earthquakes.  
       Normally observed ball-lightnings have dimensions up to several meters and often move along electric 
wires, railways and geomorphological boundaries. The Tunguska event could be caused by a significantly larger 
body, say a giant ball-lightning (GBL) corresponding to tectonic fundamentality of the contact between two 
planetary sectors, moving along large intersecting weakness zones of the East-Siberian craton superstructure 
(Fig. 4 )[4, 5, 6 & others]. This circumstance could explain a various flight directions of the Tunguska bolide 
reported by various observers. The large dimension of the Tunguska bolide is not exceptional for the area as both 
Vitim (2002) and Chulym (1984) bolides were rather large though smaller than the bolide of 1908.  In 1944 in 
the Krasnoyarsk country, Tyukhtetsky district, village Irinovka two observers have seen during 10 seconds a 
bolide about the Sun disk across. It was accompanied by rumble like a plane and crack like a falling sawn off 
pine-tree (Archives of Meteorite Committee, case 92)[7]. By the way, the Siberian astronomer P.L. Dravert from 
Krasnoyarsk noted that with the Tunguska “meteorite” were associated anomalous number of bolides in the area 
and silver clouds [8]. 



     The Tunguska event location is inside of the unique Tunguska synclinore and coincides with a paleovolcano 
and sulfide showings, has somewhat increased seismicity and is perspective for natural gas accumulations.  All 
these characterize an intersection of large tectonic zones where the flight of the charged body could be stopped 
with an explosion.  In the Tunguska synclinore large masses of the Permian-Triassic mantle derived basalts were 
accumulated which indicates at great permeability of fractured by deep faults crust in a particular 
morphotectonic setting. The NE striking contact between the Eurasian and Asian sectors is a part of the great 
planetary circle marked with large basalt effusions of various ages.  Such coincidence of the Tunguska explosion 
(as well as a number of other destructive plasma phenomena, Fig. 2, 4) with the peculiar tectonic setting put in 
doubt possibility of an “accidental fall” from cosmos. 
       It is noteworthy that in this NE striking zone occurs the suddenly ruined Harappa culture (III thousand years 
before Christ) in the northwest of India (Mohendjo-Daro). Archaeological excavations indicate a sudden death of 
people, large-scale fires. The ‘Mahabharata” epos mentions an “explosion” which caused “dazzling light, a fire 
without smoke”.  This anomalous in geological-geophysical sense huge tectonic “scar” is apparently able to 
generate though rare (once in several thousand years?) but catastrophic events [4].  
       About 500 km to the NE of the Tunguska event (the upper Vilyui tributaries not far from the diamond 
deposit Udachnoye) there is a place where luminous phenomena and shining balls coming out from earth (“iron 
boilers”) are rather common and well known to local Yacut shamans. They were not very surprised to the event 
of 1908 and one of them predicts something similar in 2010 [9]. Thus, the octahedron edge – a place of 
intersection of two faces – is a place of accumulation and exit of electric charges. They are growing and stored in 
the crust (this is facilitated by an intercalation of rich and pure in Fe basic and acid rock layers –a sort of natural 
capacitor) and released smoothly or suddenly with certain uneven periods; earthquakes possibly are triggers [5, 
6].        The explosion energy  (1016 J) can roughly constraint the GBL size as density of energy in ball-lightnings 
is approximately known (1-10 J/cm3 , in one case it was 15 kJ/cm3 [10]). This gives a radius of GBL 104 - 105 
cm or about 100 m. The estimated size apparently does not contradict to the real size of the Tunguska body as 
witnesses compared it with the size and shine of the Sun disk [5, 6].       
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5                                            Fig. 1 The Earth’s structural octahedron.   
Fig.2. Sectoral structure of the Eastern hemisphere. Light nights (shading) 
over the Eurasian sector. Stars – places of explosions and luminous 
phenomena in the atmosphere: from the south to north along the NE 
branch – Mohendgo-Daro (III millennium B.C.), Chulym bolide (1984), 
Tunguska-1908, Vitim bolide (2002), “Minitunguska” in Prymorye 
(2002); in the NW corner –Taro valley (Italy, Fig. 5), Hessdalen valley 
(Norway). 
Fig. 3. Seismotectonic zone Karachi-Baikal-Upper Yana; earthquake 

epicenters with magnitude 3-5 ≤М< 7 [3 ] 
Fig. 4. Tectonic settings of the Tunguska-1908 event. 1-Tunguska explosion, 2-Siberian craton boundary, 3-Radial weakness 
zones, 4-Faults, 5-Kimberlites and similar rocks, 5- Linear zone of the NE strike where kimberlites and Tunguska-08 occur, 
6-Wide transition between Eurasian (-) and Asian (+) sectors. 
Fig. 5. Light balls in night sky over the Taro seismic zone (northern Italy, Aug. 2007) [2 ]. 
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Introduction:  The NE region on the rim of the 

Hellas basin is the only concentration of large out-

flow channels in the southern hemisphere of Mars 

[1,2]. They are located within a large topographic 

depression (the SW trough [3]) that extends from the 

elevated Hesperia Planum toward the SW and con-

nects it with the Hellas basin. The surface within the 

trough is morphologically similar to the major por-

tion of Hesperia Planum and suggests the primarily 

volcanic origin of materials within the trough [1,4-7]. 

There is evidence for the thick accumulations of ma-

terials (lava flows and perhaps sediment deposits) 

that fill the trough, thus this structure initially was 

significantly deeper in the past. 

The largest channels, Dao, Niger, and Harmakhis 

Valles (DV, NV & HV), begin as full-size structures 

in broad, flat-floored, and closed depressions and run 

to the southwest down the regional slope toward the 

Hellas Basin. Also, a system of smaller channels that 

appear to begin at about 36
o
S,94

o
E runs in the south-

ern direction and finally joins HV at about 

38.1
o
S,92.8

o
E. All the fluvial features cut the surface 

of the SW trough and appear to postdate emplace-

ment of materials that fill this structure. Formation of 

the fluvial features requires the presence of water/ice 

in their source regions.  

Characteristics of the fluvial systems: Three fluvial 

systems (DV, NV & HV) extend in the SW direction 

toward Hellas Planitia for hundreds of kilometers. 

The fourth much less prominent system occurs be-

tween NV and HV and consists of a series of shallow 

channels that begin in a chaos-like area. DV and HV 

lie near the NW and SE edges of the SW trough and 

are separated by several hundreds of kilometers. 

These channels form broad (a few tens of kilometers) 

and deep (hundreds of meters) sinuous canyons that 

are gradually narrowing toward the Hellas basin. The 

head regions represent large (a few hundreds of km 

long and many tens of km wide) and steep-sided de-

pressions that are about 1.5-2 km deep. NV begins at 

about 34
o
S, 94

o
E. To NE of this point it has subdued 

morphology and represents mostly a topographic 

feature. The main portion runs roughly parallel and 

close (~60 km to the SE) to DV. At about 37
o
S, 

90
o
E, NV merges with DV.  

The system of the smaller channels between NV 

and HV consists of narrow and shallow channels that 

have a little topographic expression and begin in a 

chaos-like area. The MOLA orbit 17265 shows that 

topography within the chaos varies for about 0.15-

0.2 km (the maximum amplitude is about 0.5 km). 

The channels that emerge from the chaos are coalesc-

ing and continue as a single feature to the south 

where it finally joins the canyon of HV. 

Study of the areas where NV merges with DV 

and the smaller channel joints HV reveals that both 

Niger and the small channel represent hanging val-

leys and, thus, appear to be younger features than the 

main canyons of DV and HV. The head depressions 

cut and destroy the surface of the surrounding, mas-

sifs of the cratered terrains, and the flank deposits of 

Hadriaca Patera. These relationships indicate that the 

depressions are among the youngest features.  

The important feature of the head areas of all flu-

vial systems in the SW trough is the absence of large 

or small fluvial structures converging toward the 

areas where the systems begin. The absence of such 

streams in the SW trough indicates that (1) the de-

pressions represent the true source regions of the 

canyons and the small chaos-related channels and (2) 

the depressions formed either by massive melting of 

the subsurface ice deposits, or by sapping from the 

subsurface ice accumulations [e.g. 8], or by combina-

tion of these processes [6,9-12]. The large volume 

and depth of the head areas of DV and HV indicate 

that the accumulations of ice in the sources of these 

fluvial systems were very large and placed at a sig-

nificant depth. The absence of terraces, tilted blocks, 

and concentric and radial faults around the head de-

pressions of DV and HV suggest, however, that the 

ice deposits were mostly confined within the area of 

the present depressions. 

The evidence for the subsurface nature of the 

sources is seen in the upper reaches of NV. Topog-

raphically, NV can be traced upslope to the large 

flat-floored depressions of Peraea Cavus and Au-

sonia Cavus [6] as broad and shallow troughs the 

edges of which are punctuated by narrow graben 

arranged en echelon. The surface within the troughs 

is deflected downward and is morphologically simi-

lar to the surface outside of the roughs (smooth and 

deformed by wrinkle ridges). We interpret these as 

the evidence for the subsurface flow that removed 

underground material and caused subsidence of the 

surface. 

The chaos between NV and HV where the system 

of narrow channels begins represents a shallow (less 

than ~500 m deep) depression a few tens of kilome-

ters wide. Its floor is covered by angular flat-topped 

blocks and the curved fractures convex toward the 

surrounding plains cut the edges of the chaos area. 

These topographic and morphologic characteristics 

are consistent with and strongly suggest the presence 

of ice deposit in a shallow subsurface, melting of 
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which may have caused surface collapse and forma-

tion of the chaos within the depression and the chan-

nels outside of it.  

Layered structure and ice depositions: Studies of 

the NE and E portions of the Hellas basin have 

showed that this region displays the rich evidence for 

the volcanic and volatile-driven features [1,10,13-

15]. The NE part of the Hellas rim was is the site of 

emplacement of the major volcanic province of Hes-

peria Planum [e.g. 3,4,16-18] that was affected by 

development of the large fluvial systems that carved 

the surface of the lava plateau [e.g. 19-22]. The walls 

of the larger fluvial canyons display distinct layered 

structure that can be traced from the canyon edges 

down to the deep horizons where the layer are cov-

ered by extensive talus aprons. The layered structure 

is visible along the large portion of the walls and 

consists of rough layers that are parallel to the can-

yon edges. The sub-horizontal layers in the walls 

closely resemble the layers seen in the scarps that cut 

the surface of the classical volcanic plateaus on Mars 

such as Lunae Planum and Syrtis Major Planitia [e.g 

16,23] and is consistent with the volcanic origin of 

the bulk of the materials emplaced within the SW 

extension of Hesperia Planum. We interpret the lay-

ered structure as the evidence that the canyons cut 

the thick suite of layered materials, the majority of 

which likely consists of subparallel lava flows.  

Within the head depressions of Dao and Har-

makhis Valles the layers are seen to the depth of 

about 1.6 km (DV) and 1.1 km (HV). NV is close to 

DV and also exhibits the layering, which, in the head 

depressions can be seen almost to the floor. The 

thalweg of the entire Niger system is, however, sig-

nificantly higher than the floor of DV (about 1 km). 

These topographic differences indicate that the lay-

ered structure seen in the head depression of DV 

extends to the much deeper levels. The close position 

of the two fluvial systems and the subhorizontal em-

placement of materials in the region suggest that the 

canyon of NV is completely within the layered suite 

and does not cut through its entire thickness. This 

implies that a significant portion of the Hesperian 

lava plateau within the SW trough was already em-

placed by the time of deposit of ice in the source 

region of NV. Plateau-forming materials buried the 

ice deposits in the sources of DV and HV and the ice 

accumulations in the source area of NV represent the 

second level of ice deposition in the study area. 

The chaos where the small channels begin is at 

significantly higher levels than the thalweg of NV 

and the maximum amplitude of topography in this 

area is about 0.5 km. The chaos itself, however, 

demonstrates much more subdued relief (about 100-

150 m), which is close to the visible thickness of a 

few layers exposed in the walls of the larger canyons. 

The small relief and the morphologic characteristics 

of the chaos area suggest that the chaos, as well as 

Niger Vallis, also formed completely within the lay-

ered suite of materials but near its upper horizons. 

Thus, ice, the melting of which caused formation of 

the chaos-related channels, was deposited at higher 

hypsometric levels and corresponds to the third level 

of ice accumulation when almost the whole stack of 

lava flows and other materials had been emplaced 

within the SW trough. The youngest ice-related fea-

tures are the lobate debris aprons, the lineated valley 

fill, and the viscous flows on the canyon floors and 

walls. They clearly postdate formation of the lava 

plateau and the fluvial systems and correspond to the 

youngest, the fourth, level of ice accumulation. 

Conclusions: Our observations and interpreta-

tions suggest that there have been four distinct 

phases of ice-deposition/accumulation within the SW 

extension of Hesperia Planum. Distinguishing be-

tween erosional phases is more difficult. There may 

have been several time-separated events activated in 

a short period of time by new pulses of volcanic ac-

tivity within the region. The heat sources could have 

been provided by late volcanic activity at Hadriaca 

Patera (for DV and NV) and at the possible volcanic 

province in the western Promethei Terra to the east 

of HV. The noticeable difference in the size of the 

fluvial systems from the largest and oldest DV and 

HV through somewhat smaller NV to the smaller 

chaos-related channels indicates the diminishing of 

the amount of deposited ice.  

The presence of the distinctly different levels of 

ice accumulation and erosion in the SW trough sug-

gest the existence of periods of enhanced ice deposi-

tion in this region during the Hesperian time. These 

periods may have been related to the significant cli-

matic variations perhaps due to the changes of the 

orbital parameters of Mars [24,25], enhanced insola-

tion of the polar regions and redistribution of vola-

tiles toward the mid-latitude zones [26]. In the at-

mospheric circulation models of Mars [27,28], the 

western winds dominate the region of Hellas Planitia 

and the eastern side of the basin is the site of net 

deposition of water transported by the atmosphere.  
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Introduction: The radar studies of polar 
region of Mercury revealed the areas with 
anomalous radar properties [1]. It was suggested 
that these features are clusters of volatile 
elements in the "cold traps" of the polar regions 
of the planet. Feldman et al.(1997) [2] suggested 
that ground of  "cold traps" contains mixture of 
H2O or sulfur (80 %) and silicate (20 %). The 
temperatures in some of these features are too 
high to allow any volatiles to persist in these 
craters for a long time. These features are 
located below 85° N. The maximum 
temperatures in the permanently shadowed areas 
of them reach 250 - 300 K. In such places water 
ice quickly evaporates. However, water ice can 
be in such areas under a layer of regolith. Note 
that a 0.1- to 0.5-m-thick regolith layer would 
substantially weaken temperature variations 
without changing the reflective properties of the 
cold trap. 

 
 In order to calculate the distribution of 

stable water ice in “low-latitude cold traps”, we 
have solved the thermal diffusion equation for 
different thickness of regolith cover. A two-layer 
thermal model is used. The top layer will consist 
their dry regolith and extend from surface to 10, 
20 and 30 cm. The lower layer represents ice-
rich mixture (H2O - 80 %, silicate - 20 %). We 
assumed lunar thermophysical parameters for 
“cold trap” ground in our calculations. The 
surface temperature of “cold traps” was found 
by in view the effect of the orbital motion of 
Mercury around the Sun and its axial rotation.  

Even at presence of a shielding layer of 
regolith, the maximal and average values of 
temperature on boundary ice - regolith in “ low-
latitude cold traps ” exceed 110 K - a limit of 
stable existence of the water ice, certain in work 
Vasavada et al. (1999) [3]. Nevertheless, life 
time of water ice at presence of such layer even 
at such high temperatures considerably 
increases, as regolith prevents evaporation of 
molecules of water. At increase in thickness of 

regolith up to 20 sm, life time of water ice grows 
up to billion years.  

Thus that water ice deposits existed in 
such conditions during geological time (billion 
years), it is necessary, that thickness of ice 
reached several meters. Occurrence of such 
deposits on Mercury is possible [4], but in such 
hot areas as “low-latitude cold traps” is 
problematic. 

 

 
 
Fig.1. The life time of water ice in “cold 

trap” of features T for different thickness of 
water ice and regolith cover: 0 m (curve 1), 0,1 
m (curve 2) and 0,2 m (curve 3) .  The feature T 
is located in the crater (79,4° N, 13° W) with 
diameter 26 km. This crater have 16 % of it total 
areas permanently shadowed. 
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The results of a systematic study of 
geochemically permissible ranges of bulk 
composition, mineralogy, velocities and densities in 
the lunar mantle internally consistent with the 
equilibrium phase assemblage and the mass and 
moment of inertia requirements are reported. A 
Monte-Carlo inversion procedure has been used to 
estimate the density and  velocities distributions in 
the mantle and Fe-FeS core radii of the Moon from 
gravity measurements. A thermodynamic approach 
for the calculation of phase assemblages and 
physical properties in the Moon’s interior are used 
to estimate the  ranges of P- and S-wave velocities 
in the  lunar mantle.  
Introduction: Lunar landing and orbital missions 
have provided the background of our knowledge of 
the Moon and yielded the first information about 
the mantle seismic velocities [1, 2]. According to 
the seismic velocity model of Nakamura [2], the 
lunar mantle consists of three constant-velocity 
zones with sharp discontinuous boundaries at 
depths of 270 and 500 km. The earliest 
interpretations of the Nakamura lunar mantle 
seismic velocity model were reported by Hood and 
Jones [3] and Mueller et al. [4]. Their results 
showed that a change in mineralogical phase alone 
was insufficient to explain the large velocity 
increase that characterized the Nakamura model 
near 500 km depth. Consistent with these 
conclusions, Kuskov and Kronrod [5, 6] combined 
geophysical and geochemical constraints and 
concluded that the nature of both ”270”-km and 
”500”-km discontinuities can be attributed only to 
change in chemical composition. Recently  Khan et 
al. [7], Gagnepain-Beyneix et al. [8], Lognonné [9] 
have reported on a reinvestigation of the Apollo 
lunar seismic data. The aim of this paper is to 
calculate the range of the Moon's seismic velocities 
in the CaO-FeO-MgO-Al2O3-SiO2 (CFMAS) 
system consistent with the elastic properties of 
minerals and lunar geochemical constraints. 
Because of discrepancies and contradictions among 
available lunar seismic velocity models, the major 
objective in our study is to convert the potentially 
possible bulk composition models to mineral 
assemblages, to calculate the allowed field of 
seismic velocities, and to compare them with the 
observational models. General outline of the 
lunar model: The corresponding parameters for the 
mean density, radius and normalized moment of 
inertia are as follows: ρ=3.3437±0.003 g cm-3, 
R=1738 km and I/MR2 = 0.3931±0.0002 [10]. We 
consider here a five-layer model of the internal 
structure of the Moon, including a silicate crust 
(H=50 km,      ρ=2.9 g cm-3), a three-layer mantle at 
depths of 50-250 km (upper mantle), 250-625 km 

(middle mantle), 625 km - core-mantle boundary 
(lower mantle), and a Fe–10 wt.% S-core (ρ=5.7 g 
cm−3).  The general methodology is to combine 
geophysical and geochemical constraints and 
thermodynamic approach, and to develop, on this 
joint basis, the self-consistent model of Moon, 
accounting for its chemical composition and 
internal structure. The mass and moment-of-inertia 
factor and the hypothesis of chemical 
differentiation of the Moon as a result of partial 
melting of initially homogeneous material 
(hypothetical magma ocean) are used to model the 
internal structure of the Moon for four first-order 
parameters: (1) the thickness of the crust, and upper 
and middle mantle; (2) bulk composition of the 
mantle; (3) core sizes and masses; (4) velocities and 
density in the upper, middle and lower mantle. The 
model thicknesses of a crust, upper and middle 
mantle are variable parameters. The Al2O3 content 
in the lunar crust varied between 25 and 30 wt%. 
The concentrations of major oxides for the entire 
mantle varied in the ranges 2 ≤ CaO and Al2O3 ≤ 
8%, 25 ≤ MgO ≤ 45%, 40  ≤ SiO2 ≤ 54%, 6 ≤ FeO 
≤ 20%. Thermodynamic modeling of phase 
relations and physical properties in the 
multicomponent mineral system CaO-FeO-MgO-
Al2O3-SiO2 was used to develop a method for 
solving the inverse problem. Thermal models were 
taken from Kuskov and Kronrod [6]. For the 
computation of phase composition in the CFMAS 
system for a given chemical composition, we have 
used the method of minimization of the total Gibbs 
free energy. Input data for the self-consistent 
thermodynamic quantities (enthalpy of formation, 
entropy, heat capacity, and Margules parameters for 
solid solutions), for the equations of state of 
minerals as well as for shear moduli (G) and their 
derivatives are summarized in the 
THERMOSEISM data base [11]. Typical 
uncertainties of the calculated density and velocity 
values (the Hill average of the Voigt and Reuss 
bounds) for the mantle assemblages existing under 
lunar pressure and temperatures are less than 1% 
and 2%, respectively. According to the seismic 
data, the reported uncertainties in Vs and Vp are: 
0.7-4.8% [2]; 10-19% [7].  
Results: We determine the permissible ranges of 
bulk composition, mineralogy, velocities and 
density in the upper, middle and lower mantle as 
well as core sizes and masses. The basic conclusion 
arising from this study is that the silicate Moon is 
chemically stratified and enriched in FeO (~10-12 
wt%). The Al2O3 content can vary in the range of 4-
7 wt% for the bulk Moon. The size of the Fe–10 
wt.% S-core is 300-350 km in radius. Table 1 
shows the geophysically and  petrologically 
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allowed ranges of  P- and S-wave and the  
velocities of the seismic models [2, 8, 9] in the   
lunar mantle. The calculated velocities of the lower 
mantle may be expressed as follows: 
Vs<4.42±0.014 km s-1 and Vp=7.91±0.025 km s-1. 
The results of Khan et al. [7] inversion at depths of 
45-500 km are only marginally consistent with the 
allowed field of S-wave velocities whereas their P-
wave velocities are strongly overlapping the 
petrologically permissible values.  
Table 1. P- and S-wave velocities of the lunar 
mantle reservoirs 
 
Ref. 
 

H, km VР, км/с VS, км/с 

Goins et al. 
[1] 
 

60         
400                    
480-1100  

7.75±0.15 
7.65±0.15 
7.60±0.15 

4.57±0.10 
4.37±0.10 
4.20±0.10 

Nakamura 
[2] 
 

60-300        
300-500   
500-1000          

7.74±0.12  
7.46±0.25 
8.26±0.40 

4.49±0.03 
4.25±0.10 
4.65±0.16 

Khan et al. 
[7] 
 

45-500 
500-750 
750-1000 

8.0±0.8 
9.0±1.9 
11.0±2.1 

4.0±0.4 
5.5±0.9 
6.0±0.7 

Lognonné [9]   30-300   
300-500 
500-750 
750-1000   

7.75±0.15 
7.75±0.15 
7.50±0.30 
7.90±0.30 

4.53±0.15 
4.50±0.15 
4.35±0.30 
4.20±0.30 

Gagnepain- 40-240   7.65±0.06 4.44±0.04 

Beyneix 
 et al. [8]  
 

240-500 
500-750 
750-1000          

7.79±0.12 
7.62±0.22 
8.15±0.23 

4.37±0.07 
4.40±0.11 
4.50±0.10 

This study 
  

50-250 
250-750 
750-1000 
 

7.67±0.029 
7.84±0.044 
7.91±0.025 
 

4.46±0.01 
4.41±0.018 
4.42±0.014 
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Introduction: The NWA 1664 howardite con-

tains alcaline-rich glassy and microporphiry litholo-
gies [1], which are probably originated from an ig-
neous source [2]. We found several new inclusions, 
enriched in K and Ba, that strongly suggest its origin 
from highly fractionated magmas. These K-rich in-
clusions are similar by texture and composition to 
inclusions found in diogenites, to mesostasis of 
Stannern group eucrites, and to lunar granite-like 
rocks. These similarities could suggest an occurrence 
of two sources of incompatible element-rich liquids 
on the HED parent body – the eucritic and dio-
genitic. The most K-rich inclusions in NWA1664 are 
K-rich glasses, melt-matrix breccias and chondrule-
like objects. We consider them as products of impact 
melting of howardite regolith enriched in K-rich 
diogenite and eucrite components.  

Results: Four sections of NWA 1664 were stud-
ied by optical microscopy, ASEM and EMP meth-
ods. In texture the K-rich lithologies can be subdi-
vided to (1) chondrule-like objects (2) glassy rocks; 
(3) melt matrix breccias. Chondrule-like objects vary 
in diameter from 30 to 1500 μm and mainly consist 
of skeletal olivine and pyroxene crystals embedded 
into a glassy mesostasis. Several of them are holo-
hyaline. The K2O content of chondrule-like objects 
is in the range of 0.5-1.7 wt%. Olivine is Fo33-48, 
pyroxene is Ca-poor (En43Wo8) or Ca-rich 
(En33Wo34), and usualy enriched in Al2O3 (up to 8.2 
wt%). The glassy mesostasis contains of (wt%) 56.0-
69.3 SiO2; 12-18 Al2O3; 5-14 FeO, 0.2-4.2 K2O and 
minor MgO and CaO. The glassy rocks are repre-
sented by fragments, 100-800 μm in size, that have 
vitrophyric and holohyaline textures. Vitrophyric 
fragments compose of small (5-15 μm) crystals of 
olivine (Fo69) or pyroxene (En53Wo7.6) within a 
glassy matrix. Pyroxene crystals are rimmed with 
En35Wo16. In several fragments Ca-Fe-rich pyroxene 
(En12Wo21) is present. Melt-matrix breccias are con-
sisting of pyroxene and feldspar clasts embedded 
into the glassy matrix. The mineral clasts are similar 
in composition to pyroxene and feldspar of eucrites. 
The glassy matrix contains numerous gas bubbles. 
K2O content of the matrix is in the range of 0.2 - 1.4 
wt%. Four rock fragments are different from the 
majority of the K-rich objects by texture and compo-
sition. Fragment A (100 μm) contains of parallel 
lamellae of nearly pure K-feldspar Or98Ab0.5 (26.9 
vol.%) within K-rich (7.62 wt%) SiO2-rich glass (70 
vol.%). Several orthoclase lamellae include minor, 
Ba-rich phase (glass or K-Ba feldspar). 

Fragment B (40x70 μm) is an aggregate of sub-
parallel lamellae of silica, K-Ba feldspatic glass 

(wt%) (9.87 K2O; 8.57 BaO) and CaO- and SiO2-
rich glass (9.68 CaO, 20.5 Al2O3) in association with 
minor feldspar (An88.1Or2.6) and fayalitic olivine 
(Fa77.3). Minor grains of baddeleyte, rimmed by zir-
con, and rare troilite grains are scattered through the 
silica. Modal composition of the fragment B (vol%) 
is: silica 51.7, K-glass 29.1; Ca-Al-glass 11.4; feld-
spar 4.4; olivine 1.4; zircon 0.8; baddeleyite 0.8; 
troilite 0.1. 

Fragment C is a, fine-grained crystalline rock, 
40x100 μm in size. It consists of (vol.%) pyroxene 
En11.8Wo13.5 (50) and aggregate of SiO2 polymorph 
(25), feldspatic glass (Or77Ab10; BaO 1.55 wt.%; 
FeO 1.45 wt.%) (5), pyroxene En22.5Wo13.0 (5), il-
menite (5), troilite (5) and Ca-phosphate (5). 

Fragment D (40х120 μm) consists of (vol%) py-
roxene En70.6Wo3.4 (Fe/Mn=32) (58.7) with inclu-
sions of olivine Fa61.7 (5.6), and interstitial feldspatic 
glass (Or31.4Ab11.9; BaO 0.1 wt%, FeO 2 wt%) 
(35.7). 

The most potassium-rich objects (Group I) con-
tain (wt%) bulk SiO2 45-52 and K2O 0.2-1.8. Sev-
eral objects (Group II) are more SiO2-rich (57-63 
wt%). The objects A and B are the most SiO2-rich 
(78 wt%). Significantly that all objects are poor in 
Na2O (0.1-0.5 wt%), their average K/Na ratio is 3.3 
(at). Only two glasses contain 1.4 wt% Na2O, but 
there is no correlation between K and Na. 

Discussion: The majority of the K-rich objects 
were formed by quick cooling. Impact melting of 
some K-rich precursors could be a possible forma-
tion of the lithologies, especially of the melt matrix 
breccias. It is also possible that the lithologies could 
be pyroclastic deposits and the chondrule-like ob-
jects could be produced by lava fountaning. But it is 
less likely because melts are widely varied in com-
positions. In bulk composition the objects of group I 
are close to eucrites, whereas the objects of group II 
are similar to lunar granites. Negative correlations of 
Ti - Mg, and K – Ca reflect the igneous differentia-
tion and enrichment of late liquid in K during pla-
gioclase crystallization. The generally high K/Na 
ratio of the lithologies points that they were formed 
by magmatic fractionation. Moreover, the lithologies 
have Fe/Mn ratio of about 30 suggesting that they 
are related with HED meteorites. However, such K-
rich glasses have never been reported in other HED 
breccias. The maximum K2O content (0.35 wt%) 
was found in glasses of the Malvern and Macibini 
howardites [3]. It means that formation of K-rich 
melts occurred at local region of HED parent body. 

The highly differentiated alcaline-rich lithologies 
were recently found as accessory small inclusions 
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within HED-s [4-9]. Structure and mineral associa-
tion of the object A are similar to those of K2O-rich 
lithologies of diogenites [8,9]. Bulk composition of 
the object A is close to that of glass inclusion from 
diogenite Roda [6]. The mineral association of the 
fragment B is similar to that of mesostasis in the 
Stannern trend eucrite NWA4523 [5] and lunar fel-
sites [10]. The coexisting of K- and Ca- glasses indi-
cate an immiscibility of late liquids. The fragment B 
is close to inclusion from Yamato-B diogenite 
Y791073 [8] in bulk composition. The objects A and 
B are enriched in Ba, that was noted before, only for 
glass inclusion of the Roda diogenite [6], lunar fel-
sites and granites [10, 11]. Pyroxene of object C is 
similar in composition to that of most FeO-rich 
eucritic pyroxenes [4]. The mineral assotiation of the 
object C could be compared with mesostasis of 
NWA4523 [5] and FeO-rich, orthoclase-bearing 
inclusion, found in the polymict eucrite Y75015 [7]. 
Bulk composition of the object D is correspond to 
pyroxene-rich K-bearing precursore. The composi-
tion of its glass mesostasis is granitic and similar to 
bulk composition of the object A. 

According to these observations, the lithologies 
A, B and C are products of crystallization of highly 
fractionated liquids these were generated in eucrite 
and diogenite sources. The K-rich objects of the 
group II could be formed by local melting of these 
products without mixing with surrounded materials. 
Otherwise, the formation of Group II objects will 
require of significant volumes of granite-like  
 

The BSE image of K-rich object B: KG – K-rich 
feldspatic glass; CaG – Ca-rich siliceous glass; Sil-
silica; Ol-olivine, Pl-feldspar, Phs – Ca-phosphate; 
Zr-zircon, Bd-baddeleyite. 
 
rocks at the source region of K-rich objects. The K-
rich objects of Group I are close to eucrites in com-
position but are enriched in normative olivine. Be-
cause of the rarity of K-rich materials among HED-s, 

it the most probably, that objects of Group I were 
formed by local impact melting of howardite regolith 
containing K-rich eucritic or diogenitic lithologies. 
The lack of correlation between Mg and K in these 
melts could suggest that both of diogenite and 
eucrite components of regolith were enriched in 
K2O. 

The K-rich objects of NWA1664 represent the 
full variety of impactites and most likely they belong 
to a single impact crater. If our hypothese about two 
different sources of K for the K-rich objects is true, 
the coexisted K-rich eucrites and diogenites in the 
crater target could be genetically related. 

References: [1] Kurat G. et al. (2003) LPS 
XXXIV, 1733.pdf. [2] Barrat J. A. et al. (2008) LPS 
XXXIX, 1589.pdf. [3] Buchanan P.C. et al. (2000) 
Meteoritics & Planet. Sci., 35, 1321–1331. [4] War-
ren P. H. and Gessler P. (2001) LPS XXXII, 
1970.pdf. [5] Barrat J. A. et al. (2007) GCA, 71, 
4108-4124. [6] Mittlefehldt D. W. (1994) GCA, 58, 
1537-1552. [7] Delaney J. S. et al. (1984) PLPS XV, 
JGR 89, C251-C288. [8] Takeda H. (1985) LPS XVI, 
837. [9] Domanik K. J. et al. (2004) Meteoritics & 
Planet. Sci., 39, 567-579. [10] Quick J.E. and Albee 
A.L. (1977) PLSC VIII, 2153-2189. [11] Ryder G. et 
al. (1975) PLSC VI, 435-449. 

 
 
 

The bulk compositions of K-rich objects in the 
NWA1664: rounds – chondrule-like objects; squares 
- glasses; triangles – melt-matrix breccias; gray area 
– eucrite field; lunar rocks: G – granites, M – mon-
zonites, K – KREEP, S – basalt mesostasis. Red cir-
cles – objects A,B,D and K-rich inclusions in dio-
genites. 
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Introduction: The main features of the constitu-

tion of the Jupiter’s and Saturn’s regular satellites 
should be reflected in the models of their formation. 
The models should not contradict the experimental 
data on the composition of atmospheres of these gi-
ant planets. We have constructed such models, con-
sistent with the models of the internal structure of the 
Galilean satellites [1], [2] and with the data on the 
Titan’s atmosphere composition [3]. Models of for-
mation of the regular satellites are of several types. 
All of them suggest formation of the satellites in 
circumplanetary disks (planetary subnebulae) . Most 
of authors including us, prefer the model of the pro-
tosatellite disk as gas-dust accretion disk [4], [5]. 
The model is similar to the model of formation of 
planets in the circumstellar protoplanetary disks. The 
protosatellite disks contained solid material not only in 
dust particles, but also in larger bodies. Formation of 
planetesimals in the disks through the disk’s gravitational 
instability is highly improbable due to the disk’s distur-
bance by large protoplanetary bodies approaching Jupiter 
and Saturn. At the same time some of these bodies in the 
vicinity of the planet could be captured by the disk after 
the pairwise collisions. Evaluation [6] showed that during 
the time interval of satellite formation ∼105 yr several large 
(10-100 km) planetesimals could be captured into the sub-
nebula from heliocentric orbits. Small bodies were held by 
gravity of these planetesimals at their surfaces. Hence the 
captured planetesimals played the role of seeds (embryos) 
in the process of satellite formation, which proceeded by 
accretion of subnebula’s solid material onto these seeds. 
The main income of solid material into the subnebulae 
from the feeding zones of the planets presumably resulted 
from the capture of dust particles and small bodies (< 20 m 
in size) through gas drag and these particles and bodies 
brought the basic contribution to the mass of satellites 
during their formation [5], [6], [7].  

As the small particles and bodies due to the gas drag 
moved in the protosatellite disks with gas (and additionally 
relative to the gas) towards the central planets, they lost 
their volatiles according to the T-P conditions in the disks. 
In such a way in Saturn’s subnebula the particles imported 
from the solar nebula, had lost noble gases, CO and meth-
ane due to very low temperature of stability thresholds of 
their clathrates. In the case of Jupiter’s disk the particles 
during their drift to the planet had lost even H2O in the 
inner region of disk.  

For both planets we consider the models of low-mass 
gas-starved protosatellite accretion disks, which accumu-
late the mass of solid material contained in the regular 
satellites, during the whole period of their formation [4]. 

Arguments for the gas-starved disk models were clearly 
demonstrated in [7], [8]. 

Main Features of Constructed Models of Jupi-
ter’s and Saturn’s Protosatellite Disks: (1) The 
Jupiter’s and Saturn’s subnebulae are considered as 
gas-dust accretion disks with accumulation of solid 
material on the surfaces of the growing satellite em-
bryos. (2) The disks are considered as open systems 
with parameters depending on the rate of mass accre-
tion onto the disks from the surrounding regions of 
the solar nebula and the composition of the capturing 
nebula’s solid material. (3) Four sources of the disk 
heating are included: viscous dissipation of turbu-
lence in the disks, infall of material onto the disks 
from, radiation of the young central planet, and the 
thermal radiation from the surrounding region of the 
solar nebula. (4) The cosmochemical restrictions on 
the temperature and composition of solids in the 
disks of Jupiter and Saturn are considered in the 
computations. (5) The dependence of opacity of the 
disk material on temperature, chemical composition, 
enrichment and size of dust particles is allowed for. 
(6) The growth of dust particles is taken into account 
through the opacity variation. (7) The models con-
structed are two-dimensional: the calculations are 
made for not only radial, but also vertical T-P struc-
ture of the disks.  

The equations and methods of computer simula-
tions we have presented earlier for the protosatellite 
disk of Saturn [5]. Here for the first time we present 
the results of comparative modeling of Jupiter’s and 
Saturn’s disks. It is important that input parameters 
for models of both disks are considered in concor-
dance with the modern data on the evolution of disks 
around the young solar-type stars and the solar neb-
ula. 

Results and Discussion: We have constructed 
the models of protosatellite disks of Jupiter and Sat-
urn, which satisfy the complex of cosmochemical 
and physical constraints. The cosmochemical data 
impose restrictions on the temperature distribution 
in the midplane of the disks. For the disk of Jupiter 
these data concern the abundance of water in each of 
the Galilean satellites; for the disk of Saturn the data 
on the Titan’s atmosphere were obtained by means 
of the Huygens probe and Earth-based observations. 
One more cosmochemical constraint originates from 
the data on the enrichment of atmospheres of Jupiter 
and Saturn in volatile substances heavier than hy-
drogen and helium relative to the cosmic abundance.  



 

 

The physical constraints include modern data on 
the lifetime and evolution rate of the protoplanetary 
disks around young solar-type stars and the solar 
nebula. These data yield the lifetime of the gas-dust 
solar nebula <∼107 yr. The accretion of the giant 
planets ceased owing to photoevaporation of the gas 
from the solar nebula by the UV emission of the 
young sun.  As the formation of satellites in the cir-
cumplanetary disks should occur at the late stage of 
planet accretion only, it could not proceed for more 
than ∼106 yr. Any satellite formed in the disk earlier, 
should drift to the planet and fall on it [7].  

We obtained restrictions on the turbulent viscos-
ity and opacity of the disks of Jupiter and Saturn. 
Too high or too low values of these parameters yield 
too high or too low temperatures in the disk, which 
are not consistent with the cosmochemical con-
straints. Too high opacities do not also fit the rather 
low enrichment of planetary atmospheres in heavy 
volatiles. The opacity is strongly dependent on size 
of the dust particles in the disk. The models that 
better than others fit cosmochemical restrictions on 
temperature and astrophysical data on protoplanetary 
disks around young stars yield opacity of the order of 
κ∼10−2cm2/g and particle size of about a ~ 1 cm and 
a ~ 0.1 cm in the disks of Jupiter and Saturn corre-
spondingly.  

This size is also consistent with the models of 
formation of Jupiter [9], which require this rather 
large size of dust particles in order to obtain suffi-
ciently high accretion rate of the planet. The proto-
satellite disks with lower opacity due to higher sizes 
of particles appear to be transparent for the powerful 
radiation of the young giant planets and hence too 
hot to satisfy chemical constraints. The duration of 
satellite accretion ∼106 yr shown above would de-
crease to τa ∼2×105 yr if to consider satellite migra-
tion of the first type [7]. The best models we have 
constructed to fit this timescale show the accretion 
rate of gas-dust material onto the disk and from the 
disk onto the planet of about 10−7 MJup /year and 10−7 
MSat /year for Jupiter and Saturn. These models better 
than others also fit the cosmochemical temperature 
constraints. The accretion rates shown above are 
consistent with the accretion rate of material in the 
solar nebula in the region of giant-planet formation of 
about 10−10 MSun/year, characteristic of the late phase 
of the solar nebula evolution before its dispersal 
through photoevaporation [10]. The dispersal times-
cale would be much shorter than satellite accretion 
timescale τa. 

It follows from our estimates that material of 
large icy satellites Ganymede, Callisto and Titan 
initially had contained, probably, the whole cosmic 
abundance of water, but at mutual collisions of pre-
satellite bodies  the growing satellites had lost up to 
60% of this most abundant component . If the primi-
tive material of these satellites also contained refrac-
tory organic compounds (CHON), which had (at 

least partially) entered the composition of these satel-
lites, then the loss of water would be higher. 
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Introduction:The astounding recovery of over 30,000 
meteorites from Antarctic placer zones might have ana-
logue areas for paleo-ice concentration from the last glaci-
ation in areas of Northern Russia. In 2005 three meteorites 
were recovered from Manitoba, Canada; which have been 
proposed to be concentrated in the same process as the 
meteorites that have been recovered in Antarctica. If just 
one non-Antarctic Pleistocene meteorite place zone was 
recovered in Russia or Canada it might yield thousands of 
separate meteorite samples- as they do in Antarctica.  

The recent recovery of three meteorites in close prox-
imity and in rapid secession near Winnipeg, Manitoba, 
Canada has resulted in speculation that the published the-
ory by the author in 1988 that meteorites might be found 
in previously glaciated regions of the world in similar 
processes to the phenomenal recovery of over 30,000 me-
teorites in the Antarctic over the last thirty plus years. This 
bonanza started with the serendipitous discovery of Ant-
arctic meteorite standing surfaces by the Japanese’s Ant-
arctic program in the 1970’s during a surface traverse. 
This then resulted in other countries starting Antarctic 
meteorite recovery programs. The first author proposed in 
1988 that meteorites might have been concentrated during 
continental glaciation in the Northern Hemisphere during 
the later part of Pleistocene in a similar manner and led to 
placers with potentially similar concentrations to what has 
been found in the Antarctic. When the author was a young 
man one meteorite was found when it was realized that 
one of the field members was urinating on it. The ice es-
sentially concentrates the meteorites along the edges of the 
vast continental glaciations in a similar process to the cast-
ing up of driftwood except over thousand of years. What 
the indications are from the preliminary reports in Canada 
is that these meteorites might have been transported by 
continental glaciation during the Pleistocene. If one placer 
field similar to the Lewis Cliff Ice Complex was found in 
either Russia or Canada the number of separate meteorites 
could be in the hundreds if not thousands of separate sam-
ples. Part of the problem as was the case with the conven-
tional recovery of Antarctic meteorites that explorers and 
humans did not realize what they were looking at. It was 
only when the true scope of the potential recovery was 
realized that dedicated resources were directed towards the 
recovery. Fully almost six decades after the first meteorite 
was recovered by Douglas Mawson in Antarctica, hun-
dreds and then thousands of meteorites are found each 
austral season. While the author is not a glaciologist he 
does know that better minds than he could find analogues 
of Pleistocene Russian Ice sheets and potentially direct 
public relations campaigns to find as what has been com-
monly called A Poor Man’s Space Probe being the Inter-
national efforts to recover Antarctic meteorites.  

Analogue areas would be ice sheet movement along 
barriers similar to the Trans-Antarctic Mountains. Stable 
Ice sheet ablation zones in conjunction with the merging 
of two ice sheets have been postulated to be a factor in the 
concentration of meteorites in the recent case in Canada. 
Possibly sections of the Urals or Siberian ablation zones 
might be meteorite concentration zones. 

In conjunction with public knowledge of meteorites fi-
nancial and scientific value the indigenous inhabitants 

could become aware of meteorites and would be the eyes 
and ears of the international scientific community in the 
field. The meteorite pioneer Ninniger used the media and 
traveling around to fairs and talking to farmers to recover 
more meteorites than any other single human up to that 
point in time. 

Conclusion: Billions of dollars are spent on retrieving 
non-terrestrial geological samples and meteorites for the 
time being are still a cost effective way of collecting geo-
logical samples from the inner solar system. With minimal 
cost regions and sites could be selected for potential 
searching for meteorites even if only with public media 
campaigns to make the populace aware that they might 
find a piece of either the Moon or Mars in their locale.  

In depth topographic analyses in analogue with Ant-
arctic meteorite placer zones might indicate potential areas 
in the Urals zone, Northern Europe and in North America, 
together with flow model of Pleistocene paleo-ice sheets 
could indicate areas where important slow down of ice 
happened. These areas should be important ancient mete-
orite trap relicts. 

The northern hemisphere paleo-ice sheets could have 
represented a great collectors for extraterrestrial material 
as well as the Antarctica ice sheet represents the most 
productive region for the discovery of meteorites on Earth 
nowadays. 

Beside being well preserved from the terrestrial weath-
ering processes, meteorites are concentrated in specific 
regions by ice flow dynamics, according to the “ice-flow 
model”. In this model, the extra-terrestrial material is em-
bedded within the ice mass and transported downstream 
from snow accumulation zones; meteorite traps typically 
are formed in front of submerged or emerged bedrock 
obstacles, where the meteorite-bearing ice slows down 
forming areas of stagnant or slow-moving ice. There, a 
combination of ice deformation and uplift by the buttress-
ing effect and wind ablation is capable of exhuming and 
concentrating meteorites trapped in the ice. As a conse-
quence, high ablation rates and low surface velocity is the 
common characteristic of nearly all meteorite traps. 

The barrier effect could happen where two ice lobes 
meet together moving in a opposite way, although the 
lowest surface velocity are recorded in front of a bedrock 
barrier (submerged or emerged).  

During the last glaciation, in the northern hemisphere 
ice caps similar ice flow condition could have developed. 
The Urals could have represented a great obstacle to the 
ice moving southward (or south-westward) in a similar 
way to the Transantarctic Mountain in Antarctica.  
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Introduction. In early attempts to quantify the geo-

logic history of Mars by crater counting techniques, most 
of the geological units and structures came out as being 
rather old, in the range of billions of years with the excep-
tion of the Tharsis province, where although the volcanic 
constructs were found to have existed more than 3.5 Ga 
ago, showed, at least partly, signatures of relatively young 
(hundreds of millions of years) volcanic activity [1-10]. 
On the other hand, most of the ages of the martian meteor-
ites cluster at relatively young values of around 175 m.y., 
300-800 m.y. and ~ 1.3 Ga, although a very few old sam-
ples >3 Ga had been also found [11-14]. 

The early cratering age determinations were based on 
Viking image data analysis. With the new data from MGS  
(MOC) [15], MEX (HRSC) [16,17], and Mars Odyssey 
(THEMIS) [18], it has become clear that the apparent dis-
crepancy between the two age sets was a selection effect 
due to the limited resolution of Viking forcing the study of 
predominantly large, old features. Significantly younger 
ages have been determined since on the basis of the new 
high-resolution imagery with spatial resolutions in the 
meter to a few tens-of-meters range [e.g., 19-23]. It has 
become clear that there is no basic discrepancy with re-
spect to the age ranges and occurrence of age groups per 
se. Neukum et al. [22] have even shown that there exists at 
least one cratering-age group (~180 m.y.) frequently found 
on Tharsis which directly corresponds to an equivalent age 
group found in the martian meteorites. Nevertheless, al-
though all ages found in the martian meteorite age groups 
[11-14] are also found even in the new crater count age 
determinations [e.g., 19-23], a strong peak (aside from the 
180 m.y. peak) in direct relation to the ages of the martian 
meteorites was not found (with the exception of the an-
cient volcanic activity around 3.5 Ga ago [23]). On the 
other hand, it appears very unlikely to find strong peaks in 
martian meteorite ages if such processes leaving their age 
signatures were not widespread on the martian surface. 

This work. Here we report on preliminary results from 
the investigation of a combination of HRSC, MOC and 
THEMIS imagery in the ten regions (and subregions) of 
Mars marked on Figure 1.  

 
Figure 1. Study regions on a MOLA shaded-relief map.  

In particular, we have mapped out and analyzed two 
large outflow channel areas, Mangala Valles [24] and 
Echus Chasma/Kasei Valles [25] for their geologic evolu-
tion and cratering ages. In both areas we found multistage 
geological histories with mixed volcanic, fluvial, glacial, 
and hydrothermal activity. The new data in combination 

with previous data have been analyzed by way of a refined 
method of cratering age extraction also giving fine details 
of periods of resurfacing from the characteristics of the 
measured crater size-frequency distributions as they devi-
ate from the production size-frequency distributions due to 
resurfacing effects.  

Figure 2 shows a histogram of ages extracted from the 
crater count measurements on HRSC, MOC and THEMIS 
imagery in the mentioned regions of Mars in comparison 
with the radiometric ages of martian meteorites (from [11-
14]). It can be seen from this figure that if we consider all 
ten regions where crater dating studies have been done 
together, the volcanic and fluvial activity on the surface of 
Mars has been rather continuous. At the same time the 
figure shows peaks of activity of these two geologic proc-
esses at certain times: at ~3.5 Ga, 1 to 1.5 Ga, 300 to 800 
m.y., and ~200 m.y. ago. Peaks of the cratering ages corre-
late with the age groups of martian meteorites (Figure 2). 
The martian meteorite ages reflect both igneous events and 
aqueous alteration events, as do the cratering ages. 

 There is a remarkable paucity (but not absence) of age 
occurrences in the 2-3 Ga age range in the cratering data. 
This corresponds to the paucity of meteorite ages in the 
same, or even somewhat more extended, age range. This 
appears to be a hint at either lower geologic activity in this 
time period, or the covering up of more ancient activity by 
subsequent events <2 Ga ago. The exception are the resi-
dues from a time >3 Ga ago (with the peak at ~ 3.5 Ga), 
when the martian surface was thoroughly shaped at a very 
high level of activity by the volcanic and fluvial events 
whose signatures could not be completely erased by later 
events.  

Conclusion. The above consideration shows that there 
has been volcanic and fluvial geologic activity on the mar-
tian surface during all time periods from >4 Ga ago until 
today. This activity was rather continual if we consider all 
the ten studied regions but with episodic increases of in-
tensity of both volcanic and fluvial processes at ~3.5 Ga, 1 
to 1.5 Ga, 300 to 800 m.y., and ~200 m.y. ago. The epi-
sodes we find on the martian surface in the crater fre-
quency analyses coincide well with the age groups of the 
martian meteorites found from radiometric dating. Epi-
sodes of volcanic activity likely initiated the fluvial activ-
ity, which explains their correlation in time. This does not, 
however, relate to valley network type fluvial activity, the 
signatures of which are seen in the Martian heavily cra-
tered highlands. That fluvial activity was driven by pre-
cipitation rather than initiated by episodes of volcanism. 
The episodic character of the post-4 Ga volcanic  activity 
puts constraints on the geodynamic evolution of the mar-
tian interior.  
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Figure 2. Summary of histograms of ages extracted from measurements on HRSC, MOC and THEMIS imagery in the ten 
investigated regions of Mars in comparison with radiometric ages of martian meteorites (from [11-14]). 



TARGET ROCK INFLUENCES THE IMPACT CRATER MORPHOLOGY. T. Öhman1, 2, M. Aittola1, 
V.P. Kostama1, J. Korteniemi1 and J. Raitala1, 1 Planetology Group of University of Oulu, FIN-90014 Oulu, Fin-
land (jouko.raitala@oulu.fi), 2Department of Geosciences, University of Oulu, Finland (teemu.ohman@oulu.fi). 

 
 
Introduction: Polygonal impact craters (PICs) 

can be used to decipher tectonics of a cratered surface 
[1-4]. Studies of PICs on Mars and Venus [5–7] 
have provided information of their importance in 
revealing ancient structures (Fig. 1). Some observa-
tions are not fully explained with the current ideas. 
Thus, new ideas for the PIC formation type and pre-
ferred PIC size are proposed. 

 
 

 
Fig. 1. Magellan radar image over a Venusian impact 
crater (Behn, located at 32.5S/142E) with more than 
one straight rim segment.  
 
 

The two PIC formation models: Two mecha-
nisms [3] are proposed to cause a PIC. In the simple 
Meteor Crater, an enhanced excavation parallel to 
target fractures (Model 1) is found and straight rim 
segments are at an angle with fractures. A slumping 
along the fracture planes (Model 2) is found in com-
plex craters where straight segments are parallel to 
fractures. The orientation of the straight rim sections 
in a certain tectonic environment should differ for 
simple PICs (= Model 1) and complex PICs (= 
Model 2). However, at least in the Argyre region on 
Mars, this is not the case [7]. We did not observe 
any statistically significant differences in the orienta-
tions of straight rim units between the simple and 
complex PICs. The two models may not fully ex-
plain the PIC formation. Model 2 has a strong ob-
servational and theoretical foundation [7]. Model 1 
has been fully described for the Meteor Crater only. 

An additional type of PIC formation: Crater 
rims are formed by target uplift, breccia dike injec-
tion, and ejecta [1]. A dominant structural feature is 
made by thrust in both simple and small complex 
crater rims. This allows us to suggest an additional 
PIC formation style. The formation of both simple 
polygonal craters and small complex polygonal cra-
ters may have involved a substantial thrust along 
some pre-existing planes of weakness (Model 3). In 
the larger complex craters the mechanism may exist 
but has been destroyed by the late substantial col-

lapse that dominates the morphology of the large 
craters. 

A “preferred” PIC size? We tested the Model 3 
hypothesis by studying shapes of the lunar craters 
(Fig. 2) using the oblique-illumination photographs 
of the digital Consolidated Lunar Atlas [8]. We 
identified 167 PICs >10 km in diameter. Their size 
distribution (cf. the McDowell list [9]) was com-
pared to that of the 656 non-polygonal craters in the 
same area. A clear discrepancy was observed. Small 
PICs (10–20 km) are relatively few in number. PICs 
are much more common among the larger craters (20 
km - 50 km in diameter) than could be anticipated in 
comparison to non-polygonal craters. An earlier 
study [10] of lunar craters also indicated that in the 
size range of 16–48 km polygonal craters are at least 
fairly common. Similar discrepancies in the size 
distributions of polygonal and non-polygonal craters 
can be also seen (Fig. 2) on Mars [7] and Venus [6]. 
When the crater sizes are normalized by dividing the 
diameter with the average simple-to-complex transi-
tion diameter (Dtr, highly variable especially on 
Mars) on each of the planetary bodies studied, an 
interesting regularity appears. It seems that PIC for-
mation is most common in the size range of about 
1–5 times the transition diameter, although there is 
some variation between the different planets. Thus, 
the formation of PICs may somehow be “preferred” 
in small to mid-sized complex craters. 

 
 

 
Fig. 2. Size distribution of PICs and non-polygonal 
craters (“others”) on Venus, Mars (Argyre), and the 
Moon (a selected highland area). Transitional crater 
diameters (Dtr) were 4 km, 7 km ans 15 km, respec-
tively. 
 
 

Discussion: Previous studies [11, see 7 for refer-
ences] have not sufficiently described relations be-
tween straight rim segments and target fractures (Fig. 
3). Our efforts to describe and understand the forma-
tion, occurrence, characteristics, and significance of 
PICs on several planets has led to tentative hypothe-
ses that should be studied in details. The suggested 
thrust mechanism (Model 3) and other alternatives 
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for PIC formation (Models 1 and 2) could be tested 
by impact or explosion experiments in target with 
known fractures (Fig. 3). The “preferred” PIC-
formation size (small to mid-sized complex craters) 
hypothesis is harder to test but the roughly similar 
size distributions on three planetary bodies require 
an explanation. Further studies on other cratered 
surfaces are needed to find if they yield similar or 
differing results. Knowledge of the fracture depth and 
spacing on various planets would provide interesting 
data. The 3D modeling is also desirable in under-
standing the PIC formation. 

 
 

 
Fig. 3. The three models for PIC formation. 
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Introduction: The nature and origin of the 
formation South Pole – Aitken (SPA) basin remain 
one of the most important problems in the current 
lunar studies. The basin, which apparently belongs 
to the pre-Imbrian Period, is the largest ring 
formation not only on the lunar surface, but also in 
the Solar System. The basin diameter almost 
coincides with the lunar diameter and the basin has 
a deep central depression. This feature of the giant 
lunar basin is of interest, because it became 
hypothetically possible to reveal rock samples from 
the lower crystal layers or even the upper mantle 
among ancient ejecta.  
Hypsometric model of the SPA basin formation. 
In the previous papers we have estimated a 
geophysically, compositionally, and 
topographically unique lunar formation South Pole 
– Aitken [1, 2]. The hypsometric map and the basin 
height profiles, for the first time relying upon a 
spherical daturence surface, have been constructed 
based on the generalization of the heights measured 
within the hemisphere including the ring structure 
of the South pole-Aitken basin [3, 4, 5, 6]. Based on 
the assumption of a circular symmetry of the basin 
with respect to the profiles crossing the formation 
in perpendicular directions, we determined the 
coordinates of the depression outer ring center: 
λ=180o, ϕ=400W. The hypsometric map shown in 
Fig. 1 makes it possible to study the generalized 
structure of the SPA basin relief. Figure 2 shows 
the histogram of the height distribution in the SPA 
basin region constructed based on the hypsometric 
data at an interval of 0.5 km. We can distinguish 
three marginal distributions, each of which has a 
form close to normal. The first, second and third 
modes are about 2, -1, and –5 km, respectively. 
Accordingly, the boundary between the first and 
second distributions is located at a height close to 0 
km, and the boundary between the second and third 
distributions passes at a height of about –3.5 km. 
The SPA basin inner depression has two clearly 
defined height levels (inner rings): less than 0 and –
4 km. One more small depression considerably 
shifted toward the south of the entire structure, the 
heights within which are lower than –6 km. 
Analysis of the abyssal rock chemistry in the 
SPA basin. In the present work, we tried to more 
specifically trace the material chemistry at different 
levels within trace the material chemistry at 
different levels within the studied ring structure 
based on the iron and thorium abundances. The 
catalog of iron and thorium content measurements 
converted to a unit area of 0.5o × 0.5o was used as 
the initial data [7, 8, 9]. The maps of the iron and 

thorium were constructed in a projection identical 
to the projection of the hypsometric map (fig.3, 5). 
Based on the combined analysis of the hypsometric 
data and rock chemistry at different heights, we 
constructed the ellipses corresponding to the 
boundary height values distinguished above and the 
iron and thorium abundances. Using the Monte-
Carlo method, we determined the height boundaries 
uniformly moving rectangular mesh points. A point 
was displaced from the center of the region with 
minimal heights (H=-8 km) to the specified height 
values (Hn). Thus, we distinguished four height 
rings where the rms deviation is minimal. The 
calculated statistical parameters of heights within 
each ring made it possible to determine the shape 
and dimension of the ring zone heights. Figures 4, 6 
demonstrate the thorium and iron distributions for 
the entire formation and for different height levels. 
By comparing these data with the above analysis of 
iron and thorium vertical distributions, we can 
conclude that the character of the structures 
distinguished in both cases is almost identical. 
Thus, using two independent methods, it was 
determined that the SPA basin inner depression has 
two clearly defined height levels (inner rings): less 
than 0 and –4 km. We can trace one more small 
depression considerably shifted toward the south of 
the entire structure, the heights within which are 
lower than –6 km. This third ring is not 
distinguished in the height distribution nor in the 
distribution of the chemical elements, apparently, 
because of the small ring area. A substantial feature 
of the scheme shown in fig.7 consists in that the 
hypsometric structures of the distinguished rings 
are different. A total basin diameter of about 3500 
km has been reliably determined for the first time. 
Conclusions. The SPA basin structure differs from 
other similar formations on the Moon. An important 
feature of the proposed model of this ring structure 
consists in that the arrangement of the basin inner 
ring differs from the central circular symmetry. A 
similar feature is possibly typical of lunar 
megabasins. The results of the independent analysis 
of the hypsometric characteristics and on the 
specific distribution of iron and thorium 
comprehensively confirm that such a model of the 
basin structure. We can indicate that a hypothetical 
impactor moved along the trajectory oriented 
almost normally to ecliptic plane. In combination 
with the revealed very small depth-diameter ratio (~ 
0.004) in the initial basin structure, this 
circumstance makes it possible to put forward the 
hypothesis that a comet impact produced the South 
Pole-Aitken basin.  
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Fig.1. The hypsometric map of the lunar 

hemisphere including the SPA basin. 
 

 
Fig.2. The height distribution in the SPA basin 
region constructed according to hypsometric map 
data (fig.1): (1) the height distribution within the 
entire structure; (2) within the basin outer ring; (3) 
within the first inner ring; (4) within the second 
inner ring. 

 

  
Fig.3. The iron (Fe,wt%) content distribution within the 

SPA basin. 
 

 
Fig.4. The iron content distributions in the surface 

layer at different heights of the SPA basin structure. 

 
 

 
Fig.5. The thorium (Th, ppm) content distribution 

within the SPA basin. 
 

 
Fig.6. The thorium distributions in the surface layer 

at different heights of the SPA basin structure. 
 
 

 
 

Fig.7. The distinguished rings of the SPA basin 
structure overlapped on an image of the Moon in 

the oblique orthographic projection with the 160oE 
central meridian. 

 
 



FORMATION OF MONOMERS AND LARGE CLUSTERS IN TITAN THOLIN HAZE A.V.Rodin1,2, 
Yu.V.Skorov3,4, N.A.Evdokimova1,2, H.U.Keller4, and M.Tomasko5, rodin@irn.iki.rssi.ru, 1Moscow Institute of 
Physics and Technology, Dolgoprudny, 141700, Russia, 2Institute for Space Research, RAS, Moscow, 117997, Russia, 
3Keldysh Institute for Applied Mathematics, 119991Moscow, Russia, 4Max-Planck Institut fur Sonnensystemforschung,, 
Katlenburg-Lindau, Germany, 5University of Arizona, Tuscon, AZ, USA. 
 

Introduction:  
Titan atmosphere is filled with optically thick, 

dense haze formed by aerosol particles of complex 
organic composition called tholin.  Being an 
extremely important component of the Titan 
atmosphere, tholin also produces significant 
sediments that may affect geological properties of 
Titan surface[1]. Our knowledge of tholin nature, its 
physical and chemical properties was substantially 
improved after Huygens landing on Titan’s surface in 
2005. Descent Imaging Spectral Radiometer (DISR) 
onboard Cassini/Huygens lander has delivered 
spectra of upward and downward radiation fluxes in 
the range 350–1700 nm[2] along the descent path, 
which have resulted in evaluation of the vertical 
structure and microphysical parameters of the tholin 
haze. It has been concluded[3], that the haze is 
formed by fluffy fractal particles with mean radius 
ranging between 0.7 mm and 2 mm, reaching 10 mm 
in the lower 30 km. Vertical structure of the aerosol 
profile was found to be remarkably uniform and 
characterized by constant number density below 80 
km and a scale height of ~65 km above. Polarization 
measurement suggest that the size of monomers 
forming fractal clusters are also constant throughout 
the haze and equal to 40-50 nm. In order to explain 
the observed properties of the haze, a self-consistent 
1D microphysical model has been set up, taking into 
account charging, coagulation, eddy mixing and 
sedimentation of tholin particles. Radiation transfer 
model was employed to simulate radiances inside the 
atmosphere and compare the results with DISR 
observations. 

The model: A time-dependent, 1D model 
calculates simultaneous distribution of tholin 
particles in height, size and charge. The particles 
experience sedimentation and eddy mixing in the 
vertical dimension, whereas their concentration and 
sizes change in coagulation processes. In turn 
coagulation probabilities are calculated assuming 
ballistic and Brownian mechanisms. As most of 
aerosol particles in Titan atmosphere are charged, 
Coulomb affect coagulation probabilities as well. 
Charging processes are assumed to be fast compared 
to coagulation and vertical motion, so instantaneous 
charge distribution is calculated based on detailed 
balance equations. Electron and ion accretion from 
the atmosphere are calculated according to[4,5]. 
Photoionization rates are based on self-consistent 
radiative transfer solution involving current aerosol 
distribution[5]. As effective coagulation kernel is 
found, a Smoluchowsky equation is solved assuming 
variable fractal dimension D depending on particle 

sizes. Smaller particles, coagulating by Brownian 
mechanism, D=3, while for large aggregates formed 
by ballistic collisions, D=2 was adopted.  

The resulting distribution of aerosol particles in 
size and height is employed to calculate optical 
properties of the haze layer. Two approaches are 
implemented: T-matrix algorithm[6] and discrete 
dipole approximation[7]. The latter approximation is 
particularly useful for large aggregates reaching 3000 
monomers and more. In addition to DISR radiances, 
polarization is calculated, which is particularly 
sensitive to the monomer size. 

Results: A typical charge distribution 
characteristic for dayside and nightside, respectively, 
is presented in Figure 1(a,b).  
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Figure 1. Typical charge distribution: (a) nightside, 50 km; 
(b) dayside, 120 km. 
 
Although photoelectric charging dominating in the 
daytime results in mean positive charge of large 
particles, the fine fraction of particles with size of 



tens of nanometers reveals distinct peak at single 
negative elementary charge in both day and nigh 
conditions. For larger particles, charge changes with 
size roughly linearly, as it is also manifested in time-
average charge distribution versus altitude shown in 
Fig. 2(a,b) . 
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Figure 2. Time-average log charge distribution in (color 
map) and tholin particle density in size and height 
(contours): (a) negative charges; (b) positive charges 
 
For small particles possessing single elementary 
charge, Brownian coagulation is inhibited by a 
threshold caused by Coulomb repulsion. To 
overcome this threshold, particles must either acquire 
sufficient kinetic energy, or be large enough to touch 
its counterpart in coagulation process. As a result, a 
significant fraction of particles with sizes just below 
this threshold, roughly equal to R0= e2/(3/2kT)~60nm, 
is collected. This fraction is manifested in Fig. 2 and 
3 as a broad spot below 0.1μm extending from 50 km 
to 300 km. Since these size are very close to 
estimated monomer sizes, it is this fraction that may 
be main source of monomers that form tholin 
clusters. 
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Figure 3. Best-fit size distribution vs. altitude generated 
with the microphysical model and tolerated by DISR data. 

 
Decreasing temperatures and fading eddy mixing 

below the tropopause results in increasing lifetime 
and hence, final aggregate size. In the lower 50-80 
km size distribution is broad and includes particles 
exceeding 10 μm in radius. Between 80 and 140 km, 
where DISR observations began, both particle size 
and density change with altitude only slightly, 
consistent with DISR observations. 
Conclusions:  Based on the ab initio 1D 
microphysical model and comprehensive simulation 
of fractal aggregate optical properties, a distribution 
of tholin haze in height, size and charge that fits 
Huygens/DISR observations was obtained. 
Simulations suggest that the monomer size r0~50 nm 
is primarily determined by a Coulomb barrier 
limiting the Brownian aggregation of small tholin 
particles possessing a single elementary charge, as 
monomer size roughly corresponds to the distance 
where respective potential equals thermal energy. 
Acknowledgment: AVR and NAE are supported by 
the Russian Foundation for Basic Research (grant 
№07-02-00995-а) 

 
 

References: [1]Owen,T.(2005) Nature 438, 756-757, 
doi:10.1038/438756a; [2] Tomasko,M.G., et al. (2005) 
Nature, vol. 838/8, 765-777, 2005; [3] Tomasko, M.G., 
et al.(2008) Planetary and Space Science, 56, 5, p. 669-707; 
[4]Bakes, E. et al.(2002), Icarus, vol. 157, 464-475; 
[5]Rodin, A., et al.(2008) Microphysical processes in 
Titan haze inferred from DISR/Huygens data. Icarus, 
submitted;[6] Mishchenko M. I. et al, (1999), J. 
Quant.Spectrosc.Radiat.Transfer vol. 63, p. 409-432 ; [7] 
Draine, B.T., and Flatau, P.J.(1994), J.Opt. Soc. Am. A, 
11, 1491-1499. 

  



MARS ENVIRONMENTAL AND SOIL SIMULATING FACILITY FOR GEOPHYSICAL AND EXOBIOLOGICAL 
STUDIES. P. Schibler1,2, E.Heggy1 , P. Lognonne1,3, A. Anglade1,2, T. Gabsi1,2, O. Pot1,2, 1 Institut de Physique du Globe de 
Paris, 4 Avenue de Neptune, 94100 Saint-Maur, France, (schibler@ipgp.jussieu.fr), 2CNRS, 3 Université Denis Diderot – 
Paris 7 

 
 
Introduction:  In the framework of Mars explora-

tion programs and mainly for the European Space 
Agency ExoMars mission, our team is most involved 
in the development of geophysical instruments. We are 
using mainly seismic methods on the Humboldt pay-
load (onboard the lander of ExoMars mission) that are 
planed to operate in conjunction with low frequency 
radars to characterize the Martian subsurface down to 
few kilometers deep. In order to achieve the optimal 
performance tests for the seismic experiment and pro-
vide a coherent physical relation between the ground 
mechanical and electromagnetic properties, we devel-
oped a "Mars Environmental and Soil Simulating Fa-
cility". This facility will allow to study the environ-
mental effect on the instrument performances as well 
as to study the physical variation in the soil acoustic 
and electromagnetic properties as a function of tem-
perature, UV, dust ionization and gas inclusions. This 
facility located at the IPGP campus in Saint-Maur 
(France) comes to support the performance studies for 
ESA planetary geophysical instruments and is open 
through this abstract to cooperation for NASA Martian 
missions. 

 
Scientific objective:  The performances of subsur-

face exploration systems can be summarized to be 
mainly a function of the following: 

- The instrument ability to operate properly under 
constraining Martian surface conditions (ther-
mal noise level, sensitivity variation etc.), 

- The ground geophysical parameters (acoustical 
and electromagnetic properties) and their evolu-
tion as a function of the Martian environmental 
conditions (temperature, pressure, density, 
UV…), 

In order to address those two issues, our "Envi-
ronmental and Soil Simulating Facility" will, (1) test 
the geophysical instrument in Martian-like environ-
mental conditions (2) Allow measurements for the 
environmental dependency of acoustic and electro-
magnetic properties in Mars-like environment. 

 
Firstly, from one hand tests will be performed with 

pressure, temperature, gas inclusion and UV radiation  
variations and from the other hand with dust aspects 
(including electrostatic and magnetic properties asso-
ciated to UV radiations and dust storms). 

We already tested the Very Broad Band seismome-
ter of the former NetLander CNES mission although as 

the STM (Structural and Thermal Model) of Chem-
Cam instrument, part of MSL 2009 NASA mission. 
We plan also to test instruments developed by several 
French and European laboratories associated in the 
ExoMars mission. 

This facility provides a unique opportunity for re-
search teams in Europe and potentially for other col-
laborators to test their instrument in study and devel-
opment phase with a very  cost effective and interac-
tive solution. 

We are currently upgrading the existing facility in 
order to obtain: 

- almost full compensation of earth magnetic 
field, this will be necessary not only for testing 
magnetometers but also for testing seismome-
ters using ferromagnetic parts (spring) and for 
very accurate measuring of Martian analogs 
magnetic properties. 

- simulating of UV radiations conditions, allow-
ing a better approach for dynamics of Martian 
dust and, mainly, for their impact on electronics 
hardware, mechanisms and sensors. 

 
Secondly, our project will allow simultaneously the 

parametric study of acoustic and geo-electrical proper-
ties of the Martian surface and subsurface as a function 
of the surface and subsurface environmental condi-
tions. This will be done by measuring the seismic 
velocities, also as dielectric and magnetic properties of 
Martian surface analogs with a well controlled miner-
alogy and petrology. This t will be implemented inside 
the chamber with acoustic and impedance measure-
ment cells. It will be then possible to better connect the 
acoustic properties to the geoelectric ones for the Mar-
tian subsurface. This will in term results in  a better 
understanding of the data currently coming from 
MARSIS and SHARAD and, in the the future, of data 
to come from the seismic experiment on board Hum-
boldt ExoMars payload (SEIS-ExoMars). Coupling the 
acoustic and electromagnetic properties will allow to 
constrain ambiguities of subsurface composition, types 
of found rocks, their content in ice or liquid water. 

 
Facility description: Our facility is composed by 

two general types of equipments, a Martian environ-
mental chamber and specific instrumentation dedicated 
to dielectric characterization of Martian soil simulant. 

Martian environmental chamber.  On IPGP cam-
pus, we are already using these existing facilities: 



- clean-room (ISO 8), including a laminar flux 
tent (ISO 5) for integrations of space instru-
mentation, 

- seismic vault (including seismic pillar) for 
functional testing of space seismometers, 

- Martian environmental chamber (pressure 6 hPa 
of CO2 gas, temperature from +20 to -120°C) 

 
 

Martian environmental chamber already operational 
 
As this facility must be representative of Martian 

environment, it will be completed by a seismic pillar 
(under Martian chamber) and a magnetic field com-
pensation. This will be done by an "a-magnetic room" 
(3 layers: µ-metal 15/10, µ-metal 20/10, pure iron 
20/10). Its dimension (L=2.4 m, P=2.2 m, H= 2,00 m) 
will allow to contain Martian chamber  and surface of 
seismic pillar. It will be possible to work inside (Mar-
tian analogs studies) this  "a-magnetic room". 

Dielectric characterization of Martian soil simu-
lant-.  We measure complex permittivity of different 
Martian surface sediments simulating the variety and 
complexity of the upper crust composition in order to 
study potential discharge effects on the instruments 
and to understand the intrinsic electromagnetic proper-
ties of such sediments under different environmental 
parameters. For that, we use two impedances analyzers 
(Agilent. Inc, model 4192A for band 40 Hz - 110 MHz 
and model 4991 for band 1 MHz -3 GHz).  

 
 
 
 
 
 

Schedule and funding:  Martian environmental 
chamber and its data acquisition system have already 
been funded (CNES funding) and are operational. 
Seismic pillar, a-magnetic room and Agilent imped-
ance analyzers are funded by IPGP, CNES, CNRS and 
"Région Ile de France" and will be implemented late 
2008. 
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Introduction. Two types of data were used for the 
compiling of the hypsometric map of the Moon 
hemispheres at a scale of 1:10 000 000 (fig.2). The first 
type is the data obtained by Clementine altimeter. This 
database consists of 1036800 high-altitude points with the 
precision of 0,25о. And the second one is the database, 
obtained from the raster images of the Lunar Subpolar 
regions (higher than latitude ±60°) where brightness of 
each pixel depends on its height [1]. 
Techniques of the map compiling. The main method of 
planets hypsometric maps compiling and particularly of 
lunar hypsometric maps is the analysis of stereoimages. 
There are several types of such analysis, for example [1] 
or [2]. Through the comparing of both these techniques it 
was shown that the discrepancy between them totals 1 – 2 
km [3]. But using these techniques for this work was 
impossible for two reasons: 
1. There were no free available Clementine images, 

which might be used for matching stereoimages and 
obtaining DEMs; 

2. There was no special photogrammetric software like 
GOTCHA [1] or ISIS [2]. 

Due to these reasons it was necessary to develop the 
special 10-stage methodology of data processing and map 
compiling. The flowchart of this methodology and 
software used are shown at fig.1. 
On the first stage it is necessary to obtain the data at the 
Lunar Subpolar areas located not in the Clementine 
altimeter coverage. To the effect, raster images all over 
the north and the south Subpolar regions obtained by A. 
Cook et.al. [1] were used. Since at these images 
brightness of each pixel depends on its height it is 
possible to create DEM of Subpolar regions, i.e. to 
accomplish so-called backward analysis of these rasters or 
vectorization of each pixel and then convert brightness 
into height values. 
Editing of database obtained is fulfilled on the second 
stage. The problem is there are black areas with NoData 
pixels which give wrong height values. To extract and 
then to remove from the DEM these “black” points and 
adjacent ones, buffer zones are created round “black” 
points. 
Map projection and scale are assigned on the third stage. 
Correlation between DEM of Subpolar regions and DEM 
compiled from the data obtained by Clementine altimeter 
is achieved on the fourth stage. The fact is accuracy and 
number of altimeter points at the lunar Subpolar areas are 
not high enough [4,5]. According to results of correlation 
it becomes clear whether it is necessary to merge these 
DEMs with each other or only to attach them. 
Generalization of Subpolar DEMs is fulfilled on the fifth 
stage. For it the special method of “generalization by 
polygon network” was developed. 
On the sixth stage two DEMs are attached to each other 
or merged in a case of high correlation, which had been 
already estimated on the fourth stage. 

Correlation between DEM obtained on the sixth stage and 
the most up-to-date and precise lunar network ULCN 
2005 [6] as a reference model is accomplished on the 
seventh stage. The correlation values were got to be high 
enough, namely 83,77% for the Nearside and 94,26% for 
the Farside. 
Further, on the eighth stage, the map compiling directly 
begins, i.e., firstly, a high-resolution raster is created on 
the base of DEM obtained using method of regularized 
spline and, secondly, vector contours themselves are 
drawn on the base of this raster. On this stage the contour 
generalization is fulfilled too and it is important to define 
the degree of generalization before depending on map 
scale and print resolution. During this stage height level 
intervals and colors of height scale are developed as well. 
Relief shading, coordinate network and selenographic 
names are plotted on the map during the ninth stage and 
on the final tenth stage, after developing map layout, the 
map is being printed. 
Conclusions. The height data were obtained and the lunar 
hypsometric map was created according to the 10-stage 
methodology. This methodology can be used for creation 
hypsometric maps of other planets with solid surface and 
their moons. 
Acknowledgments. We would like to thank Maxim 
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Fig.1. 10-stage methodology flowchart of data 
processing, map compiling and software used 



   
Fig.2. The fragment of the hypsometric map of the Moon (provisional) and the height scale (km)
 
References. [1] Cook A.C., Watters T.R., Robinson 
M.S. et.al. (2000) JGR, Vol. 105, E5, 12023-12033; [2] 
Rosiek M.R., Kirk R., Howington-Kraus A. (2000) 
Materials of ASPRS 2000; [3] Lazarev E.N., 
Rodionova J.F. (2007) Brown-Vernadsky Micro 46 
abstracts, 51; [4] Wahlish M.N., Hoffmann R., Wagner 
U. et. al. (1999) Proc. LPSC, 30, 1636; [5] Rosiek 
M.R., Kirk R., Howington-Kraus (1999) Proc. LPSC, 
30, 1853; [6] Archinal A., Rosiek M.R., Kirk R.L. and 
Redding B.L. (2005) U.S. Geological Survey: Open-
File Report. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 



STRUCTURE AND DEFECTS OF METЕORITIC NANODIAMOND AND ASSOCIATED 
CARBONACEOUS PHASES FROM EFREMOVKA CV3 CHONDRITE.  A. A. Shiryaev1, A. V. Fis-
enko2, V. Krivobok3, L. F. Semenova2. 1Institute of Crystallography, Leninsky pr. 59, Moscow 119333, Russia, 
shiryaev@ns.crys.ras.ru, 2Vernadsky Institute of Geochemistry and Analytical Chemistry RAS, Kosygina 19, 
Moscow, Russia, 3Physics Institute, Moscow, Russia. 

 
 

Introduction: Meteoritic nanodiamonds are the 
most abundant protoplanetary Solar System relic 
phases in comparison with other compounds (graph-
ite, SiC etc.) [1]. Its content in carbonaceous chon-
drites with the lowest degrees of thermal metamor-
phism could reach 0.15 mass%. Nanodiamonds con-
tain isotopically anomalous xenon (Xe-HL), pre-
sumably originated in r- and p- processes of nucleo-
syntesis during type II supernovae explosion. Mass-
spectrometry shows that hydrogen and nitrogen are 
the main chemical impurities in meteoritic nanodia-
monds. The concentration of nitrogen may be as 
high as 1 mass% with unusual δ15N about -350‰. 
Carbon isotopic composition of meteoritic nanodia-
monds is typical for the Solar system materials (δ13C 
= -35‰). All these main features seriously compli-
cate understanding of processes leading to the for-
mation of meteoritic nanodiamonds. One of the most 
promising ways to establish preferable mechanism is 
the investigation of microstructure and defects in 
nanodiamonds as well as detailed consideration of 
accessory phases.  

Direct information about defects and structure of 
meteoritic nanodiamonds is very limited. Daulton et 
al. [2] performed transmission electron microscopy 
(TEM) study of Allende CV3 and Murchison CM2 
nanodiamonds and compared their results with data 
on diamonds made by CVD and detonation proc-
esses. Based on broad similarity of the main struc-
tural features observed in the meteoritic samples and 
in CVD diamonds they have concluded that the  me-
teoritic nanodiamonds were created in a CVD-like 
process. However, the microstructure of diamond 
films synthesized by various types of CVD process 
is vastly different. Therefore, conclusions made on 
comparison with samples from one particular CVD 
reactor [2] could not be representative enough. Fis-
enko et al. [3] reported comparative study of ther-
molumincescence (TL) of meteoritic and detonation 
nanodiamonds. An electron paramagnetic resonance 
(EPR) study of meteoritic nanodiamonds [4] showed 
presence of the well-known H1 defect (complex 
proton+vacancy) which is common for CVD films, 
bulk nanodiamond and carbonado. Unfortunately, 
the authors of [4] provided no quantitative informa-
tion about H1 concentration. 

Remarkably, no reliable evidence of nitrogen-
related defects in meteoritic diamond has been re-
ported yet, though 1 mass% inferred from mass-
spectrometry is more than sufficient to detect by 
spectroscopic techniques (PL and ESR), whose de-
tection limit for N in diamond is ~0.01 at. ppm. Dur-

ing oxidation of nanodiamonds the maximum of N 
release occurs at high temperature of ~ 700 ˚C [6], 
suggesting that N is relatively strongly bound. The 
contradiction between mass-spectrometry and spec-
troscopy is obvious and explanation of this differ-
ence is important for understanding formation of 
meteoritic nanodiamonds. Therefore it is necessary 
to perform of detailed investigation of structure and 
defects in meteoritic diamonds with special care to 
separate contributions from various carbonaceous 
compounds.  

It is interesting to mention that chemical behav-
iour of nanodiamonds of meteoritic origin and syn-
thesised by detonation is different: whereas meteor-
itic nanodiamonds are readily converted into true 
colloid, the detonation diamonds can form stable 
suspensions, but no colloids. This is likely due to 
variations in surface structures.  

In this abstract preliminary results of the investi-
gation of nanodiamonds and related phases extracted 
from Efremovka CV3 chondrite by various X-ray 
and spectroscopic methods are presented. 

Samples and methods: The nanodiamond sam-
ples were extracted from the Efremovka meteorite 
sample using well established process involving se-
vere chemical treatment. The samples were investi-
gated using conventional and High Energy X-ray 
diffraction (XRD), Small-Angle X-ray scattering 
(SAXS), photoluminescence (PL) at room and at 
liquid He (LHe) temperatures and by Raman spec-
troscopy. 

Results: X-ray diffraction and scatering. The 
XRD patterns of the studied samples resemble those 
reported for many carbons: several relatively sharp 
Bragg peaks on a broad structureless background. 
The structureless halo is a clear indication of 
(semi)amorphous carbon, possibly enveloping dia-
mond and graphite grains. The XRD results clearly 
confirm presence of nanosized diamond in the stud-
ied samples. Beside the diamond peaks, rhombo-
hedral graphite and other carbonaceous phases are 
observed. One of the samples underwent a dry heat-
ing to the temperature of 300 ˚C at one of initial 
steps of the separation procedure. This heating lead 
to partial graphitization of nanodiamonds. Remarka-
bly, this graphite-like material could not be removed 
by repeated chemical treatment with hot acids. For-
mation of graphitised nanodiamonds may have im-
portant implications to understanding interaction of 
nanodiamonds with host meteorite and conditions of 
nanodiamonds preservation. 



 

 

The SAXS signal from meteoritic samples is 
very strong. Size distribution of the scatterers is 
heavily polydisperse, but can be described as super-
position of considerable fraction of particles with 
radii of 2-3 nm and a broad distribution of larger 
ones (Fig. 1). Such patterns are typical for nanodia-
monds of different origin and the most plausible 
assignment of the small particles is to nanodiamond 
grains. Assignment of the larger particles is less 
straightforward but usually this part of the curve is 
treated as scattering from loose aggregates of non-
diamond carbon. Note, that in line with the XRD 
results, the SAXS data also point to the persistence 
of poorly defined non-diamond carbon in all sam-
ples. 

 
Spectroscopy. Due to very small amount of avail-

able material absorption spectroscopy could not be 
applied here. Instead, much more sensitive photolu-
minescence spectroscopy was employed. All sam-
ples show red luminescence of variable intensity 
(Fig. 2). Interpretation of the spectra is not straight- 

 
forward. Such broad bands are often observed for 
nanodiamonds of different origin, and it was sug-
gested that red emission bands in interstellar radia-
tion is due to N-V defects (nitrogen-vacancy com-
plex) in meteoritic nanodiamonds [5]. However, 
careful examination of position of this band as a 
function of temperature and excitation wavelength 
shows that assignment of this band to combination 
of (NV)0 and (NV)- defects should be treated with 
caution and is probably incorrect. The observed 
emission could be at least partly related to non-

diamond carbon present in many CVD and detona-
tion (UDD) nanodiamonds. Another defect encoun-
tered after any irradiation - GR1 - is also absent.  

Discussion: Results of thorough investigation of 
defects and structure of nanodiamonds separated 
from Efremovka CV3 chondrite are reported. We 
believe that the meteoritic nanodiamonds are struc-
turally similar to nanodiamonds produced in labora-
tory by various processes in the sense that they pre-
sumably consist of diamond core surrounded by 
(semi)amorphous and graphite-like carbon. Chemi-
cal attack do remove most of graphite-like carbon, 
but, not surprisingly, fail to clean the diamonds 
themselves. As a result, the end product of nanodia-
mond separation process is a complex mixture and 
results of its studies should be interpreted accord-
ingly. Important result of the current study is the 
absence of obvious indicators of nitrogen-related 
defects in meteoritic nanodiamonds. We also do not 
see spectroscopic evidence of radiation defects. 
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     Introduction: The comparison of results of the 
photogrammetry analysis and the laser altimetry 
data for the Aitken crater region are presented. 
    The photogrammetry analysis consisted of the 
extension of reference points. The TCNIIGAiK 
reference catalogue [1] was used as the basic 
selenodetic network. Spatial coordinates of 100 
points in the Aitken crater region were determined. 
Mainly there are small craters 100-200 meters in 
diameter. 3D coordinates allowed to calculate 
heights of the mentioned points above the sphere of 
1738,0 km. Most of the new points are located on 
the crater bottom, some of them are located on the 
crater wall and in the vicinity of the crater. 
      It is important to point out that the correct 
comparison of the coordinates generated by 
different methods should be carried out for the 
same relief components of the physical surface of 
the studied territory. For example, small craters, 
mount peaks, other specific elements of the lunar 
territory could become such relief components. 
Unfortunately, the laser altimetry method in itself 
does not allow us to identify the position of the 
points of lunar surface with real elements of the 
lunar relief. This circumstance results in some 
indeterminacy of the plane selenographical 
coordinates for the points derived by the altimetry 
method as indicated earlier [ 2 ]. 
     Thus there is no simple correct way to compare 
directly the coordinates of points derived by the 
photogrammetric method and the coordinates 
derived on the basis of laser altimetry. 
     Results: To compare the heights of our points 
with the “Clementine” altimetry data, we selected 
the points that belong to the territory covered by our 
catalogue. At first, the positions of the altimetry 
points for one “Zond” image were calculated using 
their selenographical coordinates.  The plotting of 
the calculated positions on the image showed us 
that the “Clementine” altimetry measurements 
which belong to only three passes fall into the 
Aitken crater region. 
     Nevertheless we tried to make the comparison 
using an indirect method to produce a 
representation about the discussed data. Our way is 
the following. We discovered small smooth sites of 
lunar territory within the studied area. These sites 
are located to the north of the Aitken crater and 
belong to “sea type” of lunar surface (Fig. 1). 
According to our measurements they are 
surrounded by numerous mountains and lie 
approximately  1.2 km  above the sphere of 1738.0  
   
     
     
 
Height profiles of the crater are shown on Fig.2. 
The elevation numbers are given relatively level of 
1730.0 according to LTO system. Both profiles are  
the sections over the crater center. The first profile 
gives the height changes in the lunar meridian 
direction 173E and the second one – along the lunar 

 
 
km. We decided to check if the laser altimetry 
points fall on these small smooth sites.  If any laser 
point falls on the site it would be  natural to assume 
that the height of the point relates to the site 
territory in general because we deal with smooth 
sea-type sites. In this case there is no need to select 
the same relief elements for comparison! Using this 
approach it will be sufficient to find several points 
belonging to the selected sites and to include them 
into our photogrammetry processing.  
     Following the above described principle we 
turned our attention first of all to the Aitken crater 
bottom. The bottom covers a large territory (crater 
diameter is about 130 km!) and we assumed that 
some laser points would fall on the bottom. 
Unfortunately we were unable to find at least one 
laser point within this area (Fig. 2, Fig.3).  
     We found only several laser points that fall on 
small smooth sites in the north part of the studied 
territory. The difference between heights of these 
points from our catalogue and laser altimetry data is 
about 1 km. 
     It is the first preliminary result and we are going 
to extend the region of studying. 
 

 
 
 
Fig.1.  The “sea type” sites to the north of Aitken 
crater. Red color - positions and numbers of our 
catalogue of 100 points. Green color – positions of 
laser points. Distance from the crater center is about 
100 km.  



 
 

  
     
 
Fig.2.  Fragment of the image of Aitken crater. 
South-West sector of the crater bottom and the 
crater wall. Red color - positions and serial numbers 
of our catalogue of 100 points. Green color – 
positions of laser points. 
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Fig.3.  Fragment of the image of Aitken crater. 
South-East sector of the crater bottom and the crater 
wall. Red color - positions and serial numbers of 
our catalogue of 100 points. Green color – positions 
of laser points. Top left – the central peak of Aitken 
crater. 
 
 
 
Acknowledgements: We gratefully acknowledge 
assistance Boris Nikolaevich Rodionov, Kira 
Borisovna Shingareva, David R. Williams and 
Randolph L. Kirk.  
 
 
Supported by Russian Foundation for Basic 
Research (grant 08-02-01214) 

 
 



DYNAMICS OF COMETARY NUCLEI AND RELATED PHYSICS.  V.V. Sidorenko, Keldysh Institute 
of Applied Mathematics, Moscow, RUSSIA (sidorenk@spp.keldysh.ru) 

 
 
Introduction. The investigations of the comets  

are considered as  the possible clue to the  early his-
tory  and  evolution  of  the  solar system.  

It is well known that the orbital motion of the 
comets depends substantially on the perturbations 
introduced by reactive forces due to the matter subli-
mation from their nuclei surface. The rotation of 
cometary nuclei and the evolution of the rotation are  
related  directly  to  their physical  and  structural  
parameters.  So the dynamical studies can provide us 
with useful information about the properties of the 
cometary nuclei. 

Physical factors that influence a nucleus rota-
tion. These factors can be divided into two groups: 
constantly present and sporadically present [1]. The 
main factors which are constantly present are the re-
active torque due to anisotropic sublimation of nu-
cleus matter and energy dissipation at non-stationary 
nucleus deformations caused by the difference of the 
rotational state from principal axis rotation. The spo-
radic factors include possible impacts of various 
small celestial bodies (as long as they do not result in 
destruction of the nucleus) and redistribution of nu-
cleus matter at a certain stage of its evolution. 

In our studies we were concentrated on theoretical 
consideration of the rotational excitation  and damp-
ing of the cometary nuclei.  

Excitation. The influence of the reactive torques 
due to the sublimation on the nucleus rotation was 
pointed out in the classical paper by F.L.Whipple 
[2]. It can cause the nucleus to be in rotational mo-
tion which is different from the rotation around the 
axis with the largest moment of inertia. As  an ex-
ample the non-principal axis rotation of comet 
1P/Halley can be mentioned:  the long axis of its 
nucleus is inclined to the total angular momentum 
vector by Ο66 [3]. 

 The discussion of 1P/Halley nucleus rotation 
stimulated the theoretical work to reveal secular ef-
fects due to sublimation and to understand what is 
the "typical" spin state of the nucleus ([4], [5], [6], 
etc). Most of the investigations were based on the 
numeric integrations of the motion equations.  

In [7], [8] we developed an alternative approach 
using the averaging procedure. In this way we found 
the relevant physical parameters that control the evo-
lution of a comet's rotation state. We demonstrated 
also that the long-term evolution of a comet's angu-
lar momentum vector varies strongly with the distri-
bution of active regions over its surface.  

Damping. Attempts to evaluate the influence of 
internal dissipation on a celestial body’s tumbling 
motion have been made in [9], [10]. The obtained 
estimation of the damping time scale can be written 
as  

32~
ΩN

damping R
QT

ρ
μ  

where NR  is the nuclear radius, ρ  is the bulk den-
sity, μ  is the rigidity, Q  is the following factor, 
and Ω  is the nucleus angular velocity. The formula 
is given without certain non-dimensional scaling 
factor since its value is a matter of ongoing discus-
sions.  

The internal cracks can make the dissipation 
more intensive and reduce the dumping scale. 

Damping and excitation interplay. To illustrate 
the interplay of the damping and excitation factors 
we would like to consider the dynamics of comet 
19P/Borrelly’s nucleus. This comet was observed by 
the space probe “Deep Space 1” (DS1) during the 
flyby in September 2001 [11]. The DS1 imaging 
system revealed a highly elongated nucleus which 
consists morphologically of two unequal compo-
nents with a total length of 8 km. 

 

19P/Borrelly nucleus: a schematic 
reconstruction based on DS1 images 

Taking into account that the active zones on Bor-
relly’s nucleus are placed in the most non-effective 
way for creation a reactive torque we can assume 
that the inner dissipation should provide the stability 
of the rotation about the main inertia axis. 

Conclusion. Our results can be used to discrimi-
nate between competing theories of cometary matter 
sublimation using a nucelus' rotation state.  They 
also provide a priori constraints to be placed on a 
comet's rotation state to aid in the interpretation of 
its outgassing structure. 
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Introduction:  Mechanics of collisional evolutions of 

small bodies of Solar system, the morphology of these 
bodies, their age and desintegration are substantially de-
termined by physical and mechanical properties of the 
bodies. From the point of view of physical and mechanical 
properties, all known cometary nuclei models can be sub-
divided into two basic classes. These are; “fractal” and 
“rubble pile” models. Material strength of a “fractal” 
model depends on intergrain cohesion forces which are 
dependent on the chemical and mineralogical structure of a 
cometary nucleus. “Rubble pile” model consists of parti-
cles or separate fragments which are not connected among 
themselves and are kept together only by self-gravitation 
and bodies with a rather small mass are considered as 
strengthless [1, 2]. Existence so essentially different mod-
els specifies that a question on the basic physical and me-
chanical properties of cometary nuclei remains open and 
actual. 

Mechanical properties:  Analytical, observed and 
experimental data on strength properties of cometary ma-
terial and its analogues are submitted in Table 1. Theoreti-
cally most proved the value of tensile strength corresponds 
to a range of 0.081×104 - 3.6×104 din cm-2 [2]. It is neces-
sary to note, that extreme values of this range correspond 
to extreme and, accordingly, to improbable values of po-
rosity and density. The observable data described by the 
least uncertainty and the least disorder, are received 
mainly at destructions cometary meteoroids by aerody-
namic pressure in the Earth’s upper atmosphere. The 
summary analysis which has been carried out by 
McKinley [3] according to supervision for many years, has 
shown, that practically in all observable meteoric streams 
which source are comets, cometary meteoroids has been 
disintegrated at aerodynamic pressure of 2×104 din cm-2. 
This value corresponds approximately to average and con-
servative value of tensile strength, satisfying to almost all 
considered data which have been received by different 
methods and with a different degree of uncertainty. 

Technique:  Mechanical and rheological properties of 
material exert influence on parameters of the gravitational 
deformation caused by a nonequilibrium figure and mass 
of small bodies [4-6]. An analysis of mechanical proper-
ties of cometary nuclei has been carried out with a 
rheological model, which uses the elastic theory with ulti-
mate strength for a three-dimensional self-gravity body, 
and allows the exact solution of differential stresses in a 
solid elastic body to be received and to carry out their 
analysis [5]. 

Cometary nuclei’s effective tensile strength and a 
cometary population:  Using a stress deviator equation 
(Eq. 10 [5]) for 19P/Borrelly comet [7], 67P/Churyumov-
Gerasimenko comet [8], 81P/Wild 2 comet [9], 9P/Tempel 
1 comet [10] and Halley comet [11] (Table 2) we can es-
timate the stress deviator caused by shape parameters and 
mass of their nuclei. We take a Poisson coefficient of 0.31 
[12]. The stress deviators obtained are small and are of 
two orders of magnitude lower than the cometary material 
tensile strength (Table 2).  

 
 

Table 2. Cometary nucleus stress deviator* 
Comet Semiaxes 

(a×c), km 
Density, 
g cm-3 

Stress deviator, 
×102 dyn cm-2 

Borrelly 4×1.6 0.3 2.2 
Churyumov–
Gerasimenko 

2.43×1.85 0.5 2.5 

Halley 8×4 0.28 3.4 
Tempel 1 3.8×2.45 0.6 6.0 
Wild 2 2.75×1.65 0.6 3.3 

 *- References are in the text. 
Taking a cometary nucleus density equal to a conser-

vative value of 300 kg m-3 [2] and a Poisson coefficient of 
0.31 [12], and using a stress deviator equation (Eq. 10 [5]), 
we obtain a cometary nucleus size of 54 km, at which the 
stress deviator is equal to the cometary material tensile 
strength (2×104 dyn cm-2). That is the size of the largest 
comet Hale-Bopp within its size estimation uncertainty 
[13]. This means, that cometary nuclei less than 54 km in 
size (which is the case practically all of the known comets) 
have a constant tensile strength of about 2×104 dyn cm-2, 
which is determined by structure only. At achievement of 
tensile strength as a result of tidal destruction, collision, or 
ram pressure at sublimation, bodies of less than 50-60 km 
in diameter irrespective of their mass would be split easily 
enough, increasing a population of ones. Effective tensile 
strength of the bodies more than 50-60 km in size is de-
termined by a body mass and shape parameters and in-
creases under the square-law depending on a body size and 
mass [5] (Fig. 1).  

 
Fig. 1.  Dependence of effective tensile strength on size  
 of a cometary nucleus. 
Such increase of the tensile strength can explain a defi-
ciency of cometary nuclei more than 50-60 km in size 
(size gap). In total there are about 700 known comets. All 
of them have nucleus diameter less than ~60 km except for 
2060 Chiron which has diameter about 200 km [14]. Com-
ets with a radius between ~60 km to 200 km have not been 
presently found. At least, effective tensile strength increas-
ing should influence number of a secondary population, 
which is formed as a result of the destruction of parent 
bodies. 



Table 1. Tensile and compressive strength of cometary material 

Tensile strength, 
dyn cm-2 

Compressive 
strength, 
dyn cm-2 

Object Technique References 

Strengthless  P/Shoemaker-Levy 9 Tidal breakup model [1] 
103-105  Sungrazing comets Tidal breakup model [15] 

<103  Model Tidal breakup model [16] 
>104  P/Giacobini-Zinner Rotational breakup mode [17] 
<105  Sungrazing comets Ram pressure [18] 

2.5×104  Draconids meteor stream Aerodynamic pressure [19] 
0.74×104  Draconids meteor stream Aerodynamic pressure [20] 
1.35×104  Leonids meteor stream Aerodynamic pressure [20] 

1.4×104-1.9×105  Draconid fireball PN39043 Aerodynamic pressure [17] 
2×104  Meteor streams Aerodynamic pressure [3] 

2.7×103  P/Shoemaker-Levy 9 Aggregated dust model [21] 
8.1×102-3.6×104  Model Aggregated dust model [2] 

105-106  Cohesive dust matrix Aggregated dust model [22] 
~104  Dust matrix, regolith Aggregated dust model [22] 
~104  Ice/matrix debris mixture Aggregated dust model [22] 

 (3.9×105-2.45×106) SiO2 dust matrix Experimental data [23] 
 
 
When self-gravity dominates tensile strength (i.e. 

small bodies of >50-60 km in size), fracture starts at the 
surface and the object erodes inward, while in small 
bodies in which self-gravity do not dominate tensile 
strength (i.e. small bodies of <50-60 km in size) fracture 
begins in the center [1]. Irrespective of the 3D smooth 
particle hydrodynamics (SPH) code model [1] the similar 
character of destructions is one of the strong conclusions 
of the rheologic model [5] and it depends not only on 
mass, but on shape parameters also. Though a radial 
gradient of the stress deviator is insignificant, but it is 
present [5], and at shape parameters of a/c <1.75 the 
stress deviator on the body surface is more than in the 
center (Fig. 2). 

 
Fig. 2. Dependence of a radial gradient of the stress de-
viator on shape parameters. σ(c) - stress deviator in the 
center; σ(s) - stress deviator on the surface; a>c - semi 
axes. 

Hence, any elastic or plastic deformation will develop 
from a surface to the center of a body. With the value of 
shape parameters at a/c>1.75 the mark of a radial gradi-
ent of the stress deviator varies up to opposite (i.e. it does 
not decrease, and increases with depth) and the mecha-
nism of destruction of a body will be the same, as well as 
for bodies of <50-60 km in size. As a result of collisional 

history or tidal splitting of Kuiper objects of >50-60 km 
in size such dependence on shape parameters may result 
in gradual degradation of bodies’s population with shape 
parameters of a/c> 1.75. 

Summary:  Effective tensile strength of the bodies 
of >50-60 km in size is determined by body mass and 
shape parameters and increases under the square-law 
depending on body size and mass. Such increase of the 
effective tensile strength may explain a lack of cometary 
nuclei of >50-60 km in size (size gap). Dependence of 
destruction on shape parameters for Kuiper objects of 
>50-60 km in size may result in deficiency of bodies’s 
population with shape parameters of a/c> 1.75, in rela-
tion to bodies with shape parameters of a/c <1.75. For 
cometary nuclei and Kuiper objects of <50-60 km in size 
this selection will not operate, as their effective tensile 
strength is determined by structure only and does not 
depend on a body mass. 
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Introduction:. Mechanics of collisional evolu-

tions of small bodies of Solar system, the morphol-
ogy of these bodies, their age and desintagration are 
substantially determined by physical and mechanical 
properties of them. Without knowledge of physical 
and mechanical properties of substance sometimes 
even approximately it is not possible to establish age 
of small bodies on a degree of cratering [1], or al-
lowable minimal and maximal value can differ up to 
two (!) orders of the magnitude [2]. The problem of 
destruction of asteroid  and cometary nucleus due to 
tidal forces of the Earth, and an adequate estimation 
of asteroid danger [3] are not less important. Gravi-
tational deformation of small bodies and observable 
parameters of transition between the small and 
planetary bodies of Solar system also are determined 
by mechanical and rheological  properties of mate-
rial and depends on bodies composition [4]. At last, 
the knowledge of physical and mechanical properties 
is necessary for creation of reliable engineering 
models of space objects for their research with the 
spacecraft, landings and a soil intake. 

Tsarev meteorite:  Tsarev is a stony meteorite 
shower found at 1968 in Volgograd Province in Rus-
sia [5]. 28 samples weighing 1131.7 kg have been 
collected. The largest mass weighed 284 kg. The fall 
may have occurred in 1922, December 6 at 07:00 
hrs. On composition the meteorite is ordinary chon-
drite of L5 petrographic type (20.54% total iron) [6]. 
K-Ar age of the meteorite is estimated within ~1.20-
2.33 Ga [7]. The investigated samples are fresh in-
fernally and the crust only slightly weathered. 

Technique:  Physical and mechanical properties 
of meteorite were investigated by a standard tech-
nique according to working instruction on research 
of rocks and ores at carrying out of geological engi-
neering survey [8, 9]. Two different samples of 
Tsarev meteorite each has been cut on three plates,  

 
Fig. 1. The cutting plan of sample #15390,9. 

 
Fig. 2. The cutting plan of sample #15384,1. 

which are perpendicular each other, everyone by 
thickness of 2 cm, and on few cubes of 4×4×4 cm in 
size with the sides parallel to all three plates (Fig. 1, 
2). Such technique allows investigating volumetric 
anisotropy of physical and mechanical properties in 
a sample. The techniques of measurements have 
been described shortly at [10]. The splitting method 
was applied to measure of tensile strength with 
measurement of the enclosed load and destroying 
effort [8]. Each plate depending on its sizes has been 
broken onto samples of the semi regular shape ap-
proximately of (20-30)×(20-30)×(20-30) mm in size. 
Compressive strength was measured with compress-
ing of the cubes and the samples of semi regular 
cubic shape received during splitting of plates after 
tensile strength measurements. 

Results:  The density of both samples is similar 
(Table 1). The density of the sample №15384,1 is 
equal to 3.41±0.03 g cm-3, and for sample №15390,9 
is 3.40±0.08 g cm-3. An average value of compres-
sive strength of a sample №15384,1, which looks 
like more altered due to terrestrial weathering than 
another, is a little bit less and estimated to 194 MPa, 
compressive strength of a sample  №15390,9 is 204 
MPa (Table 1). Average values of tensile strength of 
both samples are almost similarly and equal to 31 
and 29 MPa accordingly. An expressed anisotropy of 
physical and mechanical properties for both samples 
of the meteorite is observed. Compressive strengths 
on three any directions of X, Y and Z of the sample 
№15384,1 are equal to 223, 182 and 174 MPa ac-
cordingly, and tensile strengths on the same direc-
tions are 31, 34 and 29 MPa (Table 2). Compressive 
strength anisotropy of the sample №15390,9 is even  



Table 1. Physical and mechanical properties of the meteorite 

#15384,1 #15390,9 
Name Average

value 
Number of 

measurements 
Average 

value 
Number of 

measurements 

Dencity, g cm-3 3.41 15 3.40 20 
Compressive strength, Mpa 194 59 203 65 
Tensile strength, Mpa 31 61 29 76 

 
more expressed (262, 168 and 160 MPa) (Table 3). 
The tensile strengths in this sample differ insignifi-
cantly and on the same directions (X, Y and Z) are 
equal to 28, 35 and 31 MPa accordingly. 

Table 2. Anisotropy of mechanical properties of #15384,1 

Name X Y Z 
Compressive strength, 
Mpa 223 182 174 
Number of  
measurements 22 17 20 
Variation coef., % 29 25 29 
Tensile strength, Mpa 31 34 29 
Number of  
Measurements 12 24 25 
Variation coef., % 33 30 42 

Table 3. Anisotropy of mechanical properties of #15390,9 

Name X Y Z 
Compressive strength, 
Mpa 262 168 160 
Number of  
measurements 25 27 13 
Variation coef., % 19 37 29 
Tensile strength, Mpa 28 34 27 
Number of  
Measurements 23 20 33 
Variation coef., % 32 35 31 

Discussion:  For the first time anisotropy of 
physical and mechanical properties has been found 
out in Sayh al Uhaymir 001 meteorite [11]. For to-
day three samples of meteorites (Sayh al Uhaymir 
001 and Tsarev meteorites) are investigated and in 
the all three samples distinct anisotropy of physical 
and mechanical properties is revealed. It is obvious, 
that anisotropy of physical and mechanical proper-
ties of meteoritic material is determined by minera-
logical and petrographic structure of a meteorite and 
may be consequence of the directed initial condensa-
tion which could be caused by a gravitational field 
vector or a star wind pressure vector, or something 
by another. Anisotropy also may be caused by shock 
or thermal metamorphism. The answer to this ques-
tion can give only careful mineralogical and petro-
graphic researches of directed thin sections.  

In the both samples independently directions of 
anisotropy from smaller compressive strength to the 
greater had been marked by axes of coordinates X, 

Y, Z accordingly. But this anisotropy existed in a 
parental meteoritic body before its input in the Earth 
atmosphere, where it has been destroyed. Hence, X, 
Y and Z axes of each fragment, i.e. the maximal and 
minimal value of compressive strength, approxi-
mately should coincide with X, Y and Z of an ani-
sotropy of parental meteoritic body. Thus, anisot-
ropy also allows to orient of different fragments of a 
meteorite be relative each other precisely the same as 
they were oriented in a parental body before its de-
struction.  

Summary:  If anisotropy of physical and me-
chanical properties is caused by processes of initial 
condensation and accretion of material, that, proba-
bly, it should be expressed in all types of meteorites, 
and not just in ordinary chondtrites to which the in-
vestigated samples belong. It is expected, that anisot-
ropy in stronger meteorites may be more expressed 
than in less strong meteorites. 

Acknowledgements:  We thank M.A. Nazarov for 
support of these researches. 

Referenses:  [1] Chapman C. R. and Merline W. 
J. (1999) Icarus., 140, 28-33. [2] Chapman C. R. et 
al. (1996) Icarus., 120, 231-245. [3] Davidsson 
B.J.R. (2001) Icarus., 149, 375-383. [4] Slyuta E. N. 
and Voropaev S. A. (1997) Icarus., 129, 401-414. 
[5] Khotinok R.L. (1982) Meteoritika.,  40, 6-9. [6] 
Barsukova, L. D.; Kharitonova, V. Ia. and 
Bannykh, L. N. (1982) Meteoritika.,  41, 41-43. [7] 
Herzog et al. (1997) Meteoritics., 32, 413-422. [8] 
Rocks. Methods of physical tests. GOST 21153.0-75 
– 21153.7-75. Moscow, Izdat. Standards, 1975. 30 p. 
(in Russian). [9] Rocks. Methods of investigation of 
compressive strength. GOST 21153.2-84. Moscow, 
Izdat. Standards, 1984. 30 p. (in Russian). [10] 
Slyuta E. N. et al. (2007) 46th Vernadsky - Brown 
Microsimp., Abstract #m46_66. [11] Slyuta E.N. et 
al. (2008) LPSC XXXIX, #1056. 



OPTICAL SPECTRUM OF MERCURY: HOW MUCH IRON СAN BE HIDDEN? L. V. Starukhina, and
Yu. G. Shkuratov, Astronomical Institute of Kharkov University, Sumskaya 35, Kharkov, 61022. Ukraine,
starukhina@astron.kharkov.ua

Introduction: Spectral measurements provide
information about chemical composition of the
surfaces of celestial bodies. Optical spectrum of
Mercury is rather unusual for a silicate surface. The
spectrum is characterized by (1) reflectance in the
visible range between that of lunar mare and
highlands, (2) large spectral slope, and (3) the
absence of the absorption band of ferrous iron
(Fe2+) near 0.95µm. In fact, Mercurian spectrum
from 0.4 µm to 1 µm is a straight line (Fig.1) [1].

The lack of 0.95 µm feature evidences about
extremely low Fe2+ content. Estimates by different
authors give from <5.5 wt.% [2] to <1.2 wt.% FeO
[1]. On the other hand, the lack of main
chromophore element could provide reflectance
larger than that of the brightest lunar highland
regions and small spectral slope. Here we discuss, if
Mercurian spectrum can impose any constraints
upon its surface composition.

For silicate material on the surfaces of
atmosphereless celestial bodies, spectra with large
red slope are known do be due to nanograins of
reduced iron (nFe0) that form in the rims of regolith
particles [3] in space weathering processes during
surface exposure. The clue to understanding of
Mercury spectrum can be provided by theoretical
simulation of the effects of space weathering on
spectra of silicates, as well as theoretical modeling
of maturation processes (formation and growth of
nFe0), in particular, in space weathering conditions
on the Mercurian surface.

Calculation of spectral effects of space
weathering:  Theoretical simulation of Hermesian
spectrum cam be used to evaluate the volume
fraction of nano-grains of reduced iron. The model
of spectral reflectance of multicomponent regolith-

like surfaces [4,5] enables us to calculate the
spectrum of mature soil starting from that of
immature one (or vise versa). First, reflectance
spectrum is converted to the spectrum of the
imaginary part κ of the refractive index of the soil
material. This κ spectrum is modified by adding the
contribution of nFe0 obtained with Mie theory; then
reflectance spectrum is calculated for the modified
κ spectrum and a new value of particle size l.

In Fig. 1 simulation of Mercurian spectrum
starting from that of a lunar sample is presented.
The example was chosen among those measured by
Lunar Soil Characterization Consortium [6] to show
that even high FeO content (15 wt.%) of mare soil
can be consistent with Mercury spectrum provided
that particle size is small and the volume fraction of
nFe0 c ~ 10-3, which may originate from ~0.1 wt.%
of FeO. This is about maximal concentration of
nFe0 consistent with rather high albedo of Mercury
at reasonable comminution of the surface particles.

However, the spectrum of the lunar sample
taken for this example (line 2 in Fig.1) is rather
exceptional for lunar soil spectra because of the
lack of the camber at about 0.75 µm typical for
lunar, as well as terrestrial silicates. Simulation
have shown that this upward bent cannot be
removed by addition of nFe0. The bent practically
disappears at high c, but appears again when
particle size is decreased enough to compensate
darkening yielded by nFe0. The lack of the upward
bent for the lunar soil spectrum shown in Fig.1 can
be explained by large content of opaque phase: 25%
of FeO in the sample considered is contained in
ilmenite, most of the rest iron being in the glass
component, probably, in large (≥ λ) Fe0-grains.
Such grains are opaque; so grain growth changes
light absorption to scattering and provides
brightening of a soil. Consider such a possibility for
Mercurian surface.

Maturation processes on Mercurian surface:
Thermodynamic data for Fe-FeO equilibrium [7]
indicate that high temperature and low oxygen
pressure are sufficient for reduction of Fe (Fig. 2),
i.e., no additional reducing agents are required. This
was confirmed in laser heating experiments with
silicates (e.g., [8,9]). Thus, the lack of protons on
Mercurian surface protected from solar wind by
magnetic field cannot prevent soil maturation.

As shown in [10], impact melting is sufficient
for nFe0 formation on airless bodies, since nFe0

formation rate in melt is faster than cooling rate.
Impacts of submicron scale may be responsible for
nFe0 in the rims of regolith particles, whereas
micron-scale Fe0 grains can grow in particle
volumes due to submillimeter impactors.
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Fig.1. Mercury spectrum (1) and its simulation (3)
starting from spectrum (2) of 5-10 µm size
fraction of lunar sample 71061 with 15 wt.% of
FeO, 25% of which contained in opaque ilmenite
and most of the rest in glass component.
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IRON CONTENT ON MERCURY FROM ITS OPTICAL SPECTRUM: L. V. Starukhina and Yu. G. Shkuratov

Meteoritic flux and impact velocity on Mercury
are greater than for the Moon [2], so much more
impact melt and vapor can be expected [2]. Hence,
much more impact glass and reduced iron can be
formed on the Mercurian surface as compared to
that of the Moon.

Overmaturation of regolith as a mechanism
of removal iron spectral features:  High
temperature on Mercurian surface enhances
diffusion of atoms, which favors so called ripening
in space-weathered silicate particles. The largest
grains among the numerous nFe0 grow at the
expense of the smaller grains, their number
decreases by many orders of magnitude, their size
increasing up to a few microns. The kinetics of Fe0

grain growth in a typical Fe-bearing silicate was
first calculated in [11] on the base of ripening
theory [12]. In Fig.3 the calculation of the rate of
Fe0 grain growth in solid silicate at highest lunar
and Mercurian temperatures is presented, diffusion
data from [13] were taken.

As shown in Fig.3, growth of nFe0-grains from
the average diameter 60 Å [3] to micron sizes can
occur rather quickly on Mercurian surface. This
process was called overmaturation [11]. Thus
overmaturation is an effective mechanism of
removal of the excess of nFe0-grains in Mercurian
regolith. Such a removal of efficient light absorbers
and their transformation into light scatterers should
result in brightening of overmature regolith.

Conclusions:
(1) Intensive meteoritic bombardment on

Mercury can result in reduction of almost all Fe2+

and formation of nFe0; high surface temperature
allows growth of most of the nFe0 grains to sizes
when light absorption changes to light scattering,
which brightens the surface.

(2) Optical spectrum of Mercury enables us to
evaluate only nFe0 content in the surface material
(c ≈0.1 % by volume). Any constrains on the total
abundance of iron on the Mercurian surface cannot
be put. Reduction due to space weathering and
growth of iron grains at high temperature can mask

iron in surface material up to concentrations typical
of lunar mare soils. Limits for iron content on the
surface of Mercury can be established on the base
of geological models.

Acknowledgment:  This study was supported
by CRDF grant UKP2-2897-KK-07.

References:
[1] Warell J., and Blewett D.T. (2004) Icarus

168, 257-276. [2] Cintala  (1992) JGR [3] Housley
R. et al. (1973) Proc. Lunar Sci. Conf. 4th, 2737-
2749. [4] Starukhina L. V. and Shkuratov Yu. G..
(1996) Solar System Res., 30, 258-264. [5] Shkura-
tov Yu. G.. et al. (1999) Icarus 137, 235-246. [6]
Taylor L. A. et al. (2001) J. Geoph. Res. 106,
27985-28000. [7] O’Nell H. St. C. (1988) Amer.
Mineral. 73, 470-486. [8] Moroz L. V. (1996)
Icarus 122, 366-382. [9] Sasaki S. et al. (2001) Na-
ture 410, 555-557. [10] Starukhina L. V. (2006) LPSC
XXXVII, Abstr. # 1147. [11] Starukhina L. V. and
Shkuratov Yu. G.. (2003) LPSC XXXIV,
Abstr.#1224. [12] Lifshitz I. M., Slyozov V. V.
(1961). J. Phys. Chem. Solids 19, 35-50. [13]
Buening D. K., and Buseck P. R. (1973) J. Geoph.
Res. 78, 6852-6862.

800 1000 1200 1400
T , K

-28

-24

-20

-16

-12

-8

lo
g(

P O
2, a

tm
)

600 800 1000 1200
T , C

Fe0+O2

FeO max(PO2)
on the Moon

max(PO2)
on Mercury

Fig.2. Thermodynamic conditions of iron reduction
according to [7].

-15 -10 -5 0 5 10
log(time, years)

-3

-2

-1

0

1

lo
g(

R
, µ

m
)

-5 0 5 10 15
log(time, sec)

1

2

3

4

5

lo
g(

R
, A

ng
st

ro
m

s)

Moon

Mercury  melt 
regolith

Fig.3. Grain radius vs. time for reduced iron in melt
and in solid silicate at day temperatures of the Moon
(390 K) and Mercury (650 K).



ON POSIBLE ORIGIN OF Xe-HL IN METEORITIC NANODIAMONDS.   Galina K. Ustinova ,   Institute of 
Geochemistry and Analytical Chemistry,  Russian Academy of Sciences,  Moscow V-334,  119991  Russia;  E-mail:  
ustinova@dubna.net.ru 
 
   
       Xenon in the presolar diamonds: The finest 
grains of nanodiamonds identified in the 
carbonaceous and nonequilibrium ordinary chondrites 
are the most abundant relic grains, for which, as well 
as for the silicon carbide and graphite, the presolar 
origin is assumed [1].They could be apparently 
formed by condensation in cool stellar atmospheres 
or in the extreme PT-conditions of reprocessing the 
matter by shock waves at the supernova explosions 
[2-4]. The evident role of the shock waves in 
synthesis of the nanodiamonds is indicated by the 
similarity of the glue curves of the X-ray induced 
termoluminescence of the meteoritic diamonds and 
the terrestrial detonation diamonds [5]. The 
supposition of the presolar nature of the 
nanodiamond grains is based on the distinctive 
isotopic anomalies of the noble gases, which were 
trapped by the grains at their synthesis and growth or 
they were impregnated into the grains later [2-4].  
      Apparently, the xenon anomaly is the most 
intriguing and the widely discussed one. In the case 
of the presolar diamonds the bimodal behavior of the 
xenon release is observed: mainly as the Xe-P3 
component with the normal isotopic composition in 
the low temperature range, and as the anomalous Xe-
HL component with an exotic isotopic composition in 
the high temperature range [6]. In comparison with 
the solar xenon, the Xe-HL component is about twice 
enriched with the light neutron-deficient isotopes 
124Xe, 126Xe, as well as with the heavy neutron-rich 
isotopes 134Xe, 136Xe. In the 9-isotopic system of 
xenon, different isotopes were formed in different 
nucleosynthesis processes. The heavy neutron-rich 
isotopes 131,132,134,136Xe are the products of the r-
process; they can also be formed in the fission of 
244Pu and 238U. The 128–130Xe isotopes are the products 
of the s-process, but  129Xe can also be radiogenic 
because of the decay of the extinct radionuclide 129I. 
Finally, the neutron-deficient isotopes 124,126Xe are 
products of the p-process. At the same time, all 
isotopes of Xe may have cosmogenic components, 
formed in the spallation reactions of Ba, Cs, Ce, and 
La with high-energy particles. 
      The protosolar matter was mainly formed from 
matter of a giant gas–dust nebula, which, during its 
10-Myr lifetime before collapse had been uniformly 
mixed with the products of nucleosynthesis of about 
ten supernovae by supersonic turbulence [7]. Namely 
from the results of such mixing, one should deduce 
the primordial isotopic composition of many noble 
gases, and, first of all, the heavy xenon. In the 

process of further evolution of the matter, the isotopic 
relations of gases might be changed, being subjected 
to different mechanisms of fractionation, which, for 
the most part, were delimited  by the different spatial 
and temporal intervals for the different gases in 
different objects. For a variety of reasons and features, 
the Xe-P3 and Xe-HL components had been formed 
as individual components before their implantation 
into the diamond grains, which, besides, was different 
in time: while the Xe-HL implantation was rather 
transient, the Xe-P3 implantation was prolonged in 
time and proceeded with the crystal growth [4]. 
Therefore, the Xe-P3 reservoir was rather permanent, 
whereas the Xe-HL reservoir was, apparently, of 
short duration. Since the Xe-HL component is 
observed only in nanodiamonds and it is absent in 
other presolar relics of meteorites, it is natural to 
suppose that this component was formed under the 
same conditions, in which the nanodiamond was 
synthesized, that is, namely, under the conditions of 
shock- wave reprocessing of the matter at the 
supernova explosions. Hence, logically it appears that 
just the regularities of fractionation and peculiarities 
of change of the noble gas isotopic relations during 
the propagation of strong shock waves [8], 
represented the cause of the exotic isotopic 
composition of Xe-HL.  
       Shock wave effects in the noble gas isotopic 
systems: There are two key factors of the shock wave 
impact on the isotopic composition of medium of 
their propagation: at the front of shock waves the 
enhancement of the rigidity of the spectrum of 
nuclear-active particles (1) and its enrichment with 
heavier ions (2) take place.  
     (1) A tremendous explosive wave and supersonic 
turbulence led to the acceleration of particles in the 
cosmic plasma with the formation of a power law 
energy spectrum F(>E0) ~ E–γ of very high hardness 
(γ →1) [9,10]. A shock wave picks up new particles 
from the background plasma and pumps over the 
particles from the low-energy part of the spectrum to 
its high-energy part. This leads to an increase in 
fluxes of nuclear active particles with energies above 
E0 by 1–2 orders of magnitude, and, accordingly, to 
the increase of spallation production rates of isotopes 
[8]. Since the spectrum of nuclear active particles is 
changed due to shock-wave acceleration, for many 
isotopes, whose excitation functions are sensitive to 
the form of the energy spectrum of particles, the 
weighted spectrum-averaged production cross 
sections vary as well. Because of the difference in the 
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excitation functions, the forming cosmogenic isotope 
ratios are different for isotope systems of various 
elements. In other words, the isotopic and elemental 
ratios in reservoirs reprocessed by shock waves, for 
instance, in the expanding supernova shells, should 
be quite different from those in the matter not 
touched by such reprocessing.  
      (2) Another remarkable feature of magneto 
hydrodynamic acceleration of particles at the shock-
wave front is the enrichment of their spectrum with 
heavy ions. In the case of multiply charged ions, their 
path before scattering is a function of rigidity R=p/Ze 
(where p is the momentum of particles proportional 
to A and Ze is the ion charge) and, hence, the 
acceleration efficiency depends on the A/Z ratio: ions 
with higher A/Z (a large free path) come to the 
preshock area (acceleration region) from farther 
distances, and, therefore, are accelerated more 
frequently [11, 12]. The fractionation observed in 
solar corpuscular radiation clearly shows that the 
degree of fractionation via this mechanism depends 
on the number of acceleration acts rather than only on 
the acceleration of ions [13]. Thus, the fractionation 
of isotopes after the first act of acceleration is 
proportional to A/Z; it is proportional to (A/Z)2 after 
the second act, and so on, being proportional to (A/Z)n 
after the n-th act. If we consider isotopes i and j of 
the same element, their fractionation after the n-th act 
of acceleration is proportional to (Ai/Aj)n. The 
inferences of the contemporary nonlinear kinetic 
theory of shock wave acceleration of particles in 
supernova remnants [10, 12] testify that the 
enrichment of the spectra of particles with heavy 
nuclei depends on the parameters of supernovae (on 
the quantity of the nucleosynthesis products with 
certain values of A and Z), as well as on the 
parameters (on the power) of the explosive 
(collisionless) shock waves, e.g. on the injection rate 
into the acceleration regime, which also is a function 
of the rigidity of particles, and, therefore, a function 
of A/Z too.   
      Xe-HL: The above mentioned peculiarities of 
impact of explosive shock waves from the supernova 
explosion on the change of the isotopic ratios and 
fractionation of matter at the fronts of shock waves 
had manifest themselves strongly in the isotopic 
compositions of noble gases [8]. There is a 
comparison in the table below: by how many times 
the isotopic ratios in Xe-HL are higher than in Xe-P3 
(according to the data of [14]) and by how 
many times the isotopic ratios of cosmogenic 
xenon generated at the front of shock waves (at 
γ~1) are higher than those in the case of the 
calm medium (γ=3). The best agreement is for 
light neutron-deficient isotopes, which are 
mostly produced in spallation and other 

reactions with protons (p-process). It serves as a 
natural evidence of genesis of the light Xe-L 
component just in the rigid radiation conditions of the 
pre-fronts of the explosive shock waves.  
       It is natural that the local regions of supernova 
remnants before their complete mixing with the 
matter of protostar nebula or interstellar medium are 
enriched with the products of nucleosynthesis, in 
particular, with heavy neutron-rich isotopes of xenon 
generated in r-process. In its turn, transient local 
regions of pre-fronts of the explosive shock waves 
are the most enriched reservoirs of these isotopes, in 
particular, of Xe-H. The compression ratio of matter 
in the pre-front range is the unlimited function of the 
Mach number and it can reach the values exceeding 
the average compression ratio  σ ~4 in the strong 
shock waves by several orders of magnitude (at M = 
330, σ ≈ 77) [10]. Withal, the temperature behind the 
front of such a shock wave decreases by 2.5 times. 
Similar conditions could be considered as ideal for 
rapid synthesis and condensation of the diamond 
crystals and their simultaneous enrichment in the pre-
front range with heavy Xe-H, as well as with light 
Xe-L, i.e. at simultaneous formation of the exotic Xe-
HL component. The Xe-P3  could be trapped too, but,, 
most likely, that component was implanted later 
under the homogeneous mixing of the matter by 
supersonic turbulence, and this implantation 
continued up to the accretion of the meteorite parent 
bodies.  
I am grateful to A. V. Fisenko for discussion. 
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Ratios 124Xe 
132Xe 

126Xe 
132Xe 

128Xe 
132Xe 

129Xe 
132Xe 

130Xe 
132Xe 

131Xe 
132Xe 

134Xe 
132Xe 

136Xe 
132Xe 

Xe-HL   
Xe-P3 1.86 1.43 1.12 1.02 0.97 1.03 1.85 2.26 

Xe(γ~1)  
Xe(γ=3) 1.87 1.53 1.17 0.94 1.09 0.92 1.38 1.44 
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Introduction: To obtain the absolute value of 

lunar albedo is very important for studying the 
composition and structure of the lunar regolith. The 
albedo value gives the information about absorption 
in the lunar soil, phase dependence of albedo allows 
study of the opposition and shadow-hiding effects 
which are controlled by the structure of regolith. 
Moreover, knowledge of albedos of lunar areas 
allows one to use the Moon as a photometric 
standard for observations of planets and the Earth’s 
surface. 

Absolute measurement of the Moon is a difficult 
task, because magnitudes of possible photometric 
standards (the Sun or stars) greatly differ from the 
lunar one. Using the Sun is more preferable, be-
cause the Sun is a light source for the Moon and 
such a measurement is direct. However in this case 
there is a problem of non-simultaneous observation 
of the Moon and the Sun. In all cases, there is a 
problem of taking into account a possible change of 
atmospheric transparence during observation. As a 
result of these difficulties, the accuracy of existing 
measurements is not high enough.  

There are very few datasets of lunar absolute 
photometry, and they not always have agreement 
between themselves.  

These are Sytinskaya-Sharonov’s data [1] (vis-
ual photometry, calibration using the screen illumi-
nated by the Sun) and Akimiov’s catalog [2] (red 
light, λ=0.65μm) based on system [1].  

These are Wildey-Pohn’s data [3] (photoelectric 
photometry, calibration by stars), which have an 
agreement with [1] in mean albedo, but have a dif-
ferent mare–highland contrast [4]. 

These are two datasets of Gehrels et. al. [5], one 
of which has an agreement with [1], but albedo in 
another dataset differs on 20%. 

At last, these are Clementine spacecraft lunar 
data, which have been calibrated using laboratory 
measurements of lunar samples, and have albedos in 
about 2.5 times greater [6], than in system [1]. 

Therefore we started our observational program 
to build a new absolute photometric system and 
calibrate existing data of lunar photometry. 

Observational data: In 2006 we carried out a 
two-months series of quasi-simultaneous imaging 
photometric observations of the Moon and the Sun at 
a 15-cm refractor – the guide of the Kharkov 50-cm 
telescope at Maidanak Observatory (Uzbekistan). 
We used CMOS-camera Canon EOS 300D, which 
allows us to obtain images of whole lunar disk in 
one frame (except for full-moon phase) simultane-
ously in 3 spectral bands ("R": 0.61 μm, "G": 0.53 
μm, "B": 0.47 μm). We have carried out some spe-

cial studying of the camera and the telescope (study-
ing of nonlinearity, exposures hardwired in the cam-
era, accuracy of the photometry, flat field of our 
system) which was described in [7]. 

During 42 observational dates we have obtained 
about 20,000 images of the Sun and the Moon in a 
wide range of phase angles (1.5–165°) and zenith 
distances. Resolution of the images is 1.91"/pix. 
Since solar brightness is about 106 times greater than 
lunar one, for solar observations we used a 5-mm 
aperture diaphragm, neutral filter with ~50 times 
weakening, and shorter exposure times. Observa-
tions of the Moon were performed by night as well 
as by day in parallel with solar observations when 
the Moon’s and the Sun’s zenith distances were 
equals. 

Absolute calibration: For absolute calibration 
the lunar brightness should be compared with the 
solar brightness. For this we need to convert counts 
of lunar and solar images to the same photometric 
system dividing them by individual exposure times 
and multiplying the solar brightness by coefficients 
of the weakening because of the aperture diaphragm 
and of the neutral filter. Exposures have been ob-
tained in [7] (the Sun was observed mainly at expo-
sure 0.002–0.004 s, and the Moon was measured at 
0.01–0.02 s). For the coefficients of wakening we 
have performed a special series of observations of 
the Moon near zenith with and without the dia-
phragm, with and without the filter. We have found 
that the diaphragm weakening is 740.3 times and 
that for the filter is 62.95 times (for the camera band 
“R”). 

After this conversion we have brightness of so-
lar and lunar surfaces in the same photometric sys-
tem and can calculate the lunar albedo. But at first 
we need to take into account extinction in the at-
mosphere that weakens the brightness. 

Atmospheric extinction. In this work we use only 
data obtained at a quasi-simultaneous day observa-
tion of the Moon and the Sun at the equal zenith 
distances. For these data no correction for atmos-
pheric extinction is needed. However because of 
some inequality of zenith distances we have found a 
small correction using an observation at neighbour 
zenith distances and roughly calculating atmos-
pheric transparency. 

Albedo calculation. We use the albedo A(α,i,ε) 
which is defined as a function of the phase angle α, 
incidence angle i, and emergence angle ε. It is equal 
to the well-known bidirectional reflectance r(α,i,ε) 
multiplied by π. Albedo known as the normal al-
bedo is A(0,0,0). For describing the phase depend-
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ence, it is convenient to use the equigonal albedo 
A(α)=A(α,α/2,α/2) [8]. 

The lunar albedo by definition can be calculated 
by formula: 
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BiA ⋅=εα ,                 (3) 

where BM is the brightness of a lunar area, BS is the 
brightness of center of the solar disk, DMS is the 
Moon-to-Sun distance, RS is the radius of the Sun, k 
is the ratio of average brightness of solar disk to 
brightness in the center. The coefficient k for the 
wavelength of filter "R" equals 0.82.  

Results: Using this algorithm we have obtained 
maps of albedo A(α,i,ε) for the visible and illumi-
nated portion of the lunar surface at several phase 
angles. The albedo A(α,i,ε) can be converted to the 
equigonal or normal albedo using lunar photometric 
function [8,9]. On the other hand, analysis of our 
maps of albedo allows study of this photometric 
function with higher accuracy. 

Examples of phase dependences of equigonal 
albedo of lunar areas are showed at Fig.1. 

Albedo maps for different phase angles allows 
us to build a new photometric system and calibrate 
existing data of lunar photometry. We have com-
pared our maps for filter "R" with the catalog [2] 
based on Sytinskaya-Sharonov’s system. Ratios 
between the photometric systems are presented at 
Fig.2. New albedo is about 20-30% higher than the 
albedo of catalog [2], but about 2 times lower than 
the Clementine albedo. This is preliminary result. 
We will process the rest of data. In particular, data 
in other filters allows us to take into account the 
wavelength difference between the catalog [1] and 
our filter "R". 

Also we have calculated integral brightness of 
the Moon using our maps and have compared phase 
dependence of integral brightness with Irvine-
Lane’s integral phase dependence [10] (Fig.2). Ir-
vine-Lane’s data are not absolutely calibrated but 
have the reliable phase dependence. Our data have 
agreement with Irvine-Lane’s integral photometry 
data in the range of phase angles 27 - 73° within 
3%. 

Comparison with Irvine-Lane’s data also shows 
that our different dates reveal good agreement be-
tween themselves. This implies that the atmosphere 
did not introduce great error into our data.  

Comparison with Akimov’s data shows some 
difference in phase curve’s shape. Possibly Aki-
mov’s phase dependence systematically differs from 
our and Irvine-Lane’s ones. 

Hopefully processing of all observational data 
will allow study of the lunar photometric function 
and, particularly, the phase dependence in a wide 
phase angle range. New photometric system will 
give us an opportunity  to calibrate existing data in 
order to study composition of the lunar soil, and to 

use the Moon as photometrical standard for obser-
vations of planets and the Earth’s surface.  

This study was supported by CRDF grant 
UKP2-2897-KK-07.  
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Fig.1. Phase dependence of albedo of two lunar 
areas 
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Fig.2. Comparison of photometric systems. Ratio of 
new albedo: (1) to Akimov’s catalog albedo (λ=0.65 
μm) – blue circles; (2) to average albedo by Irvine-
Lane’s integral photometry data – red circles 
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Introduction 
The second-largest satellite of Jupiter, Callisto, is 
characterized by a unique surface geology dominated 
by impact and erosional processes [1][2]. It is an 
unsolved question if cryovolcanism ever occured in 
Callisto’s early history [2][3][4][5]. One common 
feature of the two largest Galilean satellites Callisto 
and Ganymede is a strong similarity in impact crater 
forms which implies a similar sub-surface structure 
[1][6][7]. Since Callisto’s surface was the least 
imaged one by the Galileo SSI camera, the record of 
geologic units and landforms of this enigmatic 
satellite remains incomplete. In this work, we (1) 
review characteristics of landforms and geologic units, 
(2) relative and absolute ages of these units, (3) 
discuss open issues, and (4) suggest requirements for 
camera data in a future mission to Jupiter and its large 
satellites. 
 
Galileo SSI image data base 
Between 1996 and 2003, Callisto was imaged by the 
Galileo SSI camera at various resolutions [8][9]. 
Global coverage for Callisto at resolutions of 1-2 
km/pxl is more or less complete, combining imagery 
from both the Voyager and Galileo SSI cameras [1][8]. 
However, due to the technical problems of Galileo [8], 
only a small number of areas on Callisto’s surface 
could be imaged at regional (100 – 500 m/pxl) and 
especially at high resolution (10 – 50 m/pxl) [1].  
 
Procedure 
Regional- and high-resolution images of the Galileo 
SSI camera were used to identify and map landforms 
on Callisto. Relative ages of geologic units were 
derived (a) from mutual superposition and 
crosscutting and (b) from crater frequencies measured 
on these units [10]. Impact cratering chronology 
models were applied in order to obtain absolute ages 
of geologic units and to constrain the geologic history 
of Callisto [11][12]. 
 
Results 
It has been assumed that Callisto’s densely cratered 
surface is saturated with craters [e.g. 12]. Instead, our 
measurements show that even the most densely 
cratered plains on Callisto are mostly production 
distributions, with exception of some areas [2][13][14].   
 

 
Therefore, relative ages can be extracted by using 
crater counts as a stratigraphic tool.  
Craters smaller than about 10-20 km are 
morphologically similar to lunar craters, but the 
simple-to-complex transition, characterized by central 
peaks or pits and terraces, is at a smaller diameter than 
on the Moon, at about 3 km [6]. With increasing 
diameter, crater forms deviate from those known from 
silicate bodies, forming e.g. central pits, and become 
more and more flatter [6][7]. Palimpsests are crater 
forms first observed on Ganymede and are devoid of 
the characteristic topography of typical craters. These 
forms are bright, pancake-shaped circular areas mostly 
within dark material, showing vestiges of rims or rings, 
but without pronounced crater topography [6][7]. 
Penepalimpsests are crater forms with domes within 
an anomalously large central pit [6][7] and somehow 
transitional between central pit craters and palimpsests. 
Crater forms appear to change through time inferring a 
change in the subsurface structure, with palimpsests 
and penepalimpsests being generally older than central 
pit or lunar-like craters [1][2][6]. While the occurence 
of a large number of palimpsests on Callisto was put 
into doubt [e.g. 6], a frequency of palimpsests 
comparable to that on Ganymede, though mostly 
heavily degraded, was confirmed [2]. The largest 
impact structures on Callisto are represented by basins 
with numerous rings (scarps, ridges, and troughs) not 
known from e.g. the surface of the Moon [1][6]. 
Erosion and degradation affected all high-standing 
landforms [1][2][15]. Although tectonism was never 
as pervasive on Callisto as on Ganymede, Callisto has 
experienced early tectonic stress outside large impact 
structures [2][3]. These stresses created zones of 
weaknesses along which the bright high-standing 
material degraded continually. The source material is 
thought to consist of a mixture of ice/non-ice 
constituents [1]. The material evolved into massifs, 
hummocks, and knobs, or groups of massifs, most 
likely by processes of sublimation degradation and 
separation of highly volatile substances from less 
volatile material [1, and ref’s therein]. These processes 
eventually formed a globally abundant layer of dark 
material [1]. Hummocks and massifs are surrounded 
by debris aprons. While the massifs degraded with 
time, dark material was accumulated in the aprons. 
Eventually, the massifs disappeared, and aprons of  
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former massifs merged to create a uniform blanket of 
dark material that embayed the most resistent 
hummocks and massifs. Therefore, it is apparent that 
dark material formed in situ. At present time, the 
dominant geologic processes active on Callisto are (1) 
occasional impacts, (2) ongoing erosion and 
degradation, possibly at very slow rates, and (3) 
continuous outgassing of CO2, creating a tenuous 
atmosphere around Callisto [16]. In addition, the 
Jovian magnetosphere is constantly bombarding the 
trailing hemisphere of Callisto, creating a very thin 
deposit of CO2 on the surface [17]. 
 
Comparative planetology 
It is not clear whether any of the icy satellites in the 
outer solar system shows a surface like Callisto, 
characterized by strong erosional and degradational 
processes which created a uniform, global dark 
blanket over time. None of the Saturnian satellites 
appears to feature such processes and landforms. The 
dark material on Iapetus is abundant on the leading 
hemisphere only and could have been created by 
processes other than erosion and degradation [e.g. 18]. 
The surface of the Uranian satellite Umbriel (1170 km 
in diameter) imaged by Voyager-2 in 1986 is covered 
by a smooth dark blanket reminiscent of the dark 
globally abundant layer on Callisto [19]. Several 
explanations (e.g. impact ejecta, deposition of ring 
material, cryovolcanism) have been offered. Voyager 
resolution is not sufficient to reveal the true nature of 
this material and/or to clarify whether Umbriel’s 
surface has undergone a similar modification than 
Callisto’s. 
 
Open questions 
Several issues of Callisto’s geologic properties and 
processes remain unsolved and should be addressed in 
future missions. (1) The thickness of the dark blanket 
and its spatial variability is not known. (2) The 
relative proportions of volatile abundances in the 
bright host materials and in the dark blanket are not 
known. (3) The time-scales of erosion and deposition 
of the dark blanket are not known also. Application of 
the two cratering chronology models yields large 
differences in model ages. In the lunar-like asteroidal 
chronology model [11], the dark blanket has an 
average model age of 3.5 Gyr while in the cometary 
constant-cratering rate model [12] ages of this unit are 
on the order of only 500 Myr. (4) The thermal inertia 
of the surface materials on Callisto is not known. 
Measuring the thermal inertia could help to constrain 
erosional rates and time-scales for processes of 
erosion and degradation. (5) The role of 
cryovolcanism in Callisto’s history is also an open 
issue. 
 
 
 

Imaging requirements for future missions to 
Jupiter 
Global image coverage of Callisto should be 
completed, especially at resolutions 100–300 m/pxl. 
High-resolution coverage at resolutions of about 50 
m/pxl should be carried out over a much larger surface 
area than Galileo SSI could do, including observations 
at resolutions < 10 m/pxl in closest encounters. To 
provide enough image context, it is mandatory to 
implement a narrow angle as well as a wide angle 
camera. Also, colour filters should range from the 
ultraviolet to the near-infrared to account for colour 
and compositional differences. Imaging the same areas 
under different illumination and viewing angles in 
order (a) to avoid photometric surface properties to 
affect the interpretation of landforms and (b) to derive 
digital elevation models using stereo imagery should 
be planned as an important implementation for a 
future mission. 
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Models of surface roughness of Phobos in the areas of 
landing sites and along the spacecraft descent-and-approach 
paths have been worked out as a part of scientific support 
of the Russian sample return Fobos-Grunt mission [1]. As a 
basis for this work we used global numerical shape model 
of Phobos provided to us as DAT file by Professor Peter 
Thomas, Cornell University, Itaca, USA. P. Thomas with 
coauthors have worked out the NSM in early 90’s based on 
the Viking mission data [2]. This model designated as 
model G considered only those Phobos landforms (in 
particular, craters) whose diameters were larger than 2о×2о, 
that depending on latitude and longitude of the place 
correspond to 320 to 450 m. Planning and modeling of the 
spacecraft landing demands, however, more detailed data 
on characteristics of the surface roughness in the landing 
area. This is why based on direct and indirect data on the 
Phobos surface as well as on planetary analogies we have 
worked out models of surface roughness of Phobos of three 
detail levels.  

The first detail level of the surface roughness model 
(level D1) represents introducing into the interpolated 
model G a real relief of craters with diameters 30–90 to 
400 m and more observed on the Viking Orbiter images 
and maps from the Atlas of Philip Stooke [3]. In the first 
area of landing and along the descent-and-approach paths 
in between 10oN to 40oS and 10o to 260oW we have 
identified 943 craters. Diameter of the smallest identified 
crater is dmin= 0.4o, that is ~90 m, while diameter of the 
largest crater dmax= 14.6o, that is ~3200 m. In the second 
area of landing in between 20oN to 20oS and 160o to 
255oW we have identified 1634 craters. Diameter of the 
smallest identified crater is dmin= 0.14o, that is ~30 m, while 
diameter of the largest crater dmax= 7.7o, that is ~1540 m. 

Depending on their preservation degree craters have 
been separated into three morphological classes: A, B, and 
C. Key morphometric parameter of these classes, that is 
depth/diameter ratio (D/H), varies from 0.2 to 0.08. In 
addition to diameters and morphologic classes, 
phobosographic coordinates ϕ (latitude) and λ (longitude) 
of the crater centers have been determined. From the 
diameter values and depending on the distances from the 
crater centers the depths in various parts of the crater’ 
interiors have been calculated. In these calculations we 
assumed that craters have no elevated rims and that the 
crater interior form is a spherical segment. Cross section of 
the spherical segment was given: 

y(x)=r {1/4k – k - √(k+1/4k)2 – (x/r) 2}, 
where y(x) is the depth at the distance x from the crater 
center, and  H/D=k.  

Working on D1 detail model at first we have made 
linear interpolation of model G radius-vector values from 
knots of the grid 2°×2° into knots of more detail 0.1°×0.1° 
grid. Then mentioned above calculated values from crater 
profiles were put into the 0.1о×0.1о knot points.  So the 
radius-vector in each knot of the 0.1о×0.1о grid is the sum 
of interpolated G model radius-vector and the increment 
Δρ1 from D1 model. 

The second detail level of the surface roughness 
model (level D2) was built by adding the 2о×2о tiles of the 
type relief-analog formed by the craters with diameters 20 
to 50 m to the model G (together with previously added D1 
level). For the preparation of the type-relief tiles there was 
analyzed the high-resolution (1.5 m/px) Mars Global 
Surveyor image 55103. The craters with diameters 5–20 m 
could also be identified on this image, but they, as a rule, 

fall through the cells of the 0.1о×0.1о mesh except the cases 
when they are located on the cell boundaries. The area of 
Phobos shown in this image is to the northeast of crater 
Stickney and is not a place of any considered Fobos-Grunt 
landing areas. But general morphology of this well imaged 
area is visually rather similar to that in the landing areas. So 
we used the data, which we acquired in the study of this 
area, as analogous characteristics for the surface roughness 
in the landing sites. 

We have selected the 5°×5° subarea, which included 
characteristic landforms of the more detail relief: small 
craters, rock fragments, knobs (Figure 1). The subarea is 
located in between 15° to 20°N and 10° to 15°W. Here 
there were identified 279 craters, rock fragments and 
knobs. Diameter of the smallest identified crater is dmin= 
0.018o, that is ~4 m, while diameter of the largest crater 
dmax= 1.538o, that is ~340 m. Diameter of the smallest 
identified rock fragment is also dmin= 0.018o, that is ~4 m, 
while diameter of the largest rock fragment dmax= 0.098o, 
that is ~20 m. Within this subarea we have selected the 
2°×2° spot (15–17° N 13–15° W) with most typical relief 
which was in turn selected as the tile for the model D2. 

 

 
Fig. 1. The map of distribution of craters, blocks and knobs 
within 5о×5о area on Mars Global Surveyor image 55103. 
Red shows crater of class A, blue – class B, and green – 
class C. Filled red – blocks, filled orange – knobs. 
 

Because for the landing planning and modeling are 
needed the surface roughness characteristics with linear 
sizes from 1–2 to 20–30 m (this is the third detail level – 
model D3), while the available data of real measurements 
on Phobos images do not cover this size range we have 
suggested for working out the D3 model a version of the 
analog relief. We used as analogs characteristics of the 
relief of the well-studied lunar surface. We did not use as 
analog characteristics of surface roughness of asteroid Eros, 
although there are available images of this asteroid with 
centimeter-scale resolution. We preferred lunar surface 
because it is almost as old as the Phobos surface [4] while 
surface of Eros is very young and this makes drastic 
differences in a number of surface characteristics. Besides, 
very peculiar characteristics of Eros surface are considered 
to be due to shake by a recent meteorite impact, which 
formed rather large new crater and destroyed part of 
preexisting small craters [5]. 
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On the Moon as on Phobos in the considered size range 
the dominating landforms are craters. Many authors from 
representative studies had determined areal density of 
impact craters on the Moon, that is number of craters 
normalized per unit of surface area. So for building tiles of 
the analog relief for the D3 model of Phobos surface 
roughness we used the cumulative size-frequency N(D) 
function [6, 7]: N=1010.9D-2,where N – is cumulative 
number of craters with the diameter larger than D (in 
meters) normalized to the area 106 km2. For Phobos the 
normalization area was reduced to 1 km2, that changed the 
formula to N=104.9D-2. 

The range of crater diameters used for the model D3 
was 2 to 16 m. Using the above formula we have calculated 
the number of craters in each size interval for the area 2о×2о 
= 0.16 km2. Then we built the model distribution of craters 
on the surface putting centers of craters to the coordinates 
determined with the generator of random numbers with 
uniform distribution on the leg [0, 1]. To determine slopes, 
which are present in this crater distribution, we used data 
on percentages of craters belonging to classes A, B, and C 
characteristic for small craters in lunar maria [8]. We have 
slightly changed the percentages increasing role of the most 
dangerous for landing craters of class A. As a result the 
percentages we used was: А –7.5%, В – 7.5%, and С – 
85%. 

 

 
Fig. 2. The map of model distribution of craters of different 
classes within 2о×2о the area. Red shows crater of class A, 
blue – class B, and green – class C. Black outlined boxes 
show ten small areas with the type relief. 
 

Figure 2 shows distribution of craters of different 
classes and sizes along the model area. Within this area 
were selected ten the 0.1о×0.1о subareas. They are different 
in relation to the danger for landing: ranging from those 
containing relatively large and steep-sloped craters of class 
A to those containing relatively small and gentle sloping 
craters of class C. For each of these subareas have been 
calculated elevations in the mesh points with the 0.005о 
steps along the latitude and longitude depending on 
distances of the mesh points from centers of the nearest 
craters (Figure 3). 

The data for model D1 are given for the corresponding 
2о×2о surface areas in the form of tables of radius-vector 
values in the knot points 0.1о×0.1о of the Phobos surface in 
kilometers, as a function of relative phobosographic 
coordinates (in degrees) along latitude ϕ and longitude λ. 

Radius-vector of the surface point in the model D2 is 
determined by the sum of three terms: interpolated radius-

vector from model G, increment of radius-vector from the 
D1 model Δρ1, interpolated in the knot point in relation to 
reference ellipsoid, and increment of radius-vector from the 
D2 model Δρ2.  

Data for the D3 model are given in the form of radius-
vector increments tables in the knot points of 0.005о×0.005о 

grid of Phobos surface in kilometers as a function of 
relative coordinates (in degrees) along the latitude and 
longitude for each 0.1о×0.1о element of the D2 model. So 
the received matrix of values of radius-vectors was 
member-by-member summed with the matrix of the model 
relief, determined with the 0.005° steps that is with the 
same resolution as the matrix of interpolated relief within 
the 0.1°×0.1° tile. 

The resulted digital model of Phobos surface with 
variants of the type analog relief was synthesized by 
superposition of models D2 and D3 on the global model G 
refined at the expense of model D1. 
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Fig. 3. Examples of the topography of model relief on two 
of ten subareas of the type analog relief. 
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On determination of the moment of inertia of a liquid Martian core 
 
V. N. Zharkov and T. V. Gudkova 
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For the first time the period of the Chandler 
Wobble (Fig.1) was obtained in [1]. In many 
publications, in which the models of interior 
structure of Mars were constructed, there have 
been calculated the model values of Chandler 
period of about 200 days. The signature at the 
Chandler frequency is mixed with the nearly 
1/3 Mars year mass redistribution term (229 
days), and may cause the polar motion signal 
to shift to longer periods. Accounting this fact 
Konopliv et al. [1] looked for a Chandler 
wobble of Mars with a period of 200 to 210 
days and pointed out, that it might be possible 
to resolve the free wobble period from the 
spectra with about 6 years of Odyssey 
Doppler data. 
 

 
Fig.1. The scheme of Chandler Wobble.  
 
We have constructed the suites of interior 
structure models with 50- and 100-km thick 
crust and averaged crustal density varying in 
the range of 2.7-3.2 g/cm3, which content new 
values for the moment of inertia and the 
elastic tidal Love number sk2  defined in [1]. 
The models differ in density contrast at the 
crust-mantle boundary and the core radius. 
The observational data constrain the radius of 
a liquid core to be within 1700-1800 km. For 
50-km thick crust its density is within 3.0-3.2 
g/cm3 (an iron atomic number of mantle 
silicates Fe2+/((Fe2++Mg) multiplied by 100: 
Fe#20), 2.8-3.1 g/cm3 (Fe#22), 2.7-2.8 g/cm3 
(Fe#25); for 100-km thick crust we have 3.2 
g/cm3 (Fe#20), 3.1-3.2 g/cm3 (Fe#22), 3.0-3.1 

g/cm3 (Fe#25).  The parameters of the models 
are given in [3]. For all models the weight 
ratio Fe/Si is about 1.7. The technique of the 
modelling is described in detail in [2].   
The Chandler period is expressed by the 
formular 
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where ТЕ is the Eulerian period., Mτ is the 
period of the rotation of Mars; A, B, and C 
are the principal moments of inertia of the 
planet (see [1]). 
The values of the Chandler periods (without 
correction for inelasticity) for a set of models, 
which satisfy both the moment of inertia and 
the Love number sk2  are within 201.5-202 
days.  
Follow the papers [4, 5, 6] there has been 
made an assumption that in the range of 
periods of tidal waves and Chandler Wobble 
inelasticity both the Earth and Mars can be 
described with the help by the power creep 
function.  
The easiest way to obtain Qμ  that weakly 
depend on frequency and the value of 
relaxation of shear modulus is to 
phenomenologically describe a set of inelastic 
processes in the high-temperature mantle of 
Mars or the Earth by the power creep 
function, which corresponds to the stage of 
unsteady creeping [5,7] 
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where t is the time, μ is the shear modulus, β0 
is the dimensionless constant of the material, 
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Е is the activation energy of microcreeping, τ0 
is a constant with a dimension of time, k is the 
Boltzmann constant and  Т is the absolute 
temperature. The exponent n в (2) is within 
∼0.1-0.2. 
As was shown in detail [2] the data 
concerning the tidal deceleration of Phobos 
( 551/ 22

=kQt , t2=5.55 h, 2tQ  is the mean 
dissipative factor of Mars [8]) allowed us to 
calculate the growth of the Chandler period of 
Mars due to the inelasticity of its interior 
without any additional hypothesizing 
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The only open question is the choice of the 
exponent n in the power creep function (2). 
The dissipative factor of the Chandler wobble 
Qμ was determined by the standard formula 
[2] 
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In (3) and (4) 2tσ  and Wσ  are tidal Phobos 
and Chandler frequencies, respectively. The 
values of  wTδ  and wQ  were estimated by 
Zharkov and Gudkova [2] using the formulas 
(3) and (4). The increase of n from 0.1 to 0.2 
results in the growth of Chandler period of the 
planet wTδ by 0.93 - 1.35 days and wQ is 
decreased from 330 do 170, respectively. 
As a common conclusion of this section we 
can report that a forecasting model value of 
Chandler period is within (202.5-203) days 
with the uncertainty of about a day. 
As the half-width of resonant line Δf (f is the 
frequency) is related with the dissipative 
factor 1−Q  by 

 
f
fQ Δ

=−1 ,          (5) 

then the separation of Chandler line from 
noises and mixing  with the 1/3 year forced 
motion at 229 days let us hope to obtaine the 
estimate of WQ  with the help of (4) and the 
exponent n in the creep function (2) and then 

using (3) to specify the change of Chandler 
period wTδ  due to the anelastic softening. 
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Introduction:  The origin of volatiles on Titan 

can be understood based on isotopic abundances of 
nitrogen, carbon, and hydrogen in Titan’s atmos-
phere. The initial mass of volatiles on early Titan is 
very important parameter for construction of early 
history of the system of Saturnian satellites. In this 
work we try to understand the early history of Ti-
tan’s main nitrogen-containing compounds, molecu-
lar nitrogen and ammonia.  

Model of calculation of isotopic composition of 
nitrogen on Titan: The initial mass of Titan’s at-
mosphere M0 required for explanation of current 
14N/15N ratio depends on current atmospheric mass 
Mpr, enrichment factor F of 15N isotope on current 
Titan in comparison with the initial value, dissocia-
tive fractionation yd depending on velocity of pho-
tolysis products and the escape velocity, diffusive 
fractionation yf depending on homopause and 
exobase levels, and temperature of the upper atmos-
phere.  

Based on available 14N/15N ratio on Titan the ini-
tial mass of Titan’s atmosphere is estimated in wide 
range between 10-1000 Mpr [1]. In this work 
exobase radius Rex as measured from the center of 
Titan is accepted as 4175 km [2]. Homopause level 
Rhp has been constrained from Voyager UV methane 
spectra to lie at 3560 to 3700 km [2]. It was assumed 
that homopause and exobase levels on early Titan 
were the same as in the present-day.   

Measurements of Huygens probe show that 
14N/15N value in N2 on Titan is 183 ± 5 [3]. This 
value is in 1.5 times lower than terrestrial value ac-
cepted to be the same as the putative primordial 
value for early Titan. Using enrichment factor F =  
1.5 instead of 4 [1] the initial atmospheric mass is 
estimated as 2 - 10 Mpr [3]. In this work we try to 
narrow these range by study of N2 and NH3 photoly-
sis on early Titan. 

Isotopic fractionation during photolysis of N-
containing molecules: In paper [1] it was accepted 
that N2 was the main N-containing compound in the 
early Titan’s atmosphere as in the present-day. 
However, values of nitrogen loss rate from Titan [4] 
are very low and Titan’s N2 is stable over billions 
years.  

Mole fractions of CN and HCN in the upper at-
mosphere of Titan are about 10-3 [5]. Comparing 
mole fractions and photolysis rates of CN, HCN, and 
N2 we found that nitrogen loss from current Titan is 
determined by main N-containing compound, N2. 
However, NH3 is considered as the main N-
containing compound on early Titan [6].  

Dissociative fractionation of N-containing spe-
cies is changed at 0 to 0.6 in paper [1]. Let us esti-
mate this value more precisely. The velocity distri-
bution of nitrogen atoms produced via N2 and NH3 

photolysis is estimated from the present-day solar 
flux [7] and photolysis rates of N-containing species 
versus wavelength [8]. We assume that kinetic en-
ergy of molecules before photolysis is negligible in 
comparison to the kinetic energy of the products of 
this reaction.  Part of excess energy of photolysis 
products converted to the kinetic energy of N-
containing species after photolysis is estimated with 
usage of laws of conservation of energy and angular 
momentum and if all excess energy is converted to 
the kinetic energy of photolysis products. The veloc-
ity distribution of photolysis products is non-
Maxwellian; typical velocities of NH2 produced via 
NH3 photolysis are 1300 – 1700 m/s (see Fig. 1). 
Dissociative fractionation is estimated as 0 and 0.05 
for N2 and NH3, respectively. These values are lower 
than values of the present-day diffusion fractionation 
yf, about 0.25 – 0.4 [1]. Let us note that dissociation 
fraction is close to zero for N2 photolysis because 
typical velocity of nitrogen atoms formed by N2 pho-
tolysis is about 4 km/s, this value is significantly 
higher than the escape velocity from the current 
exobase level, 2.07 km/s. Thus, the fractionation of 
nitrogen isotopes is controlled by diffusive separa-
tion of isotopes between homopause and exobase on 
the present-day Titan. 
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Fig.1. Probability density function of velocities of 
14NH2 produced during reaction NH3 + hν = NH2 + 
H.  

In paper [1] it was accepted that the temperature, 
homopause and exobase levels of Titan’s atmosphere 
are constant versus time. Changing of these parame-
ters gives additional uncertainty to estimation of 
initial atmospheric mass. For example, at Rex = 4175 
km, Rhp = 3700 km, yd = 0, and F = 1.5 the initial 
mass M0 is equal to 7, 14, 26 Mpr at temperatures of 
upper atmosphere equal to 150, 200, and 250 K, re-
spectively. However, if we assume that exobase and 
homopause altitudes increase with increasing tem-
perature linearly, than M0 is almost independent on 
temperature of the upper atmosphere. 

If NH3 was the main N-containing compound on 
early Titan, it may lead to significant increase of Rex 
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and Rhp due to increase of height scale of the atmos-
phere because NH3 is lighter than N2 in 1.7 times. 
Increase of exobase altitude in 1.5 – 2 times leads to 
decrease of escape velocity from Titan to 1750 – 
1900 m/s. Rate of nitrogen loss from Titan increases 
with decreasing escape velocity also (see Fig. 2). 
NH3 atmosphere can be quickly lost if the escape 
velocity was less than 1700 m/s on early Titan. 
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Fig. 2. Probability of nitrogen escape during photo-
chemical reactions versus escape velocity of a 
planet. Curves 1, 2, 3, 4 correspond to reactions N2 + 
hν = N + N, NH3 + hν = NH2 + H, NH3 + hν = NH + 
H2, NH3 + hν = NH + H + H, respectively. 

Dissociative fractionation during NH3 photolysis 
is sensitive to the escape velocity Vesc also (see Fig. 
3). Dissociative fractionation is maximal for Vesc = 
1500 – 1800 m/s, corresponding to the exobase level 
Rex = 5500 – 8000 km. Initial mass M0 decreases 
with increasing dissociative fractionation yd. For 
example, at Rex = 4175 km, Rhp = 3700 km, T = 150 
K, and F = 1.5 the initial atmospheric mass M0 is 7.8, 
2.9, and 2.2 Mpr if yd = 0, 0.3, and 0.6, respectively.  
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Fig. 3. Escaping fractions of 14N and 15N and 15N 
dissociative fractionation versus the escape velocity 
for reaction NH3 + hν = NH2 + H. 
      Conclusions: Mechanisms of loosing of early 
Titan’s atmosphere are still unknown. It is shown 
that NH3 early atmosphere can be quickly lost via 
NH3 photolysis if the escape velocity was less than 
1700 m/s or the exobase radius higher than 6000 km 
on early Titan. Dissociative fractionation is negligi-
ble at current escape velocity but it is comparable to 
diffusive fractionation for NH3-rich atmosphere at 
escape velocities of 1750-1850 m/s typical for early 
extended atmosphere. Thus, the effective dissocia-
tive fractionation of nitrogen isotopes via NH3 pho-
tolysis on early Titan leads to estimation of the ini-
tial atmospheric mass as 2-3 current atmospheric 

masses. Additional studies of the chemical composi-
tion and dynamics of early Titan’s atmosphere are 
required. 
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Introduction: In this work we discuss effects al-

lowing local habitability of some extraterrestrial 
planets despite of low average surface temperature. 
We analyze the problem of diurnal and seasonal 
changes of temperature and biological productivity 
at different locations on a hypothetical Earth-like 
planet. Under some circumstances the temperature 
may locally rise well above the average value, allow-
ing periods of enhanced biological activity. In this 
way, bioproductivity can become periodically possi-
ble on a planet that has average temperature clearly 
below 0o C. Such thermal conditions are encountered 
on Mars, generally considered as inhabitable. In re-
ality, an appropriate temperature is not sufficient for 
habitability. The presence of liquid water at the con-
sidered location is also necessary. We discuss how 
temperature oscillations affect habitability in the 
framework of a conceptual model. We find, that the 
considered effect of diurnal and seasonal tempera-
ture oscillations can significantly extend the outer 
boundary of the habitable zone. 
     Methodology: Usually, habitability does not just  
depend on the parameters of the central star, but also 
on the properties of  the planet itself, especially on 
its geodynamic evolution state. In particular, habita-
bility is linked to the photosynthetic bioproductivity, 
which in turn depends on the planetary surface tem-
perature and the atmospheric CO2 concentration. 
Unfortunately, accurate simulation of water circula-
tion in different scales, from global scale down to 
microscale is currently impossible. Thus, we do not 
intend to develop a complete, self consistent model 
of a planet. Our scope is to emphasize the impor-
tance of one effect, namely short- and long-time 
temperature oscillations. For this purpose we devel-
oped a model, relatively simple but including smooth 
changes of soil temperature versus time and depth. 
Using this model we examine an Earth-like planet at 
a snapshot of its evolution state with 2/3 of its sur-
face covered by ocean and 1/3 covered by continents 
located at different latitudes. Such an Earth-like 
planet possesses a large ocean-covered surface area 
and therefore, may be a good representative for a 
water world. In our model the outer boundary of the 
HZ is defined as the edge of the spatial domain 
where planetary surface temperature of at least a part 
of the continents stays at least some days of the year 
at least some time per day above 0o C. Our approach 
is important for Earth-like planets with mean global 
surface temperatures always below 0o C, but local 
continental surface temperatures that are at least 
partly above 0o C. The permafrost region on Earth 

could be an analog on a local scale In this region 
there are sediments with seasonally thawed active 
layers which harbor a variety of cryophilic life 
forms. In this work we calculate changes of the sur-
face temperature and the productivity of the conti-
nental biosphere on diurnal and seasonal time scales, 
including the evolution of the subsurface tempera-
ture versus depth. Most of the surface of our hypo-
thetical planet is covered by ocean. We assume that 
the whole ocean has a uniform temperature inde-
pendent of time. For the continents we consider the 
influence of both time and latitude on temperature 
and hence bioproductivity. They are assumed to be 
constant across latitudinal belts. We consider four 
belts of equal surfaces, two in each hemisphere (see 
Fig. 1). 
                                         
                                            

Model illustration

 
 
Figure 1: Latitudinal distribution of the continental 
area for the hypothetical planet. 
 
The temperature of the continents is calculated with 
the help of a modified Lindau-Warsaw-Mars-
Regolith-Model (LWMRM) from Kossacki et 
al.[1].The LWMRM calculates the diurnal and sea-
sonal cycle of heat and vapor transport within the 
porous regolith, including sublimation and conden-
sation of both water and carbon dioxide. The equa-
tions of energy and mass transport can be solved in 
one or two dimensions. In the present work we use a 
simplified 1-D version. This is sufficient since the 
horizontal scale (size of continental area) of the 
model is much larger than the vertical one character-
izing the depth of heat wave penetration in the re-
golith.  
The local surface temperature , ocean temperature, 
globally averaged surface temperature and biological 



 

 

productivity can be calculated from a simple energy 
balance model containing expressions for latitude 
dependent insolation, greenhouse effect, infrared 
emissivity, thermal inertia of regolith and meridional 
heat transport.  
 
Results and Discussion: We performed simulations  
for two values of the CO2 partial pressure (280. 10-6 

bar and 1 bar ). The lower value corresponds to the 
preindustrial state on Earth. The simulations cover 
two orbital revolutions. However, the first one is 
only to elliminate influence of initial conditions. The 
biological productivity and the average temperatures 
are calculated only for the second orbital evolution.  
The simulations were repeated for different helio-
centric distances in the interval between 1 AU and 2 
AU. They were carried out for a dry and humid at-
mosphere. In Fig. 2  we show the results for the bio-
logical productivity and the globally averaged sur-
face temperature as a function of the distance to the 
Sun. 
 

Results

 
 
Figure 2: Biological productivity in dependence of 
the distance to the Sun for Patm= 1 bar and obliquity 
90°. The solid line plots the globally averaged sur-
face temperature. 
 
For obliquities of 0°and 23° we obtained qualita-
tively similar results. For an obliquity of 90°how-
ever, the results are significantly different. The 
planet remains habitable for the globally averaged 
temperature 20 degrees lower than for small obliqui-
ties. Another difference to the results for small 
obliquities is the dominating habitability of the con-
tinents located at high latitudes, when globally aver-
aged surface temperature is lower than about °C. At 
higher globally averaged surface temperatures habi-
tability of the low latitude continental area is higher 
than of the high latitude one. Relatively low produc-
tivity of the continental biosphere at high latitude 
increasing for increasing distance to the Sun can be 
explained by high values of the diurnal temperature 

exceeding the temperature for maximum bioproduc-
tivity. 
The proposed model for calculating the habitability 
of Earth-like planets at diurnal and seasonal time 
scales shows the limits of a habitability definition 
based only on mean global surface temperature val-
ues averaged over one orbital revolution. We have 
shown that despite of the low mean global tempera-
ture about -50°C there may exist certain local conti-
nental regions, where the temperature rises at least 
temporally above 0°C yielding a non-vanishing bio-
logical productivity. The reason for this effect is the 
finite value of the thermal inertia of the continental 
land mass. In contrast to models with an uniform 
planetary temperature, only a restricted fraction of 
energy received from the central star during mid-day 
can be stored beneath the surface. Hence, the local 
surface temperature can follow diurnal changes of 
illumination. The local time shift of temperature 
changes relative to the changes of illumination of the 
surface depends on the particular value of the ther-
mal inertia. This shift is smallest on the surface and 
increases with depth. The discussed effect is real and 
was observed from the Mars Exploration Rovers 
Miniature Thermal Emission Spectrometer [2]. Soil 
temperatures closely follow the solar input with 
maximum temperatures well above 0°C. Therefore, 
from this point of view Mars could be diurnal 
habiable concluding from the surface temperatures 
in some regions. But the present Martian surface is 
inhabitable because of the absence of liquid water 
under the condition of extremely low atmospheric 
pressure. Furthermore, our results of higher mean 
annual temperatures at the poles than at the equator 
for 90° obliquity are a well-known effect that was 
already described by Williams [3] and is valid for all 
obliquities greater than 54°. This phenomenon was 
also discussed as an alternative hypothesis for ex-
plaining low-latitude glaciations within the frame-
work of the snowball Earth hypothesis [4]. Our re-
sults may be important for Earth-like planets situated 
near the outer edge of the HZ. In this case our previ-
ously applied definition of habitability [5] should be 
generalized: An Earth-like planet may be diurnal 
habitable if at least some special regions of the 
planetary surface have non-zero biological produc-
tivity during certain time intervals of the year. This 
effect depends strongly on the obliquity. It should be 
noted, that the effect of diurnal habitability discussed 
in our paper can allow only the preservation of 
primitive organisms as observed in terrestrial polar 
cold deserts. 
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Mag., 112, 219-238. [4] Hoffman P. F. and Schrag 
D. P. (2002) Terra Nova 14, 129-155. [5] Franck S. 
et al. (2003) Int. J. Astrobiol. 2 (1), 35-39. 
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Introduction:  The Diviner Radiometer is one of 

six instruments selected to fly aboard NASA’s Lunar 
Reconnaissance Orbiter (LRO) mission that will be 
launched in March 2008.  Diviner is designed to 
investigate the lunar surface over mid-infrared wave-
lengths and has five major investigation goals: 1) 
Map global day/night surface temperatures, 2) Cha-
racterize thermal environments for habitability, 3) 
Determine rock abundances at landing sites, 4) Iden-
tify polar cold traps and potential polar ice deposits, 
and 5) Map variations in silicate mineralogy.   

This abstract focuses on mapping silicate varia-
tions on the Moon with DIVINER observations and  
the integration of thermal-infrared spectral data with 
visible/near-infrared and gamma-ray compositional 
approaches to classify and interpret lunar surface 
lithologies. Cross correlations between mid-infrared, 
visible/near-infrared, and gamma-ray spectroscopy 
techniques are critical for developing a complete 
understanding of the lateral and vertical composition 
of lunar surface materials. 

Diviner Instrument Background:  Diviner is a 
nine channel infrared filter radiometer with the 
channels distributed between two identical, bore-
sighted telescopes. An articulated elevation/azimuth 
mount allows the telescopes to view calibration tar-
gets, space, and the lunar surface. The instantaneous 
field-of-view response of each channel is defined by 
a linear, 21-element, thermopile detector array at the 
telescope focal plane, and its spectral response is 
defined by a focal plane bandpass filter [1]. 

Diviner includes two broad-band solar reflec-
tance channels, three mineralogy channels, and four 
thermal channels. The three mineralogy channels are 
intended to map the wavelength peak of the Chris-
tiansen thermal emission spectral feature (CF), 
which is diagnostic of silicate mineralogy. The mine-
ralogy channels are A3:centered at 7.80 μm (+/- 
0.25); A4: centered at 8.20 μm (+/- 0.22); A5: cen-
tered at 8.6 μm (+/-0.20).  Diviner's mineralogy 
channels should allow confident determination of the 
wavelength peak of the CF at temperatures above 
300K [1]. 

During the LRO mapping mission, Diviner will 
operate continuously obtaining 189 separate radi-
ometric measurements every 0.128 seconds. Diviner 
will normally map the lunar surface in push broom 
nadir orientation, with periodic space, blackbody and 
solar target calibrations. For an orbital elevation of 
50 km above the lunar surface, the width of Diviner's 
mapping swath will be approximately 3.75 km. Di-
viner's surface fields of view will be reconstructed to 

a one-sigma accuracy of less than 500 meters. The 
LRO orbit is fixed in inertial space, so Diviner will 
achieve full diurnal coverage after half of a year. 
Diviner will achieve nearly complete spatial cover-
age of the lunar surface, and obtain mineralogy mea-
surements for surfaces above 300K for over 70% of 
the moon from the equator to 70 degrees latitude, 
after one year of continuous mapping [1]. 

Significance of Diviner Observations: The sili-
cate minerals, especially plagioclase, pyroxene, and 
olivine are the most abundant minerals of the lunar 
crust and mantle. These silicates, along with others 
minerals and glasses, make up the various mare ba-
saltic lavas and more complex suite of highland 
rocks (melt rocks, breccias, and plutonic rocks). The 
average volume percentages of major mineral-phases 
in regolith collected at the Apollo and Luna sites 
(90-20 micron size fraction, normalized so that the 
rock fragments are subtracted from the total) is pla-
gioclase (12.9 to 69.1 vol. %), pyroxene (8.5 to 61.1 
vol. %), olivine (0.2 to 17.5 vol. %), ilmenite (0.4 to 
12.8 vol. %), mare glass (0.9 to 17.2 vol. %), and 
highlands glass (4.8 to 25.0 vol. %) [2]. 

An important point to take from these numbers is 
not just the predominance of plagioclase, pyroxene, 
and olivine, but also the absence of silica minerals. 
The minerals quartz, cristobalite, and tridymite are 
generally thought to be rare on the Moon.  This is 
one of the major mineralogical differences between 
the Moon and Earth, where silica minerals are very 
abundant and common in granite and sandstone 
rocks. The relative absence of silica in collected 
samples from the Moon suggests the Moon has ap-
parently not evolved chemically beyond the forma-
tion of a low-silica, high-alumina anorthositic crust. 
Also, the moon lacks hydrous and hydo-thermal sys-
tems that can often crystallize silica. It is important 
to note that near-infrared observations of the moon, 
which are the most common spectroscopic mea-
surement and thus where most of our understanding 
of global diversity of mineralogy comes from, lack 
diagnostic absorptions for the identification of silica 
minerals. Diviner, however, will be able to unambi-
guously identify silica minerals on the Moon if they 
are present at the surface as silica minerals have 
some of the most diagnostic spectral absorptions in 
mid-infrared wavelengths. The identification of sili-
ca-rich minerals on the Moon is thus a major goal of 
the Diviner investigation. 

The Christiansen Feature: The Diviner experi-
ment is designed to map variations in silicate mine-
ralogy across the lunar surface by determining the 
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wavelength position of the Christiansen feature 
(CF).  The CF is an emission maximum, or reflec-
tance minimum, first described as an indicator of 
compositions by [3].  The CF results from minimum 
scattering (maximum transmission and penetration) 
in silicate minerals and occurs at a frequency at 
which the refractive index (real part) of the particles 
is equal to that of the surrounding medium (vacuum 
on Moon).  The wavelength position of the CF is 
diagnostic of composition and changes with the 
change in bond strength and molecular geometry 
associated with changing mineralogy.  For example, 
as bulk SiO2 content decreases and cations like Ti 
and Fe substitute for Al, Ca, and Mg the stretching 
vibrations occur at lower frequencies.  Of the known 
primary silicate minerals found on the Moon, pla-
gioclase feldspars (albite and anorthite), which have 
little Fe and higher Al and Ca, have higher CF fre-
quencies than pyroxenes (enstatite and augite) and 
olivines (forsterite and fayalite) which have high Fe 
and/or Mg and no Al (Figure 1).  The depolymeriza-
tion of the silicate structure from framework silicates 
(feldspar and quartz) to isolated tetrahedral (olivine) 
involves the substitution of metal cations for Si, thus 
the correlation with declining SiO2 content. 

Influence of the Lunar Environment: The lu-
nar surface differs significantly from Earth and 
Mars-based infrared remote sensing environments.  
It has been shown for particulate materials that a 
vacuum environment can introduce thermal gra-
dients that will alter the spectral emissivity of a sur-
face [4].  As pressure decreases, the spectral contrast 
increases, and the increased absorption in the Re-
strahlen bands (RB 8-12 μm region) cause the CF to 
shift to shorter wavelengths (higher wavenumbers).  
The shift of the CF is significant for the accurate 
identification and classification of lunar lithologies. 
Fortunately, this shift in the CF location is well cor-
related.  The increase in spectral contrast is likely 
due to an enhanced thermal gradient associated with 
loss of convective transport of heat by interstitial gas 
[4].  This is significant for the Moon as the soil sur-
face is heated by absorption of visible solar radiation 
to a depth in the surface soil that is greater than the 
infrared emitting layer thickness.  This results in a 
thin cold surface layer (micron scale) over a warm 
interior [5].  Work by [6] suggests that the tempera-
ture gradient in the upper 500 μm on the moon is ~ 
40-50 K. 

The maturation of the lunar surface also has an 
effect on mid-infrared observations.  The lunar soil 
has several distinct physical characteristics: small 
particle size, formation of agglutinates, vitrification, 
and mixing. The small particle size of lunar soils 
depresses RB while enhancing overtone bands. Ag-
glutinates are very porous and behave spectrally like 
fine particles. Vitrification eliminates a regular lat-
tice and thus lattice vibrations leaving only molecu-

lar vibrations (effectively removes fine spectral 
structure). The CF position is not affected by particle 
size, the presence of agglutinates, or vitrification [7].           

Future Integration with Visible/Near-Infrared 
and Gamma-Ray Spectroscopy: We will search 
for contacts between thermal-infrared (Diviner), 
near-infrared (upcoming Moon Mineralogy Mapper 
investigation), and gamma-ray data (Lunar Pros-
pector)  in an effort to constrain the range of igneous 
geologic processes on the Moon.  Near-infrared and 
thermal-infrared observations sample the upper 10s 
to 100s of microns of the lunar surface while gam-
ma-ray observations sample the upper 10s of centi-
meters.  The individual remote sensing techniques 
thus provide unique, but complementary, views of 
the upper surface of the Moon.  It is already well 
known from samples and cores returned from Apollo 
that much of the upper lunar regolith is homogenized 
in it bulk chemical and mineralogical properties. 
However, any similarities or differences in surface 
compositions between orbital datasets will provide 
insight to better constrain the vertical stratigraphy of 
the lunar regolith over global scales. Cross-
correlations between thermal-infrared, visible/near-
infrared, and gammaray techniques are critical for 
developing a complete understanding of lunar sur-
face materials. 

References: [1] Paige et al., Icarus, submitted.  
[2] Jolif et al., New Views of the Moon, 2006.  [3] 
Conel, JGR, 1969. [4] Logan et al., JGR, 1973.  [5] 
Salisbury and Walter, JGR, 1989. [6] Henderson and 
Jakosky, JGR, 1983. [7] Nash et al., JGR, 1993. 
 

 
Figure 1: Normalized TIR emissivity spec-
tra of silicate minerals, red lines mark diag-
nostic Christiansen Feature. 
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