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FOSSIL METEORITES OF SWEDEN: PECULIARITIES OF THE NEON ISOTOPIC RATIOS
V.A. Alexeev, Institute of Geochemistry and Analytical Chemistry, Russian Academy of Sciences, Moscow
119991 Russia; e-mail: aval37@chgnet.ru
Introduction: More than 80 fossil meteorites
have been found in the ~4 m quarry layer of midOrdovician marine limestone in southern Sweden
(Thorsberg quarry) [1, 2]. The analysis of noble gas
data [2] in chromite grains from these meteorites
has revealed a clear negative correlation between
4
He, 20,21,22Ne concentrations and weight of the
samples [3]. Similar correlation has been found also
for cosmic-ray exposure ages of fossil meteorites.
However, the cosmic-ray exposure age (duration of
an irradiation of a meteorite by cosmic radiation)
cannot depend on weight of the investigated
sample. This unreal dependence has been
disappeared after corresponding correction [3.] The
obtained data have allowed us to draw a conclusion
on falling one meteoric shower but not many
meteorites ~470 Ma ago. Here we report results of
the analysis of neon isotopic ratios according to
data [2, 4].
Results: We have analysed the data for
meteorites of two groups: Ark group (meteorites
from the Arkeologen bed in the Thorsberg quarry)
and non-Ark group (all other meteorites from this
quarry and a meteorite from the Gullhogen quarry
located in 47 km from the Thorsberg quarry).
Fig. 1: As shown in Fig. 1a,b, we can see the
Ne/22Ne ratios depending on weight of the
samples. This dependence is sharply defined for
meteorites of non-Ark group: the correlation
coefficient between lg (21Ne/22Ne) and lg M values
is equal to R = 0.76 ± 0.10. Here high values of the
21
Ne/22Ne ratios are inherent in well-preserved
chromite grains (index preservation is 1) with high
weight of samples; low values of the ratios are
peculiar to badly preserved grains (indexes
preservation are 4 or 5) with low weight of samples.
The preservation indexes are given according to [2].
Any dependence of the 21Ne/22Ne ratios vs. weight
of the samples in Ark group meteorites does not
found; the correlation coefficient does not
significantly differ from zero: R = -0.3 ± 0.4.
21

Changes of the 21Ne/22Ne ratios depending on
the 1/22Ne values are shown in Fig. 1c,d. For Ark
group meteorites, the 21Ne/22Ne ratio practically
does not change at a change of the 1/22Ne values
almost in 10 times. The correlation coefficient does
not significantly differ from zero: R = 0.3 ± 0.4. At
the same time, the meteorites of non-Ark group
display the sharply defined dependence between the
21
Ne/22Ne and the 1/22Ne values: R = 0.42 ± 0.05.
Here, the change of the 1/22Ne values in ~20 times
corresponds to the change of the 21Ne/22Ne values
more than 3 times (from 0.065 up to 0.20).
21

Fig. 2: The revealed dependence of the
Ne/22Ne ratios vs. a meteorite position in the

stratigraphic column was greatly unexpected. In
Fig. 2, we can see the tendency to reduction of the
21
Ne/22Ne ratios (from ~0.15 up to ~0.05) at
increase of location depth Н of non-Ark group
meteorites; i.e. the meteorites found in younger
beds have lower 21Ne/22Ne ratios. We shall note, the
preservation state of non-Ark group samples also
decreases with increasing the location depth Н of
meteorites - from the best (preservation index is 1)
for Н <1 m up to the worst preservation state
(indexes are 4 and 5) on location depths of H >3 m.
Any changes of the 21Ne/22Ne values depending on
preservation state or location depth for meteorites
of the Ark group does not visible (really, for smaller
intervals of location depth and of а preservation
states). It is essential to note, the average value of
the 21Ne/22Ne ratio for Ark group meteorites is equal
to 0.047 ± 0.004. This value is considerably below
of the value ~0.15 for samples of Gol 001 meteorite
found in a following bed (after the bed with
meteorites of Ark group).
Discussion and conclusion: The found
dependences of the 21Ne/22Ne ratios according to
the 1/22Ne values or weight of the samples can be
explained by higher part of the trapped neon of
atmospheric composition in samples of smaller
weight with badly preserved chromite grains.
Differences between meteorites of Ark and non-Ark
groups are most likely caused by different history
of a burial place of these meteorites on the Earth at
formation of the limestone beds. The received
dependences can be explained in the assumption of
fall of one meteorite as large shower about 470
million years ago. The main number of the
individual specimens of this shower has been
concentrated and isolated in the Arkeologen bed.
Other specimens have falling down in radius of
~n10-n100 km and they were introduced
(redeposited) in the formed limestone beds during
~1-2 million years when these beds were formed.
The composition, the sizes, and preservation state
of chromite grains changed during this
transportation and redeposition. These processes
could cause the observable features in distribution
of neon isotope ratios.
The study was financially supported according
to the Program P15 of the Presidium of RAS
"Origin of biosphere and evolution of geobiological systems".
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Fig. 1. The 21Ne/22Ne ratios vs. M (a, b) and 1/22Ne (c, d) for chromite grains from fossil meteorites of non-Ark
(a, c) and Ark (b, d) groups. Symbols see in Fig. 2. The ratio of (21Ne/22Ne)atm = 0.0292.

Fig. 2. The 21Ne/22Ne ratios in chromite grains depending on location depth of the fossil meteorites of Ark and
non-Ark groups. 1 - Average value of the 21Ne/22Ne ratio for meteorites of the Ark group (0.047 ± 0.004); 2 – the
regression line for meteorites of the non-Ark group. The value of H=0 corresponds to the base of the Arkeologen
bed. Arrows designate boundaries of the beds. Indexes of preservation are given in parentheses. (According to
[2, 4].)
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Introduction. Main mass of a cosmic
matter fallen on the Earth is composed of particles of
submillimeter sizes. The flux of the matter to the
Earth is around 30 000 t/a [1]. It has been proposed
that MMs might originate from comet nuclei [2]. On
the other hand, asteroids have been considered as the
main source of MMs [3]. Entering into the Earth
atmosphere a fraction of micrometeoroids interact
with it that leads to their totally melting and
producing cosmic spherules (CS). Contents of CSs
are from 30 % to 70 % in unbiased MM collections
gathered at different sites and settings [4,5,6]. I
CSs are sub-divided into several groups
according to their textures and chemistry. Barred
olivine (BO) CSs (Fig. 1a) are dominated among
other groups and composed of clusters of parallel
olivine crystals in glassy matrices with minor
minerals like oxides and pyroxenes. It has been
suggested [4] that they have been totally fused
during atmospheric entry and lost by selective
vaporization some fractions of volatile elements to
Si. However, spindle-like spherules (Fig. 1b) stand
out among BO spherules. They sometimes contain
separates of metal or ferrihydrite. Also, some
spherules have elevated contents of extraterrestrial
water [2] and Na and K. Hence, we can propose that
perhaps the spherules were delivered to the Earth
like UMMs and have been melted during impact
processes on their parent body.

a
b
Fig. 1. Scanning electron microscope imaged of BO
spherules (SE). а- typical BO spherule; b – spindle-like Cs
with a pit at the upper side
Here we report preliminary results of a
TEM study of internal textures and phases of two
CSs from the Novaya Zemlya MM collection for the
purpose to recover the crystallization history.
Methods. For the study we used CS NZ8bn4-25,7 that is a typical BO cosmic spherule and
spindle-like CS NZ8-bn4-25,9. TEM foils were
prepared from peripheral and central parts of the
spheres using a focused ion gallium beam technique.
The ~ 100 nm thick foils have the approximate
dimensions 15 μm wide and 5 μm high. The foils
were studied using a TEM equipped with an EDX
HAADF detector.

Results and discussion. CS NZ8-bn4-25,7
is composed of rounded elongated crystals of olivine
Fa20 of < 2 μm in size and euhedral Mg-Al-Si –
containing magnetite crystals of < 0.5 μm in size that
are embedded in a glassy matrix (Fig. 2). Matrix
glass has 60 wt.% SiO2, 12 % Al2O3, 11.5 % FeO, 3
% MgO и 13.5 %CaO with some Na2O. Olivine
was a first crystallized phase according to magnetiteolivine textural relationships. Basically, the texture
of the CS is characterized by clusters of parallel
olivine crystals oriented along [101] zone. Cluster
sizes range from microns to tens microns; there is
not correlation between crystallographic orientations
of olivine crystals in adjacent clusters. The texture is
distinguish from typical textures of BO chondrules
in chondrite meteorites, the last is characterized by
an olivine mantle and one or maximal a few dendrite
olivine crystals developing from the mantle. Based
on the observation we propose that crystallization of
this sphere was homogeneous with formation of
dendrite olivine crystals from crystallization nucleus.
Terrestrial alteration is expressed as dissolution of
olivine crystals at the very margin of the spherule.

Fig. 2. TEM image of a foil from a central part
of CS NZ8-bn4-25,7 (а – bright field image, Ol – olivine,
Mt - magnetite; b – film overview, HAADF detector)

CS NZ8-bn4-25,9 is composed of euhedral
olivine crystals embedded in a glassy matrix. The
glass has 45–60 wt.% SiO2, 3.5-8 % Al2O3, 5-10%
FeO, 27-31 % MgO, 5-6 % CaO. Simplectite
chromite aggregates are present at contacts between
olivine and glass. The glass has pores with diameters
of tens nanometers (Fig. 3). Faces of olivine crystals
have scalloped outlines that suggests a pore presence
in the melt during growing of the crystals. The
olivine crystals have strict orientation (Fig. 3b) along
plane (010).We suppose homogeneous olivine
crystallization from overcooling melt.

NOVAYA ZEMLYA COSMIC SPHERULES: D.D.Badjukov et al.

and latent heats of evaporation to be 2*107 kJ/kg (solid
lines) and
5,7*107 (dashed lines); b – apparent
accelerations and temperatures for a particle of 0.5 mm in
radius by the entering angle of 75о (solid lines) and 45о
(dashed lines) calculated for the different initial velocities.

Fig. 3. TEM image of a foil from a central part of CS
NZ8-bn4-25,9, HAADF detector.
Crystallization centers of olivine should be located parallel
that might be due to molecular structural ordering in the
overcooled melt.

Textures and mineralogy of the spherules
show that they were totally melted that can be
caused by the entering into the atmosphere. We
modeled entering of 0.5 – 0.05 mm particles by
velocities from 12 km/s to 30 km/s and different
zenith angles. Maximal temperatures reach at 30
km/s velocity and are ~ 1800о С (Fig. 4а) that leads
to total vaporization of particles by angles less than
50о relative to a perpendicular direction to the Earth
surface. Particles together with the heating
experienced strong deceleration. The maximal
apparent acceleration is around – 3000 g. The
acceleration reaches hundreds of g by particle
temperatures higher melting temperatures (Fig. 4b)
that has to lead to efficient separation of phases of
different densities. However, the porosity of glass in

CS NZ8-bn4-25,9 indicates that by crystallization
the apparent acceleration has been very low if
present. Hence, it can be speculated that a heat
source for its melting was different from
deceleration in the atmosphere and, as an example,
can be due to an impact event by a collision of its
precursor in space.
Further, the spherule can be delivered to the Earth as
other UMMs. Also, the spherule has very strange
inclusions of KCl and NaCl with some Si, C, and O
(Fig 5, a,b) at the spherule periphery . We consider a
contamination by sample preparation as very
unlikely. Perhaps, the inclusions were formed

а

b

Fig. 5. TEM images of foil from peripheral part
of CS NZ8-bn4-25,9. HAADF detector. а. 1 – olivine, 2 –
KCl, 3 –(K,Na)Cl, 4 – carbonaceous matter; b. 1 –
chromite, 2 – KCl.

either i) by a biological activity during terrestrial
alteration or ii) by a capture of aerosol particles in
the atmosphere or iii) by their formation in an impact
plume.
The work was supported by RFBR grant (
№ 09-05-00444) and grant ОNZ-5 of theProgramm
of Earth Science Department of Russian Academy of
Sciences.
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Fig. 4. а – peak temperatures of particles of
different radii for different entering velocities by entering
angle of 60о relative to a perpendicular to the Earth surface
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Introduction: Among the youngest features and
modifiers of the dichotomy boundary on Mars are lobate debris aprons (LDA) (Fig. 1), which completely
surround escarpment walls such as isolated plateaus
and massifs in both the northern and southern midlatitudes (~30 to 50) of Mars [1]. LDA have been
interpreted to result from the viscous flow of ice and
debris [1,2,3], with recent evidence pointing toward a
major role for Late Amazonian-aged debris-covered
glacier flow [4]. Under the debris-covered glacier
model, precipitated snow and ice likely accumulated
on the tops of plateaus and in alcoves within the walls
of plateaus during periods of higher obliquity [5];
compaction of this snow and ice produced glaciers that
flowed away from the plateau and escarpment walls
and into the surrounding plains to form integrated glacial systems extending for 10s of kilometers. The
presently observed LDA are likely the stagnant remains of a once active glacial system, with ice protected under a <20-m-thick layer of sublimation till
[6,7]. Outstanding questions involving the nature of
LDA and mid-latitude glaciation remain, including: 1)
What are the characteristics of the transition from
LDA to adjacent plains? and 2) Is there evidence for
former glacial maxima? We explored these questions
by analyzing LDA and adjacent plains in Deuteronilus
Mensae (39.6N to 50.2N and 13.6E to 35.4E) using image data from the Mars Reconnaissance Orbiter
Context (CTX) camera at ~6 m/pixel resolution.
Observations:
Plains units: We identified two prominent plains
units east of ~23.5E in Deuteronilus Mensae. The
first, an Upper plains unit (Upl), covers much of the
intermediate areas between plateaus and surrounding
LDA north of ~43N. The unit is relatively smooth at
Viking resolution but is pockmarked at CTX resolution, with numerous muted, rimless, circular pits that
resemble buried impact craters. Irregular fractures
<20 m in width and isolated elongate pits with raised
rims are also observed on much of the unit’s surface.
Where Upl is within proximity of LDA, surface fractures and elongated pits widen and link to form large
grooves and sinuous pits that are <500 m in width and
extend for 10s of kilometers (Fig. 1). Fracture patterns
within Upl appear to be controlled by underlying
structures, originating as Upl undergoes collapse.
Collapse often occurs over buried craters, forming
concentric ring fracture patterns and interior topographic depressions (Fig. 3a). Some of these collapse
features (Fig. 3a) resemble ring-mold craters [6] which
are unique to surfaces with ice-rich layers at depth
such as LDA.
Underlying Upl is a Lower plains unit (Lpl) that
covers the majority of the plains not overlain by Upl.

The unit exhibits multiple textures and albedos, but
generally has rougher small- and large- scale textures
than Upl with a greater number of knobs and erosional
remnants of older terrain. Craters in Lpl are less subdued with raised-rimmed craters lacking ejecta and
craters with ejecta that form platforms raised above the
surrounding terrain. These raised crater ejecta are
suggestive that material has been stripped away from
Lpl and that the ejecta has created a more resistant
substrate surrounding the crater or may be preventing
sublimation from an otherwise unstable ice-cemented
material at depth [e.g., 8]. Rounded, raised-rim craters
lacking ejecta also commonly have interior mounds or
remnant blocks of interior fill (Fig. 3b)
Transition from LDA to plains units: The transition from LDA to the plains units varies depending on
the type of plains unit in contact with LDA. Where
Upl contacts LDA, the transition is marked by a number of grooves [9] or sinuous pits within Upl that
grade into LDA textures. The sinuous pits often
mimic LDA planform shapes (Fig. 1a), suggesting that
either stresses from LDA flow have induced fracturing
of Upl or that fracturing of Upl is being controlled by
underlying LDA-like structure. Sinuous pits and
grooves with raised rims appear to form as collapse of
Upl produces extensional stresses and fracturing along
the edge of the collapsed area (Fig. 3a). Within several kilometers of the LDA terminus, the sinuous pits
and grooves widen and lose their raised rims; this progression produces a topographic inversion, where the
intermediate collapse areas become platforms that are
raised above the surrounding LDA surface (Fig. 4).
Platforms also take circular shapes with concentric
patterns (Fig. 4, arrow) resembling “oyster-shell” craters described by [10]. Collapsed areas and platforms
and widened pits often have LDA-like stippled textures that seamlessly grade texturally and topographically with the dominant LDA surface textures (Fig. 4).
A topographic profile of the contact between LDA and
Upl (Fig. 1b) suggests that Upl is stratigraphically
above the LDA surface; raised scarps within Upl are
common along the contact with LDA (Fig. 1a, b), indicating unit thicknesses of up to 75 m.
In contrast, contacts between Lpl and LDA are
generally abrupt (Fig. 2), lacking the sinuous pit and
groove texture typical of contacts between LDA and
Upl. LDA often have arcuate elongate pits that contour the terminus of the LDA surface (Fig. 2, arrow).
A smooth, low albedo intermediate unit between LDA
and Lpl is also common (Fig. 2).
Evidence for former glacial maxima and directions
for further study:
Where Upl occurs in Deuteronilus Mensae, it
masks a significant portion of the underlying plains,

likely making it difficult to recognize depositional and
erosional landforms of former glacial maxima that are
typical for glacial landystems [11]. The presence of
fractures in Upl that mimic the planform shapes of
LDA and which form ring-mold crater-like patterns
[6], however, suggest that LDA surrounded by Upl
may be at least several kilometers more extensive than
implied by the present termini of LDA surface textures. Additional analysis of the spatial extent and age
of the Upper plains unit will help to improve characterization of the unit’s origin and relationship with
apparently young features such as LDA. Also, further
analyses of the plains surrounding LDA throughout
the northern mid-latitudes on Mars will help to place
the present analysis in context and to improve understanding of the nature and full extent of northern midlatitude glacial episodes on Mars.
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Fig. 1. (A) Transition from LDA to
the Upper Plains unit (Upl). The
transition is marked by sinuous pits
within Upl that parallel the planform
shape of LDA. (CTX image
P20_008665_2239.) (B) Topographic
profile across the line of transect in
Fig. 1A. Upl begins as a scarp raised
~75 m above the LDA surface and
continues outward from the LDA at
fairly constant elevation. (Elevation
data from HRSC DTM 1450.)
Fig. 2. Transition from LDA to the
Lower plains unit (Lpl). The contact
is abrupt, lacking the sinuous pits
typical of contacts with Upl. An
elongate pit (arrow) contours the terminus of the LDA. A low albedo
intermediate unit is also commonly
observed.
(CTX
image
P13_006160_2252.)
Fig. 3. (A) Collapse feature in Upl
formed of concentric fracture patterns
and interior depressions; the pattern
resembles ring-mold craters which are
common on LDA surfaces. (CTX
image P13_006160_2252.) (B) Typical crater in Lpl. The crater lacks
ejecta, has a rounded rim that is raised
above the surrounding terrain, and has
remnants of fill material occupying its
interior.
(CTX
image
P02_001993_2238.)
Fig. 4. Platforms and pits within Upl
in contact with LDA. The platforms
are raised above the LDA surface but
also have LDA-like textures that appear to grade seamlessly with the
dominant texture of LDA. Platforms
of Upl also have circular shapes (arrow) that resemble “oyster-shell”
craters of [10]. (CTX image
P13_006239_2240.)
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Introduction: In this work we analyze chronological data
for lunar meteorites with emphasis on the spatial and temporal
distribution of lunar mare basalts. The data are mostly from the
Lunar Meteorite Compendium (http://www-curator.jsc.nasa.gov/
antmet/lmc/contents.cfm cited thereafter as Compendium) compiled by Kevin Righter and from the associated literature.
The data: The Lunar Meteorite Compendium currently
lists 54 meteorites represented by 108 specimens (Figure 1). This
collection is large enough that taking in mind the stochastic nature of impacts delivering pieces of lunar rocks to Earth one may
consider these 54 meteorites to be a rather representative random
sampling of the lunar near-surface crust.
In the Compendium, lunar meteorites are subdivided into
three groups: group B – mare basalts and gabbros, group F feldspatic (anorthositic) highland breccias, and group M - brecciated mixtures of these two end-members. The latter type has
also been referred to as "mingled". Of the 54 meteorites, 10 belong to group B, 30 to group F, and 14 to group M. Breccias of
groups F and M (44 meteorites in total) are presented by 4 varieties: regolith breccias – 19, fragmental breccias – 12, impact-melt
breccias – 10, and granulitic breccias – 3. The abundances of
these groups and their varieties are a subject of the following
analysis.
Another subject of our analysis is the data for absolute ages
of crystallization of the meteorite basalts. Among the 10 basalts
and gabbros of group B, 9 have been isotopically dated, and
among 14 mingled breccias, basaltic clasts have been isotopically
dated only in 6. The results of these datings acquired mostly from
the literature cited in Compendium and partly from recent publications are given in Table 1.
Analysis of the data: We analyze the available data along
the following lines:
1) Relative abundance of the groups B, F and M: If the analyzed collection is a representative sample of the near-surface part
of the lunar crust, one should expect that the relative abundances
of basalts/gabbros and feldspatic (anorthositic) breccias in this
sample are proportional to the relative areal abundances of the
lunar maria and highlands. The latter is known to be ~1:5, while
the B vs. F abundance is 1:3 differing somewhat from the mare to
highland area ratio. But, if we combine the abundances of groups
F and M, then B vs. F+M is 1:4.4, i.e., close enough to the mare
to highland area ratio.
2) Significance of regolith breccias: Regolith breccias
were formed within the regolith layer [e.g, 1], the thickness of
which as estimated by different techniques varies from 3-5 m in
maria to 15-35 m in highlands [e.g., 1,2]. Craters ejecting fragments of regolith breccias should not be significantly deeper than
the regolith thickness. If the crater was significantly deeper, then
its ejecta should be dominated not with the regolith breccias but
with the components of bedrock. Regolith breccias compose 37%
(20 of 54) of the considered collection. This means that ~1/3 of
the craters from which ejecta are present in the considered collection, were not significantly deeper than 3-5 to 15-35 m. Taking in
mind that depth of ejection from impact craters is ~1/10 of the
crater diameter [3] one can conclude that these craters had diameters not significantly larger than several hundreds of meters. This
agrees with the conclusion of [4] that typical lunar meteorite
source craters are << 3.6 km in diameter and smaller source craters are easily possible and with model estimates by [5] which
support the "small impact" scenario with maximum parent crater
of about 0.6-1 km. As an option one may suggest that lunar regolith breccias have been ejected from the Moon by mechanism of
spallation of the surface layer suggested by [6]. However this
mechanism could be effective only in the case of large craters (in
the case of small craters the spallation zone is too small), but
consequence of this should be large amount of launch-paired

meteorites. The latter are present in the collection , but not ftrequent [Compendium].
3) Significance of mingled breccias: These breccias contain
clasts of both mare and highland rocks. This implies that each of
the craters from which ejecta provided meteorites of group M had
to be formed in targets composed of both mare and highland
materials. It is also necessary to keep in mind that 8 of 14 breccias of group M are regolith breccias. The mingled breccias could
be delivered from three geologic situations: 1) a mare-highland
boundary, 2) the mare areas where the highland material basement is at small enough depth, and 3) cryptomare areas, where the
highland material mantles overlie ancient maria. The group M
breccias compose 26% of the considered collection so the marehighland boundary (which is narrow) looks unfavorable for providing such a large fraction of the collection. The mare areas with
shallow highland-material basement also do not look promising,
especially for the cases of regolith breccias. In the latter cases, the
mare layer should be meters to a few tens of meters thick, which
would lead to very peculiar mare/highland embayments not typical for the Moon. Cryptomaria [7,8] look most promising in this
respect. But, if they are the major supplier of the group M breccias this may mean that cryptomaria are rather abundant in the
lunar highlands (14/(14+30) =~1/3), and that about half of them
are covered with very thin highland material mantles. The meteorite launch-pairing may decrease this eatimate. These suggestions can be tested with analysis of images of Lunar Reconnaissance Orbiter Camera.
4) Ages of meteoritic mare basalts. As is seen in Table 1 and
Figure 2, most of the meteoritic mare basalts have been dated by
several techniques. As a rule, for a given meteorite the age values
determined by Sm-Nd, U-Pb and Rb-Sr techniques are close, but
those determined by K-Ar technique are often lower probably due
to subsequent thermal episode(s). So, for our consideration we
used values determined by the Sm-Nd, U-Pb and Rb-Sr techniques [9-15], and only in one case the K-Ar value [16] because
no other techniques were applied to this meteorite.
Fig 1 shows what has been noted already by other reserarchers [e.g., 10,13,17]: the meteorite mare basalts show a time span
broader than basalts sampled by Apollo and Luna missons. It is
interesting that the meteorite basalts ages fill the gaps in the Apollo/Luna basalt age distribution and generally are in a good agreement with the mare basalt age distribution determined by the
crater count technique [16] that was mentioned earlier by [10].
Conclusions: The above analysis shows that the distribution
of lunar meteorites in broad petrologic groups seems to be proportional to the areal distribution of latter, that a significant part of
the lunar meteorite source craters are smaller than hundreds of
meters in diameter, that cryptomaria seem to be rather abundant,
and that the meteorite mare basalt ages fill the gaps in the Apollo/Luna basalt age distribution.
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Figure 1. Photos of selected lunar meteorite basalts from Lunar Meteorite Compendium (http://www-curator.jsc.nasa.gov/antmet/lmc/contents.cfm)

Table 1. Isotope age determinations of the lunar meteorite basalts
Group

Meteorite name

Short description

Absolute age, Ga

B1

Yamato 793169

Unbrecciated basalt

3.8-3.9 U-Th-Pb, 3.43 Sm-Nd, 1.64 K-Ar

B2

Asuka 881757

Gabbro

3.94 U-Th-Pb, 3.84 Rb-Sr, 3.87 Sm-Nd,, 3.75 K-Ar

B3

NWA 032, 479

Unbrecciated basalt

2.85 Rb-Sr, 2.69 Sm-Nd, 2.75-2.73 Ar-Ar

B4

NEA 003

Unbrecciated basalt (with basaltic breccia)

3.09 Sm-Nd, 2.38 Ar-Ar

B5

NWA 773, 2700, 2727, 2977, 3160

Gabbro (with basalt and breccia)

3.10 Sm-Nd, 2.67-2.94 Ar-Ar

B6

Dhofar 287

Unbrecciated basalt (with basaltic breccia)

3.35 U-Pb, 3.46 Sm-Nd

B7

La Paz IF 02205, 02224, 02226, 02436

Unbrecciated basalt

2.93 U-Pb, 2.99 Rb-Sr, 3.15 Sm-Nd, 2.94 Ar-Ar

B8

Miller Range 05035

Unbrecciated basalt

3.90 Rb-Sr, 3.80 Sm-Nd

B9

NWA 4898

Unbrecciated basalt

3.58 Rb-Sr

M1

Yamato 793274, 981031

Anorthosite-bearing basaltic regolith breccia

3.5 U-Pb IM mare, 4-4.1 U-Pb anorthosite

M2

Elephant Moraine 87521, 96008

Basaltic or gabbroic fragmental breccia

3.53-3.69 U-Pb (accept 3.6), 3.23-3.30 Ar-Ar

M4

Queen Alexandra Range 94281

Anorthosite-bearing basaltic regolith breccia

3.77 K-Ar

M5

Kalahari 008, 009

Anorthositic regolith / basaltic fragmental breccias

4.35 U-Pb IM, 4.3 Sm-Nd, 4.29 Lu-Hf, 2.67 Ar-Ar

M7

Meteorite Hills 01210

Anorthosite-bearing basaltic fragmental breccia

3.8-3.9 U-Pb accept 3.85

M8

Sayh al Uhaymir 169

Basalt-bearing anorthositic regolith breccia

3.91 U-Pb, 3.8 Ar-Ar

Figure 2. Lunar meteorite mare basalt ages of crystallization in comparison with Apollo/Luna mare basalt ages and ages
determined by crater count technique [16].

SEARCH OF SURFICIAL DEPOSITS ON VENUS USING INTEGRATED STUDY WITH
MAGELLAN DATA. N. V. Bondarenko, Institute of Radiophysics and Electronics, National Academy of
Science of Ukraine, Kharkov, Ukraine (12 Ak.Proskury, Kharkov, 61085, Ukraine, bndr@kharkov.ua)
Introduction: About 67% of crater population
on Venus exhibit extended dark diffuse features
(DDFs) seen in radar images. DDFs have been interpreted as deposits (mantles) of loose material ejected
and lifted by the impact. Earth-based radar studies of
Venus surface [1] have shown that a number of
DDFs associated with craters return radar echo with
significant linearly polarized component, when illuminated by circularly polarized probing signal. This
can occur only when target surfaces are very smooth
and rather transparent for radio waves, so that the
waves scattered at internal interfaces or inclusions
can reach the observer.
As it is seen from Magellan mission results, the
typical state of DDF mantles near craters of different
ages seems to be characterized by a rather smooth
mantle–atmosphere interface at scales in a wide
range from ~ 13 cm to decameters [2]. DDF mantles
appear to preserve their smoothness for a geologically long time.
Emissivity features associated with DDFs are
usually much wider than the corresponding radardark parabolas, indicating that the crater-related deposits are significantly wider than it is apparent from
the DDFs alone in the Magellan SAR mosaics [3]. A
similar conclusion was reached in [1] from interpretation of Earth-based polarimetric radar observations.
In the present work an approach to the search of
possible extension of crater-related deposits using
results of Magellan radiometry (emissivity, SCVDR
data set) and altimetry experiments (Fresnel reflectivity, GReDR data sets) is discussed. SAR images
were used also for the morphological analysis.
Source data and approach: Values of surface
emissivity (at the wavelength of 12.6 cm) have been
calculated in the Magellan radiometry experiment
through a several steps procedure [4]. It included:
converting the registered thermal emission flux
power into the apparent surface brightness temperature, correction for absorption and emission by the
Venus atmosphere as well as for partial reflection of
the thermal emission from the sky by the surface,
and, finally, calculation of the surface emissivity
following equation shown in [4].
Spatial resolution of Magellan emissivity data is
rather poor, about 20 km × 30 km at low latitudes.
Local variations of emissivity are measured with
accuracy better than 1%.
According to Kirchhoff law [5], the emissivity of
the surface observed from a given direction, e = 1 –
R*, where R* is the hemispheric reflectivity of the
surface illuminated from the same direction. In an
ideal case of a dielectric half-space with a flat inter-

face, R* is equal to the Fresnel reflection coefficient
at the interface. This is not the case for a real surface
with any degree of surface roughness or subsurface
heterogeneity.
For example, radiothermal emission of the surface covered by mantle with smooth upper interface
can be defined through the surface reflectivity as
stated by Kirchhoff law [5] as e = 1 – Ri – Rs, where
Ri is the reflection coefficient at the smooth upper
surface, and Rs describers a positive contribution of
internal scattering into integral scattered fluxes over
all scattering directions. Since the upper mantle interface is smooth, Ri can be calculated with the
Fresnel equations. Thus, emissivity of the surface
covered by smooth and rather transparent mantle has
to be lower then (1- Ri). Ri of the smooth interface
depends only on dielectric permittivity of the mantle
material and on the incidence angle.
Magellan data set allows independent estimation
of surface dielectric permittivity through so-called
“Fresnel reflectivity” R0 obtained in the radar altimetry experiment. R0 is the surface reflection coefficient at normal incidence derived using the approximation of received echo sequence by Hagfors
law [6]. Spatial resolution for these data was about
15 km × 10 km at low latitudes, but their accuracy is
not high, the errors of individual measurements can
reach ~30% [6].
Nevertheless, we can estimate the difference between emissivity measured during Magellan radiometric observations and one calculated using surface
dielectric permittivity derived from “Fresnel reflectivity”. In the case of rough surface covered by a
mantle with a smooth upper interface, the observed
emissivity has to be lower then one predicted with
Fresnel formula. The apparent decrease of emissivity
depends on properties of underlying surface and the
mantle. In particular, thick mantle can cause strong
absorption of radiation which causes Rs ≈ 0.
The approach discussed can be used for smooth
terrains because rough upper mantle/surface interface easily leads to higher emissivity values in comparison to those predicted with Fresnel formula.
Results and discussion: Using the SCVDR data
set, three maps of observed emissivity were obtained
for three cycles of Magellan observations. The resolution of maps was chosen to be 0.25°×0.25°. Based
on approach discussed above maps of differences
between two emissivity values: observed and calculated (using actual emissivity observational angles)
were obtained.
Though the maps do not cover the whole Venus
surface, the comparison of overlapping areas showed
high qualitative similarity in emissivity difference
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behaviour. The total area with lower measured emissivity in comparison with the one predicted with
Fresnel equation occupies about 77% of the whole
surface observed during 1st Magellan cycle. Such
surfaces are observed mainly in regional plains, but
are also seen in other areas including tessera.

areas having the apparent emissivity decrease lower
then -σE is marked by blue colour in Fig. 1b. These
areas seem to be not very dark in SAR image supporting rather thin mantles in these parts of DDFs.
The result obtained shows that the proposed approach can be useful for the search and study of
surficial deposits on Venus having different origin
including mantling during impacts, redistributed
loose material due to winds, and, possibly, some lava
flows, if they are rather transparent for microwaves
and have smooth upper interfaces.
The result obtained also shows that combination
of microwave radiometry and scatterometry in future
missions can give interesting interpretable results, if
accuracy and resolution surpass those of Magellan.
References:
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doi:10.1029/2005JE002519. [2] Bondarenko N. V.,
and
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(2009)
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(1992) JGR, 109, 13091-13102. [5] Ulaby F. T. et al.
(1986) Microwave Remote sensing: Active and Passive. [6] Ford P. G. and Pettengill G. H. (1992) JGR,
97, 13103-13115.

Fig. 1
The effect observed is rather weak; its detection
is very sensitive to accuracy of Magellan radiometry
and altimetry experiments. In terms of local accuracy
of emissivity estimates σ E (as reported in SCVDR
data set), the surface area with the apparent decrease
of emissivity in ranges of [0, -0.5σE], [-0.5σE, -σE]
and [-σE, -2σE] is about 41%, 31% and 5% of the
whole surface observed during 1st Magellan cycle,
respectively. Thus, for the most part of Venus surface the data inaccuracy could account for the observed difference. In general, it consists with rather
smooth surface itself with no mantle and surfaces
with thick (microwave-opaque) mantles are not excluded.
Nevertheless, many crater-related deposits are
clearly distinguished in the map. They usually exhibit higher values of the apparent deficit of emissivity in comparison with surrounding surface. Examples of such kind for craters Roze (35.2S, 248.2E,
14.7 km; marked as R) and Stowe (43.2S, 233.2E,
75.3 km; marked as S) are shown in Fig. 1. Surface

Fluvial Activity in Erythraea Fossa: A System of Three Open Basin Paleolakes. P. B. Buhler1, C. I. Fassett2, and J. W. Head III2. 1California Institute of Technology, Pasadena, California (bpeter@caltech.edu).
2
Brown University, Providence, Rhode Island (caleb_fassett@brown.edu, James_Head@brown.edu).
Introduction: During a survey of Open Basin
Paleolakes (OBPs) on Mars, based on earlier investigations [1, 2], a system of three OBPs was discovered in Erythraea Fossa (31.5 W, 27.3 S), directly
east of Holden Crater (fig. 1). Their location suggests that they were fed, at least partially, by nivial
or pluvial precipitation, and well-preserved fan deposits and channel switching suggest several phases
of fluvial activity in the area.

Figure 1. Context of Erythraea Fossa with Holden Crater, Paràna Valles, Yegros Crater and Lake 65 from
[1]. North is up in all images.

sa because the impact would have destroyed the
well-preserved fan deposits. The Holden impact
dates to Late Noachian times [3], which is consistent
with the timing of other OBPs (Late Noachian to
Early Hesperian times) found in other studies [4].
The three OBPs in Erythraea Fossa, (fig 2) the East,
Middle, and West basins, are divided by slumps and
underlying bedrock topography. The East basin is
fed by a long valley coming from the east and by
various runoff sources from the plains to the north
and south of Erythraea Fossa. The Middle basin is
fed primarily by a channel leading from the East
basin to the Middle basin and by some runoff
sources from the plains to the north and south of
Erythraea Fossa. The heights of the channel connecting East basin to Middle basin, of the inlet to East
basin, and of the outlet from Middle basin are all 390m. This outlet led to an 800 m wide, 4.5 km
long channel that drops down a 2° slope and ends in
a long fan deposit in West basin.

Figure 3. A. Topographic profile of Erythraea Fossa
for the line drawn in B. It is apparent from the topography that East and Middle Basin would join during
times of high precipitation.

Figure 2. Sketch of Erythraea Fossa.

Attributes of the Erythraea Fossa OBPs: The
graben in which the three OBPs are located extends
east from Tharsis. The Holden impact postdates the
graben but predates fluvial activity in Erythraea Fos-

Water in the West basin was constrained to a
maximum elevation of -570 m by a 100 m deep, 1
km wide outlet channel at the northwest end of Erythraea Fossa that runs down a 2° slope to the northeast where it debouched into the proto-Holden crater
and eventually into the Margaritifer Basin [5]. The
West basin was fed by the channel coming out of the
Middle basin, by valleys from the western and
southern plains, and also, to a lesser extent, runoff
from the north. Based on the constraints of the inlet
and outlet heights, the paleolakes in the East and
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Middle basin combined had a surface area of 183
km2 and a volume of 23.1 km3, and the West basin
supported a lake with a surface area of 271 km2 and
a volume of 32.7 km3.

Figure 4. Well-preserved fans leading into West Basin.
Most fans (unhighlighted) lead into the shallow end of
West Basin, but one (in red) leads into the deep end.

There are differences in the structure of the north
wall and the south wall of Erythraea Fossa that are
due to the locations of the drainage divides on the
north and south plains. The north plain has a divide
less than a kilometer away from the rim of the graben, so most of the precipitation is directed away
from the graben and much of the erosion of the north
wall has been dry. The drainage divide on the southern plain is farther away from Erythraea Fossa, so
the drainage area into the graben is larger. This
fluvial activity from the south created well-preserved
fans that extend perpendicularly to the south wall
and are composed of a light-toned material. Unfortunately, there is no CRISM spectral data available
yet for this area, so the composition of the fans is
still unknown.

Figure 5. A. High, thin and well-networked valleys. B.
Thicker, high intersecting valleys. These features are
located on the west-facing side of the broad drainage
divide shown in fig. 2. and are indicative of pluvial
precipitation. It is likely that secondary cratering has
destroyed some of the networking.

Evidence of Precipitation: The valleys that feed the
southern fans and that lead into Erythraea Fossa
from the north originated from drainage divides,
local topography maxima which peak at 500 to
700m. These are likely to be too high for their

source to be groundwater that did not come from
precipitation [6]. However, the evidence for whether
the precipitation was pluvial or nivial is mixed.
Some of the valleys running from the drainage divide are thick, run parallel to each other and originate near, but not at the top, of the divide. This pattern is similar to meltwater runoff from a snowcapped peak or glacier and points to nivial precipitation at high altitude. However, some of the valleys
are interconnected and networked intricately, creating complex networks that originate at the top of the
drainage divide; these are more consistent with
pluvial precipitation [7].
Evidence of Phases of Fluvial Activity: There are
two lines of evidence which point to phases of varying intensity in the fluvial activity in Erythraea Fossa. One of the fans that comes from the south is
deposited on the fan that comes out of Middle Basin.
Based on this, the south fans were deposited after the
last time Middle Basin overtopped, though they may
have been deposited contemporaneously as well.
Additionally, the channel stemming from the outlet
of West Basin used to have two stable channels until
the larger one (100m deep and 1km wide) undercut
the smaller, but still significant, one (30m deep,
400m wide). This is evidence of a change in fluvial
conditions, probably a large inundation which overtopped West Basin, causing a channel-switching
event.

Figure 6. A. Channel switching in the outlet valley
from West Basin. B. A south fan (red) superposes the
fan leading from Middle Basin into West Basin (blue).
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MARS EXPRESS – SCIENCE SUMMARY AFTER ALMOST SIX YEARS IN ORBIT
A. Chicarro & O. Witasse, European Space Agency, Solar System Division, ESTEC/Code SRE-SM,
Postbus 299, 2200 AG Noordwijk, The Netherlands (agustin.chicarro@esa.int).
The Mars Express mission, launched on a Soyuz rocket
from Baikonur in June 2003, has provided a comprehensive
and multidisciplinary view of Mars, including the surface
morphology, geology and mineralogy, the subsurface
structure, the state of the interior, the climate’s evolution, the
atmospheric dynamics and composition, and the aeronomy.
Originally planned for one Martian year (687 days), the
mission has been extended several times and has led to the
publication of over 350 peer-reviewed papers in
international scientific journals. A summary of scientific
results is presented below.
The High-Resolution Stereo Colour Imager (HRSC)
has shown breathtaking views of the planet and provided
new insights into the planet’s topography, allowing a much
better understanding of the formation and evolution of the
surface geological features. In particular, the combination of
digital terrain models with coverage at high resolution
(better than 20 m/pixel) indicates very young ages for both
glacial and volcanic processes, from hundreds of thousands
to a few million years old, respectively.
The OMEGA infrared mineralogical mapper has
provided unique maps of H2O ice and CO2 ice in the polar
regions. It has also shown that the minerals resulting from
alteration (phyllosilicates) in the early history of Mars reflect
the abundance of surface liquid water, while the postNoachian products (sulfates and iron oxides) suggest a
colder, drier planet with only episodic water on the surface.
Also, OMEGA recently detected high-altitude CO2 ice
clouds in the equatorial region of Mars.
The MARSIS ionospheric and subsurface sounding
radar recorded strong echoes coming from the surface and
the subsurface allowing to identify the very finely layered
structure of the polar caps and other areas of interest. Radar
probing of the topside ionosphere revealed a complex and
time-varying ionosphere. Quite unexpectedly, the
identification of the local electron gyro-frequency in the
MARSIS echoes can be used as a measurement of the
magnetic field, which provides new information on the
distribution and strength of residual crustal magnetic
pockets, and the draping of the solar wind induced magnetic
field around Mars and its interaction with the ionosphere.
The Planetary Fourier Spectrometer (PFS) has
confirmed the presence of methane for the first time from
orbit, pointing to current volcanic activity and/or biological
processes. PFS has also studied the thermal structure of the
atmosphere when a global dust storm occurred (temperature
increase due to dust). PFS supported the entry, descent and
landing (EDL) of the Phoenix spacecraft by providing
atmospheric profiles to NASA.
The
ultraviolet
and
infrared
atmospheric
spectrometer (SPICAM) has provided the first complete
vertical profile of CO2 density and temperature. It has also
discovered the existence of nightglow, as well as auroras
over mid-latitude regions linked to crustal paleomagnetic

signatures, and very high-altitude CO2 clouds. It has
revealed the ozone density vertical profile, and very recently
has shown the possibility to measure the O2 density.
The analyser of space plasma and energetic atoms
(ASPERA) has found that the solar wind is slowly stripping
off the high atmosphere down to 270 km altitude, and
measured the current rate of atmospheric escape of planetary
ions. The composition of the escaping plasma has been
precisely measured. For the first time, the backscattered
hydrogen was used to image regions of the precipitating
solar wind.
Finally, the Mars Radio Science experiment (MaRS)
has studied the surface roughness by pointing the spacecraft
high-gain antenna at the planet and recording the echoes.
Also, the Martian interior has been probed by studying the
gravity anomalies affecting the orbit. Very interesting results
on the ionosphere have been obtained, in the lower part
where a layer created by meteoric activity was found, and in
the upper part by detecting the ionopause.
Multi-disciplinary investigations have become a
regular feature of the extended mission. For example, water
vapour is being measured in concert by SPICAM, PFS and
OMEGA, allowing to clarify all aspects of the water cycle in
more detail. Phobos observations are also being closely
coordinated, as Mars Express is flying at the closest distance
ever of Phobos (less than 100 km), allowing to determine the
mass of Phobos with great accuracy, to sound its interior
with a radar for the first time, to obtain the sharpest images
ever, to observe the satellite in the visible, UV and IR, and to
monitor the solar wind interaction with Phobos.
An effort to enlarge the scope of existing cooperation is
being made, in particular with respect to other missions at
Mars (such as MER, Mars Odyssey and MRO) and also
missions to other planets carrying the same instruments as
Mars Express (i.e. Venus Express). Mars Express is also
providing valuable data for the preparation of ESA’s
Exploration Programme first mission to Mars (called
ExoMars and including a capable rover to perform
geochemical and climatological investigations), in terms of
helping to assess areas of interest for exploration and to
avoid areas of potential risks for future landings on Mars.
Several years worth of scientific data are now in ESA’ s
Planetary Science Archive. The data is being used all over
the world, and several hands-on data analysis workshops
have further stimulated its use. The spacecraft and the
instruments have recently been confirmed to be in good
health, and thus the mission is expected to last for a
significant number of years. Further details can be found at:
http://sci.esa.int/marsexpress/

THE EUROPEAN ROBOTIC EXPLORATION OF THE PLANET MARS
A.F. Chicarro, European Space Agency, Solar System Missions Division, ESTEC/Code SRE-SM,
Postbus 299, 2200 AG Noordwijk, The Netherlands (agustin.chicarro@esa.int).
The ESA Mars Express mission was launched in
June 2003 and has been orbiting Mars for almost
six years providing data with an unprecedented
spatial and spectral resolution on the surface,
subsurface, atmosphere and ionosphere of the red
planet. The main theme of the mission is the search
for water in its various states everywhere on the
planet by all instruments using different techniques.
A summary of scientific results is given below.
The High-Resolution Stereo Colour Imager
(HRSC) has shown breathtaking views of the
planet, pointing to very young ages for both glacial
and volcanic processes, from hundreds of
thousands to a few million years old, respectively.
The IR Mineralogical Mapping Spectrometer
(OMEGA) has provided unprecedented maps of
H2O ice and CO2 ice in the polar regions, and
determined
that
the
alteration
products
(phyllosilicates) in the early history of Mars
correspond to abundant liquid water, while the
post-Noachian products (sulfates and iron oxides)
suggest a colder, drier planet with only episodic
water on the surface. The Planetary Fourier
Spectrometer (PFS) has confirmed the presence of
methane (also seen in ground-based observations),
which would indicate current volcanic activity
and/or biological processes. The UV and IR
Atmospheric Spectrometer
(SPICAM)
has
provided the first complete vertical profile of CO2
density and temperature, and has discovered the
existence of nightglow, as well as that of auroras
over mid-latitude regions with paleomagnetic
signatures and very high-altitude CO2 clouds. The
Energetic Neutral Atoms Analyser (ASPERA) has
identified solar wind scavenging of the upper
atmosphere down to 270 km altitude as one of the
main culprits of atmospheric degassing and
determine the current rate of atmospheric escape.
The Radio Science Experiment (MaRS) has studied
the surface roughness by pointing the spacecraft
high-gain antenna to the Martian surface. Also, the
martian interior has been probed by studying the
gravity anomalies affecting the orbit, and a
transient ionospheric layer due to meteors burning
in the atmosphere, was identified by MaRS.
Finally, results of the ionospheric and subsurface
sounding radar (MARSIS) indicate strong echoes
coming from the surface and the subsurface
allowing to identify buried tectonic structures, as
well as layers of water-ice and the very fine
structure of the polar caps. Also, probing of the
ionosphere reveals a variety of echoes originating
in areas of crustal remnant magnetism. Mars
Express is flying at the closest distance ever of
Phobos (less than 100 km), allowing to determine
the mass of Phobos with great accuracy, to sound
its interior with a radar for the first time, to obtain
the sharpest images ever, to observe the satellite in

the visible, UV and IR, and to monitor the solar
wind interaction with its surface.
Mars Express will be followed by ESA’s new
Exploration Programme, starting in 2016 with an
Orbiter focusing on atmospheric trace gases and in
particular methane. The ExoMars rover will follow
in 2018 to perform geochemical and exobiological
measurements on the surface and the subsurface.
Then in 2020, a Network of 3-6 surface stations
will be launched, together with an orbiter, in order
to investigate the interior of the planet, its
atmospheric dynamics and the geology of each
landing site. All these Mars Exploration missions
will be carried out jointly with NASA.
Such network-orbiter combination represents a
unique tool to perform new investigations of Mars,
which could not be addressed by other means. In
particular, i) the internal geophysical aspects
concern the structure and dynamics of the interior
of Mars including the state of the core and
composition of the mantle; the fine structure of the
crust including its paleomagnetic anomalies; the
rotational parameters (axis tilt, precession, nutation,
etc) that define both the state of the interior and the
climate evolution; ii) the atmospheric physics
aspects concern the general circulation and its
forcing factors; the time variability cycles of the
transport of volatiles, water and dust; surfaceatmosphere interactions and overall meteorology
and climate; iii) the geology of each landing site
concerns the full characterization of the
surrounding area including petrological rock types,
chemical and mineralogical sample analysis,
erosion, oxidation and weathering processes to infer
the geological history of the region, as well as the
astrobiological potential of each site. To
complement the science gained from the Martian
surface, investigations need to be carried out from
orbit in a coordinated manner, such as i) global
atmospheric mapping to study weather patterns,
opacity and chemical composition; ii) a detailed
map of the crustal magnetic anomalies from lower
orbit (150 km); iii) study of these magnetic
anomalies need to be studied in light of the
magnetic field induced by the solar wind interaction
with the upper atmosphere of the planet. The
Network Mission concept is based on the fact that
some important science goals on any given
terrestrial planet can only be achieved with
simultaneous measurements from a number of
landers located on the surface of the planet
(primarily internal geophysics, geodesy and
meteorology) coupled to an orbiter.
The long-term goal of Mars robotic exploration
in Europe remains the return of rock and soil
samples from the Martian surface before Humans
go to Mars. For further details on Mars Express
science results: http://sci.esa.int/marsexpress/
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Introduction: Phobos’ surface is subject to
space weathering by Solar wind ions and micrometeorites bombardment. This results in ejection of
surface material and production of dust and gas
phases in the close moon environment. In particular
the existence of a such tori has been postulated
[12,3], but not confirmed by observations [4,5]. Additionally, recent observations from Mars/Express
ASPERA indicate a population of protons backscattered by the surface, shading new light on the interaction between the Martian moon and the solar wind.
The goal of this paper is to perform numerical simulation of the space weathering process at Phobos in
order to determine a putative composition of the gas
phase and compare the result with available data.
This allows to propose some diagnostic of Phobos’
surface.
Model:
We use a 3D Monte Carlo numerical code which
simulates ejection due to sputtering by solar wind
and magnetospheric ions, and bombardment by micrometeorites. Trajectories of the following neutral
species : Fe, O, Mg, Na, and Ca, as well as backscattered protons, are followed within 4 martian radii
from Mars center. We assume a surface composition
based on observed similarity between Phobos IR
surface spectra, spectra of D-type asteroids [6,7] and
associated meteorites, resulting in the following
main species distribution :
Element
Mass fraction
Fe
0.3700
Si
0.1300
O
0.4100
Mg
0.0800
Al
0.0170
Ca
0.0025
Na
0.0015
The Solar Wind parameters, electric and magnetic fields around Mars are ad hoc elements given
at solar minimum conditions by a Hybrid simulation
of the Solar Wind interaction with Mars [8]. We use
micrometeoritic fluxes consistent with those derived
form observations by [9] and previous estimations
[10,11]. Ejected particles are followed until they are
ionized by photons or by charge exchange with solar
wind protons, impact the Martian surface, or escape
the calculation space.
Results: We calculate the steady state density of
Phobos ejecta in the Martian environment for each
species, and provide estimates of corresponding solar scattering emission intensities.

Our preliminary results show no clear evidence
of a gas torus forming around Mars at Phobos orbit.
Due to the very small size and gravity of Phobos and
velocity distributions condidered, ejected species
basically escape and do not form a torus at Phobos
orbit. We however show density distributions of
putative surface elements ejected in the Martian environment and as well as a back-scattered proton
population. Figure 1 below gives an example of the
density distribution of Sodium atoms around Mars
when Phobos is subsolar, while Figure 2 shows the
density distribution for Fe atoms for the same Phobos position. The maximum densities of Sodium and
Iron close to Phobos are 1.86x10-2 cm-3 and 4.0x10-1
cm-3, respectively. For instance for Sodium we estimate a scattering emission intensity of the D2 line
(5889.95 Å) no larger than 1.3x10-2 Rayleigh
(1R=106 photons.s-1/4π).

Fig 1 : Density distribution of Sodium atoms (in log (n) cm-3)

Fig 2 : Density distribution of Iron atoms (in log (n)
cm-3)

Phobos interacts with the solar wind: F. Cipriani et al.
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INVOLVEMENT OF ALTIMETRIC INFORMATION INTO RELIEF RECONSTRUCTION FROM
IMAGES WITH IMPROVED PHOTOCLINOMETRY. I. A. Dulova, Yu. V. Kornienko and N. V. Bondarenko, Institute of Radiophysics and Electronics, National Academy of Science of the Ukraine, 12 Ak. Proskury, Kharkov, 61085, Ukraine. (id@ire.kharkov.ua, bndr@kharkov.ua)
Introduction: The photoclinometric method for
surface topography reconstruction from images using
known dependence of the facet brightness on its orientation was proposed by Van Diggelen in 1951 [1].
The method includes calculation of topography slope
fields using available images and consequent solution of equations shown in [1] that gives height distribution over the surface area under study. This
method is still widely used (for example, [2, 3]),
though in its initial (simplest) formulation [1] it is a
mathematically incorrectly posed problem (as shown
in [4]).
More accurate mathematical formulation of the
problem for the topography reconstruction from images was proposed in [4], further improvements of
the method were shown in [5, 6], and possible errors
of relief reconstruction were discussed in [7].
With an improved photoclinometry (based on the
accurate mathematical formulation of the problem in
the frame of the Bayesian statistical approach), surface heights can be calculated only up to an unknown constant factor. The height accuracy also
depends on the noise level of image registration. To
obtain the true surface heights, the relief reconstruction from images using the improved photoclinometry has to be accompanied with an account of a priori
known heights in sites located in the surface area
under study.
Height measurements by altimeter are the most
reliable method to get the true surface topography.
However usually sparse net of measured points does
not give detailed topography information. Altimetry
data usually have high accuracy. They seem to be the
most promising for the use together with relief reconstruction by the improved photoclinometry allowing calculation of true surface relief (advantage
of the altimeter) with the spatial resolution as high as
the resolution of initial images (advantage of the
photoclinometry).
Method: The main point of the Bayesian statistical approach to the problem of the relief reconstruction from images [8, 9] is minimization of the discrepancy between calculated relief and original images. Involvement of altimetry information means
that the minimization procedure should include additional conditions: heights calculated during reconstruction and those measured by altimeter in corresponding sites should be equal. In general, this leads
to some complication of the mathematical problem.
If the accuracy of altimetry measurements is
much higher then the accuracy of the photoclinometry, the problem for relief reconstruction is simpler to
solve. Similar to the approach discussed in [4], the

problem of relief reconstruction from images with an
account of altimetry data leads to solution of the
Poisson equation with some modification of boundary conditions. The boundary now includes points
represented the area boundary and points (sites) inside the area where altimeter measurements were
made.
At the area boundary (like [4]) the boundary
condition states (Von Neumann condition) that the
normal component of calculated heights gradient
should to be equal to the normal component of
slopes derived from initial image. At the points of
altimeter measurements the boundary condition
states (Dirichlet condition) that the heights should to
be equal to altimetry data.
The best way for numerical solution of Poisson
equation with such boundary conditions is the net
method.
Testing the method and discussion: To illustrate the approach of relief reconstruction from images with an account of altimetry data we simulated
lambertian surface with lunar-like cratered topography. The map of the model relief is shown in Fig. 1
(darker shades denote lower heights). For model
experiments, the surface albedo was considered to be
the same over surface under study.

Based on the model relief two images with orthogonal to each other illumination directions were
generated (see Fig. 2, 3; illumination directions are
shown with arrows; signal-to-noise ratio is equal to
6). Processing of such image set allows determination of the whole gradient of surface heights. Source
images were generated with different values of signal-to-noise ratio.

RELIEF RECONSTRUCTION: I. A. Dulova et al.

True heights of model relief H ( x, y ) in some
sites (shown in Fig. 2 with crosses) were used as a
model of altimetry data.

The procedure of relief reconstruction included
several steps. First, source images were converted
into slopes field knowing photometric properties of
r
the surface t ( x, y ) . After that the divergence of this
field was calculated following procedure discussed
in [4]:
r
P0 ( x, y ) = divt ( x, y ) .
This scalar function serves as a right part of the
Poisson equation formulated for the relief H ( x, y )

!H ( x, y ) = P0 ( x, y ) .
This equation was numerically solved with the
net method for both cases with and without altimetry
information. Distribution of local errors of calculated
heights without and with altimetry data are shown in
Fig. 4 and Fig. 5, respectively. The same shades in
Fig. 4, 5 denote the same error ranges, brighter
shades are corresponded to lower errors.

Involvement of altimetry data leads to a higher
accuracy of relief reconstruction as shown in Fig. 5
and decreases computation time.
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EXTENSIVE AQUEOUS ALTERATION OF MARS’ EARLIEST CRUST: RECENT RESULTS FROM
NASA’S CRISM HYPERSPECTRAL IMAGER & IMPLICATIONS FOR PLANETARY HABITABILITY
Bethany L. Ehlmann1, John F. Mustard1, and Scott L. Murchie2. 1Dept. of Geological Sciences, Brown University,
Providence, Rhode Island 02912 USA (email: bethany_ehlmann@brown.edu) 2Johns Hopkins University Applied
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Introduction: Data from the OMEGA imaging
spectrometer on ESA’s Mars Express mission revealed
hydrated minerals created by aqueous alteration of
primary igneous crust [1-3] and opened a new avenue
of research for understanding the availability of liquid
water through time on Mars, namely, study of hydrated
minerals as a proxy for ancient aqueous geochemistry
and potential habitable environments. The OMEGA
data collectively suggested an early wet period followed by progressively drier weathering conditions
[4]. In some of Mars’ oldest Noachian terrains, phyllosilicate minerals, specifically smectite clays, were
found and are inferred to have formed by long-term
water-rock interaction under neutral to alkaline conditions [4,5]. Evaporite sulfate minerals were found in
younger Hesperian terrains [2] and anhydrous ferric
oxides in the most recent Amazonian terrains [4].
Since it began mapping Mars’ surface at higher
spatial resolution (18m/pixel) in 2006, the CRISM
hyperspectral imager on NASA’s Mars Reconnaissance Orbiter has revealed phyllosilicate alteration
minerals are relatively common in the ancient Noachian crust. Iron-magnesium smectite clays are associated with thousands of impact craters in the ancient
Southern Highlands [6]. Characteristic near-infrared
absorptions from 1.0-2.6 μm have allowed identification of additional hydrated silicate, zeolite, and carbonate alteration minerals, particularly in Noachian terrains [6-8]. These include chlorite, prehnite, serpentine, kaolinite, illite/muscovite, opaline silica, analcime, and magnesium carbonate.
Rather than being homogeneously distributed, the
diverse alteration minerals occur in characteristic assemblages of minerals associated with specific geomorphic settings. These indicate distinctive environments of aqueous alteration [9]. We discuss four particular distinctive mineralogic/geomorphic settings
from Noachian terrains, with examples from claybearing terrains west of the Isidis basin, in and around
the Nili Fossae [8, 10]. These settings indicate at least
four distinct aqueous environments on Noachian Mars
(1) a record of hydrothermal and impact processes in
deep phyllosilicates, (2) a record of pedogenic-like
top-down leaching preserved in layered phyllosilicates,
(3) multiple episodes of neutral/alkaline pH alteration
from carbonate-clay deposits, and (4) evidence of

lakes preserved in phyllosilicate-bearing sediments in
fans and deltas.
Noachian Environments: Fig. 1 provides a context map for the four example settings of clay-bearing
terrains shown in Figures 2-5.

Figure 1. MOLA digital elevation model (elevation range:
+3 to -4 km) showing locations of clay bearing terrains in
Figures 2-5.

Deep phyllosilicates: in some Noachian terrains, phyllosilicates are found at significant depth within the
crust, e.g. at – 2 km elevation in the a unit exposed in
the wall of Coprates Chasma [9], in megabreccia comprising the 600m tall walls of the principal Nili Fossae
trough [10] and exhumed by cratering across the
southern highlands from depths of up to 4-5 km [6]. In
some locations (e.g. Fig. 2) the characteristic mineralogic assemblage indicates hydrothermal alteration.
Fe/Mg smectite, chlorite and analcime-bearing phases
are found in the crater central peaks and walls, ringed
by aeolian materials enriched in silica, quartz, and alkali feldspars [8, 11].

Figure 2. A three-dimensional view of the central peak of a
25 km diameter crater. CRISM mineral maps show Fe/Mg
smectite and chlorite (green) along with zeolite (red) in the
~4 km wide crater central peak, which is surrounded by hydrated silica-bearing aeolian sediments (magenta-blue).

Layered phyllosilicates: in Mawrth Vallis [12] and Nili
Fossae, aluminum phyllosilicates have been found to
overlie iron-magnesium phyllosilicates in a layered
stratigraphy over terrains extending hundreds of kilometers (e.g. Fig. 3). A plausible formation mechanism
for a capping kaolinite layer on smectite deposits is top
down leaching of pre-existing phyllosilicates, leading
to loss of Ca, Mg, and Fe ions from smectite and its
transformation to kaolinite as also occurs in terrestrial
soil-forming environments.

Lacustrine phyllosilicates: Magnesium carbonates and
smectite clays are found in sedimentary units within
the Jezero crater delta [7, 13]. The Jezero watershed
drains a 15,000 km2 area south of the Nili Fossae [14],
and clays and carbonates within the crater probably
represent detrital sediments transported and deposited
in neutral to alkaline waters [13].

Figure 5. (A) Fe/Mg smectite and carbonate (green) comprise some of the sediments of the Jezero crater delta.
Figure 3. A kaolinite-bearing layer (green), exposed in a 2
km wide mesa, caps a thick layer of Fe/Mg smectite-bearing
sediments within a 50km crater west of Nili Fossae trough.

Clay carbonate deposits: Magnesium carbonates are
found associated with olivine-rich rocks in Nili Fossae
that overlie Fe/Mg smectite clays [7] (e.g. Fig. 4). Serpentine is also sometimes found associated with the
olivine-rich unit. The presence of the carbonate overlying the smectite in a later emplaced olivine unit [10]
indicates a second episode of neutral to alkaline pH
alteration, following clay formation [7,8].

Figure 4. Banded olivine-bearing rocks and sands (yellow)
have been partially altered to carbonate (green) and overlie
Fe/Mg smectite (blue). Image is 1km across.

Conclusions: Diverse alteration minerals discovered in Noachian terrains point to geochemical conditions for aqueous alteration at pHs ranging from acidic
to neutral, at temperatures ranging from low grade
metamorphic/hydrothermal to ambient, and to both
near surface and subsurface watery environments.
Multiple formation mechanisms are required to explain
the diversity and stratigraphy of the phyllosilicates
discovered in Mars’ Noachian crust, including hydrothermal, top-down leaching/pedogenesis, and lacustrine deposition. Such a diversity of environments
bodes well for the prospect of habitable environments
on early Mars and may provide insights into the environments of early Earth during its first billion years.
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THE ENVIRONMENT OF EARLY MARS AND THE TIMING OF KEY CONDITIONS. C. I. Fassett1
and J. W. Head, 1Dept. of Geol. Sci., Brown Univ., Prov., RI 02912,.
Introduction: Spacecraft data indicate that the Early Hesperian activity (e.g., Naktong Vallis [11]).
early environment of Mars differs from recent condi- These factors lead us to now prefer this second intertions in a variety of important ways. Mars appears to pretation.
have had an intense magnetic dynamo [1], a wetter
Some workers have continued to argue that even
surface [2], neutral-pH aqueous weathering [3,4], a younger ages are possible [e.g. 12] for some large valdenser atmosphere [5], and higher impact and volcanic leys. However, these interpretations rely on craters
fluxes [6,7]. Moreover, direct evidence strongly favors with comparatively small sizes (<1-2 km) for age inthe existence of lakes on the early surface, some of terpretation. On Mars, such small craters are subject to
which were quite large [8]; more speculatively, there resurfacing processes, which can systematically lead to
may have been an ocean in the northern hemisphere young crater retention ages. To us, these data seem
[9]. Each of these factors (with the possible exception unlikely to relate to the period of fluvial activity rather
of a higher impact flux) is broadly consistent with than the modification time. In some cases, these data
planet more habitable early in its history than today. are inconsistent with counts on larger, harder to reThis has helped motivate an exploration strategy move craters on the same valleys.
predicated on examining materials from this early peThus, our interpretation is that regional-to-global
riod.
scale valley formation on Mars persisted until the
Given these different conditions inferred to exist on Early Hesperian. The rate and nature of earlier activity
early Mars, it has been common to assume that there is are hard to determine using crater statistics alone, since
a discrete geological period (perhaps of some length) earlier fluvial activity greatly modified the surface.
when all of these conditions were met simultaneously. Some workers have hypothesized that the widespread
Although such a scenario is possible, timing con- Late Noachian/Early Hesperian valleys observed
straints suggest that it may not be the most probable across Mars today represent a terminal climatic optiscenario. Here we review constraints on when these mum, where valley formation became more important
conditions existed and describe possible scenarios for than earlier periods [13]. Nonetheless, there is strong
the changes in the environmental conditions that may evidence that significant earlier erosion did occur durhave occurred on Mars.
ing the Noachian, including: (1) thick, layered seValley Network Timing and Activity: In a recent quences of sedimentary rock which under reasonable
study [10], we assessed when 26 valley network- deposition rates implies an extended period of sediincised regions in the highlands terminated fluvial ac- mentation [14]; (2) crater profiles, which have been
tivity. In every instance, the superposed crater popula- interpreted to require fluvial erosion [15], (3) craters
tion resulted in a best fit age in the Noachian or Early that clearly disrupted and changed the drainage netHesperian, with most ages clustering around the Noa- work in a given drainage basin [16], and (4) different
chian/Hesperian boundary in the Late Noachian. (Note erosion and filling states for the large basins on the
that certain valley systems, usually at small scales, are martian surface [17].
universally accepted as much younger [see discussion
Basin Formation and Timing: Both published
in 10]). The statistical nature of these results leads to crater counts and our counts on the best preserved rim
some ambiguity in how they should be interpreted. regions of Argyre, Isidis, and Hellas [18] suggest that
One possible interpretation (which was favored in the sequence of the large, well-preserved impact basins
[10]) is that all of the variability is a result of counting was Hellas, Isidis, and then Argyre. These data imply
statistics, and that valleys ceased activity at essentially that Hellas and Isidis formed in the Early Noachian,
a single point in time. In this interpretation, valley ac- and Argyre is Mid-to-Early Noachian.
tivity terminates at or near the Noachian/Hesperian
All of these basins have been incised by valley
boundary (best fit Hartmann and Neukum ages respec-networks on their interior or immediate exterior, implytively of AH=3.53 Gyr or AN=3.75 Gyr, with a cumula-ing that intense fluvial activity took place after their
tive number of craters ≥5 km per 106 km2 of N(5)=214formation, consistent with our crater counting of valley
(N(5)=200 is the definition of the Noach/Hesp. bound-networks [10]. However, Argyre appears to have the
ary [7]).
best preserved basin-related facies [17]; thus, the inferred
An alternative interpretation of these data is thatsequence of basins from crater statistics is also supported
some of the valleys that have Early Hesperian best fitby the preservation state of the basins. Crater counting
ages are in fact younger than the Noachian/Hesperiandata suggest that the period between the formation of
boundary, and that the spread in crater frequenciesArgyre (the last basin larger than 500 km) and the end of
reflects the persistence of valley formation into thethe wet conditions allowing formation of valley networks
Early Hesperian (perhaps to N(5) of ~>150). This in-on a regional-to-global basis was >50 Myr and possibly
terpretation is supported by two observations: first,~300 Myr, depending on the absolute timing of the Late
some of the valley networks with Early Hesperian bestNoachian and Early Hesperian. This difference in crater
fit ages are the densest, most well-preserved systems,populations between the fresh large basins and the end of
as would be expected, (e.g., Margaritifer Sinus:valley network activity precludes a causal relationship
Parana/Loire has AH=3.49 Gyr or AN=3.73 Gyr, withbetween the formation of these basins and the terminal
N(5)=188), and (2) in some instances, valleys withperiod of valley network formation.
young ages also have stratigraphic evidence suggesting
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Timing of Magnetic Field: Observations from the
Mars Global Surveyor magnetometer experiment demonstrated that there are crustal magnetic anomalies
observed over much of the surface, with the strongest
anomalies concentrated in the southern highlands [1].
These crustal anomalies likely imply an early core
dynamo and global magnetic field, (though see [19,
20]); the existence of this magnetic field may have
played an important role in arresting the loss of an
early martian atmosphere by solar wind sputtering, as
well as shielding the surface from energetic cosmic
rays [5].
The most important age constraints on the timing
of the Mars magnetic field is the demagnetization (or
non-magnetization) of certain basins and volcanoes.
Magnetic anomalies are largely absent in Hellas, Argyre, Isidis, and Utopia, as well across most of Tharsis
and volcanic edifices, with the exception of Hadriaca
Patera [21]. The easiest explanation for the lack of
magnetization on these basins and volcanoes is that
much they post-date the cessation of the magnetic field
(although such an explanation is not satisfactory for
the lack of magnetic remnance in the northern hemisphere). If this interpretation is correct, the core dynamo must have ended during the Early Noachian,
before the formation of Hellas. [22]. This is radically
earlier than the end of valley network formation and
the shift in weathering style on early Mars; this suggests that if a magnetic dynamo was playing an important shielding role for the surface and/or atmosphere,
the shield may have been removed well before water
stopped was playing an important geomorphic role on
the martian surface.
Weathering Environments and Timing:
The
early weathering history of Mars has been revolutionized by observations in the last decade across the electromagnetic spectrum [3,4]. These data have resulted
in the recognition of at least ~10 environment types
where minerals which are the result of aqueous weathering processes are observed [4]. In some instances,
these aqueous minerals are in situ (found where they
formed); in other instances, they may have been transported and concentrated by depositional processes.
The materials that remain in situ are the most reliable for making inferences about the timing of the
geochemical environments that these represent. These
data suggest that until the Late Noachian, moderate-toalkaline pH weathering environments were common.
Later in the Hesperian, certain regions had abundant
emplacement of layered sediments with sulfate minerals and hematite [3]. However, MRO data make clear
that this low-pH weathering environment was not
ubiquitous, as minerals (such as carbonate) that would
be readily destroyed in such environments persisted in
certain locations [4]. Because many of the late aqueous minerals on Mars seem to reflect groundwater interactions with the upper crust or surface evaporates,
these minerals may not require a stable late hydrosphere or habitable surface conditions.
Thus, current data suggest that neutral-pH weathering on Mars was an important process until approximately the end of the Noachian. Although evidence
for such weathering is ubiquitous, it hard to constrain

how transient or persistent such conditions were. It is
now clear that the transition to sulfate weathering that
has been observed to occur later in Mars history was
not universal, although it does demonstrate the continuation of some aqueous weathering into the Hesperian.
Summary: It has been hypothesized that the period when valley networks were formed early in the
history of the planet is coincident with an early magnetic field that protected the atmosphere and that removal of this early shield ended clement surface conditions. As we describe here, this scenario appears unlikely. A causal relationship [23] between basin formation and valley network is also not favored. If
cratering helps contribute to valley formation smaller
craters must be invoked [10]. Formation of valleys by
catastrophic events is not favored by the extended period of activity implied by network properties [24].
What does the timing of events described in this
abstract mean for the prospects of exploration and the
search for habitability on early Mars? If the magnetic
field of Mars was necessary for protecting life at Mars’
surface, valley sediments and even phyllosilicates
which date to the Late Noachian or Early Hesperian
(such as those in Holden and Eberswalde craters [25])
may have been emplaced in conditions that had already
become less favorable, as the dynamo likely terminated hundreds of millions of years before these sediments were deposited. Thus, although these sites may
provide invaluable information about surface hydrology and have the advantage of a clear stratigraphic
context, sites with more ancient materials may give us
the best hope for finding traces of life from early Mars.
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Introduction: Bright swirl-shaped features on the
Moon have remained one of the most enigmatic lunar
geologic features [1, 2]. Generally, lunar swirls have
high albedo, low optical maturity, and often exhibit
dark lanes that interweave with brighter features.
Swirls are also correlated with magnetic anomalies [3].
Traditionally, there have been two classes of
hypotheses to explain swirls. The first suggests that
impacts of comets or meteoroids scoured away the
mature surface layers of lunar soil, leaving behind
bright, immature material [4-6]. The second hypothesis
suggests that the magnetic fields associated with swirls
stand off the solar wind protons, and prevent the
maturation of the underlying soil [3, 7]. The first
hypothesis has difficulty explaining the strong crustal
magnetization observed at swirls, while the second
cannot account for the lack of obvious micrometeoroid
weathering at swirls.
Here we present two new sets of observations about
lunar swirls, both of which motivate a new hypothesis
for their formation. The new formation mechanism
makes use of the electric fields that are inferred to exist
at lunar crustal magnetic anomalies, and electrostatic
dust lofting processes.
Magnetic field strengths at swirls: Under the
solar wind stand off model, dark lanes form in swirls
due to the deflection and focusing of protons in areas
that are otherwise shielded [3]. The width of these
darker regions should be limited by the gyrodiameter of
protons as they spiral to the surface. Several dark lanes
at Reiner Gamma have widths of ~600 m, Figure 1.
Assuming a proton pitch angle of 45 and a velocity of
400 km/s, the near-surface magnetic field required to
produce a gyrodiameter of 600 m is 12,000 nT. This
estimate is a minimum, since the motion of the protons
will not be perfectly adiabatic.
Such high fields near the surface require
significantly magnetized material.
For example,
modeling the magnetic anomaly as a magnetized disk
of radius 2 km (typical swirl length scale), height 2 km
(typical mare thickness), and buried just below the
surface, the required magnetization is ~20 A/m.
However, the most magnetic lunar samples ever
measured have magnetizations of ~1 A/m. Therefore,
either the materials at Reiner Gamma are unusually
magnetic, which itself is an interesting conclusion, or
the solar wind stand off hypothesis is incomplete.
Considering the expected micrometeoroid weathering
at swirls, and observations of the spectral properties of
swirls (below), we will explore the latter scenario.
Spectral characterization of lunar swirls:
Differences in space weathering on a normal mare
surface can be visualized by plotting band strength

(950/750 nm) vs. albedo (750 nm) [8]. Pixels from a
large surface area will form a linear trend in this plot,
with mature soils plotting in the upper left corner, and
immature soils plotting in the lower right. The solar
wind standoff model predicts that soils within swirls
should plot on the lower right corner of the
background trend. However, soils within swirls form
independent linear trends that are displaced from each
other in band strength and albedo, when moving
outward from the center of the swirl (Figure 2). If
solar wind and micrometeoroid bombardment produce
the same nanophase iron as the main weathering agent
that creates the normal linear weathering trend, the
observed multiple trends is inconsistent with the solar
wind stand off model.
Swirl formation by transport of fine dust: We
seek a model for swirl formation that permits
micrometeoroid weathering, explains the association
with magnetic fields, explains the spectral properties
of swirls, and explains the structure of dark lanes.
The model is based on the observations of weak
electric fields at the crustal magnetic anomalies at the
Apollo 12 and 14 sites [9-13]. These electric fields
form by charge separation, due to the differential
penetration of solar wind electrons and protons into
the magnetic field. Positive voltages at each site were
inferred from observations of particle accelerations by
Apollo surface instrumentation. For the Apollo 12
site the 38 nT magnetic field produced a ~100 V
potential, with a length scale of 5 km, producing an
electric field of ~2  10-2 V/m, in agreement with the
estimate in [14]. Similarly, at the Apollo 14 site (~75
nT) the electric field is inferred to be ~5  10-2 V/m.
In a process that is unrelated to crustal magnetic
fields, fine lunar dust is lofted above the surface by
electric fields. This phenomenon has been observed
by a number of spacecraft and instruments [15-19], at
altitudes above the lunar surface ranging from
centimeters to kilometers. The exact mechanism of
lofting is not known, but a number of observations
suggest it operates mainly in the terminator region.
In our model we assume that fine dust is lofted
twice a day at each terminator crossing. The average
lofting time for a grain is unknown, but models
suggest between seconds and minutes [16, 20]. The
size of lofted grains is also not well known, but is
likely below 10 m in diameter [16]. We assume the
grain is at an equilibrium potential of 10 V, and
calculate its charge following [21].
In Figure 3 we show that lunar dust of up to 10 m
can be transported over the length scales of swirls in
time periods that are comparable to the solar wind
weathering timescale (100,000 yr [22]), for reasonable
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lofting times (>3 s) and electric fields (< 50 mV/m).
Smaller dust grains are more easily transported.
Because fine dust (< 45 m) dominates the spectral
properties of lunar soil and the < 10 um fraction is the
most weathered [23], this transport process may lead to
spectral properties similar to what is observed at swirls.

We note that crustal magnetic anomalies exert
attractive or repulsive forces on the magnetic dipoles of
fine dust. However, there is an equal probability of
repulsion and attraction, making the net effect likely
small, even if other difficult conditions are met.
Dark lane formation. Under the dust transport
model, dark lanes can be explained by regions where
the net horizontal electric field is zero, and dust
transport is halted. Such regions may be due to
adjacent positive electric anomalies that nullify each
other’s fields, or symmetric charge distributions that
create internal regions of zero horizontal field.
Conclusions: Horizontal fine dust transport is a
viable mechanism to explain the unusual weathering
trends at lunar swirls. The model can be further
tested with better topography and spectral
data.

Figure 1: Reiner Gamma swirl. Arrows indicate dark
lanes with widths less than ~600 m.

Figure 3: Transport distance for a 10 m lunar dust
grain at 10 V, for a variety of horizontal electric fields
and lofting times. Assumes the grain is lofted twice
each lunar day, and the probability of lofting is unity
at each lofting opportunity.

Figure 2: Swirl north of Reiner Gamma swirl. Top:
Locations for pixels shown in bottom panel. Bottom:
Band strength vs. albedo trends for rectangles in top
image. Dark blue pixels represent the background
weathering trend.
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MAGNETIC AND SPECTRAL PROPERTIES OF LUNAR SWIRLS, AND A NEW MECHANISM FOR
THEIR FORMATION. I. Garrick-Bethell1, J. W. Head III1, and C. M. Pieters1, 1Department of Geological
Sciences, Brown University, 1846 Brook Street, Providence, RI 02912, Ian_Garrick-Bethell@brown.edu.
Introduction: Bright swirl-shaped features on the
Moon have remained one of the most enigmatic lunar
geologic features [1, 2]. Generally, lunar swirls have
high albedo, low optical maturity, and often exhibit
dark lanes that interweave with brighter features.
Swirls are also correlated with magnetic anomalies [3].
Traditionally, there have been two classes of
hypotheses to explain swirls. The first suggests that
impacts of comets or meteoroids scoured away the
mature surface layers of lunar soil, leaving behind
bright, immature material [4-6]. The second hypothesis
suggests that the magnetic fields associated with swirls
stand off the solar wind protons, and prevent the
maturation of the underlying soil [3, 7]. The first
hypothesis has difficulty explaining the strong crustal
magnetization observed at swirls, while the second
cannot account for the lack of obvious micrometeoroid
weathering at swirls.
Here we present two new sets of observations about
lunar swirls, both of which motivate a new hypothesis
for their formation. The new formation mechanism
makes use of the electric fields that are inferred to exist
at lunar crustal magnetic anomalies, and electrostatic
dust lofting processes.
Magnetic field strengths at swirls: Under the
solar wind stand off model, dark lanes form in swirls
due to the deflection and focusing of protons in areas
that are otherwise shielded [3]. The width of these
darker regions should be limited by the gyrodiameter of
protons as they spiral to the surface. Several dark lanes
at Reiner Gamma have widths of ~600 m, Figure 1.
Assuming a proton pitch angle of 45 and a velocity of
400 km/s, the near-surface magnetic field required to
produce a gyrodiameter of 600 m is 12,000 nT. This
estimate is a minimum, since the motion of the protons
will not be perfectly adiabatic.
Such high fields near the surface require
significantly magnetized material.
For example,
modeling the magnetic anomaly as a magnetized disk
of radius 2 km (typical swirl length scale), height 2 km
(typical mare thickness), and buried just below the
surface, the required magnetization is ~20 A/m.
However, the most magnetic lunar samples ever
measured have magnetizations of ~1 A/m. Therefore,
either the materials at Reiner Gamma are unusually
magnetic, which itself is an interesting conclusion, or
the solar wind stand off hypothesis is incomplete.
Considering the expected micrometeoroid weathering
at swirls, and observations of the spectral properties of
swirls (below), we will explore the latter scenario.
Spectral characterization of lunar swirls:
Differences in space weathering on a normal mare
surface can be visualized by plotting band strength

(950/750 nm) vs. albedo (750 nm) [8]. Pixels from a
large surface area will form a linear trend in this plot,
with mature soils plotting in the upper left corner, and
immature soils plotting in the lower right. The solar
wind standoff model predicts that soils within swirls
should plot on the lower right corner of the
background trend. However, soils within swirls form
independent linear trends that are displaced from each
other in band strength and albedo, when moving
outward from the center of the swirl (Figure 2). If
solar wind and micrometeoroid bombardment produce
the same nanophase iron as the main weathering agent
that creates the normal linear weathering trend, the
observed multiple trends is inconsistent with the solar
wind stand off model.
Swirl formation by transport of fine dust: We
seek a model for swirl formation that permits
micrometeoroid weathering, explains the association
with magnetic fields, explains the spectral properties
of swirls, and explains the structure of dark lanes.
The model is based on the observations of weak
electric fields at the crustal magnetic anomalies at the
Apollo 12 and 14 sites [9-13]. These electric fields
form by charge separation, due to the differential
penetration of solar wind electrons and protons into
the magnetic field. Positive voltages at each site were
inferred from observations of particle accelerations by
Apollo surface instrumentation. For the Apollo 12
site the 38 nT magnetic field produced a ~100 V
potential, with a length scale of 5 km, producing an
electric field of ~2  10-2 V/m, in agreement with the
estimate in [14]. Similarly, at the Apollo 14 site (~75
nT) the electric field is inferred to be ~5  10-2 V/m.
In a process that is unrelated to crustal magnetic
fields, fine lunar dust is lofted above the surface by
electric fields. This phenomenon has been observed
by a number of spacecraft and instruments [15-19], at
altitudes above the lunar surface ranging from
centimeters to kilometers. The exact mechanism of
lofting is not known, but a number of observations
suggest it operates mainly in the terminator region.
In our model we assume that fine dust is lofted
twice a day at each terminator crossing. The average
lofting time for a grain is unknown, but models
suggest between seconds and minutes [16, 20]. The
size of lofted grains is also not well known, but is
likely below 10 m in diameter [16]. We assume the
grain is at an equilibrium potential of 10 V, and
calculate its charge following [21].
In Figure 3 we show that lunar dust of up to 10 m
can be transported over the length scales of swirls in
time periods that are comparable to the solar wind
weathering timescale (100,000 yr [22]), for reasonable
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lofting times (>3 s) and electric fields (< 50 mV/m).
Smaller dust grains are more easily transported.
Because fine dust (< 45 m) dominates the spectral
properties of lunar soil and the < 10 um fraction is the
most weathered [23], this transport process may lead to
spectral properties similar to what is observed at swirls.

We note that crustal magnetic anomalies exert
attractive or repulsive forces on the magnetic dipoles of
fine dust. However, there is an equal probability of
repulsion and attraction, making the net effect likely
small, even if other difficult conditions are met.
Dark lane formation. Under the dust transport
model, dark lanes can be explained by regions where
the net horizontal electric field is zero, and dust
transport is halted. Such regions may be due to
adjacent positive electric anomalies that nullify each
other’s fields, or symmetric charge distributions that
create internal regions of zero horizontal field.
Conclusions: Horizontal fine dust transport is a
viable mechanism to explain the unusual weathering
trends at lunar swirls. The model can be further
tested with better topography and spectral
data.

Figure 1: Reiner Gamma swirl. Arrows indicate dark
lanes with widths less than ~600 m.

Figure 3: Transport distance for a 10 m lunar dust
grain at 10 V, for a variety of horizontal electric fields
and lofting times. Assumes the grain is lofted twice
each lunar day, and the probability of lofting is unity
at each lofting opportunity.

Figure 2: Swirl north of Reiner Gamma swirl. Top:
Locations for pixels shown in bottom panel. Bottom:
Band strength vs. albedo trends for rectangles in top
image. Dark blue pixels represent the background
weathering trend.
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MAPPING OF PHASE ANGLE RATIOS OF COLOR-INDEX C(610/480 nm) FOR EAST PORTION
OF THE LUNAR NEARSIDE. S. Yu. Gerasimenko, V. G. Kaydash, Yu. G. Shkuratov, N. V. Opanasenko,
Yu. I. Velikodsky, and V. V. Korokhin, Astronomical Institute of Kharkov V.N. Karazin National University,
Sumskaya Street 35, Kharkov, 61022 Ukraine. gerasimenko@astron.kharkov.ua
Introduction: Phase angle dependences of different color-indexes of the lunar surface have been
studied not enough. However, these data are necessary for interpretation of optical observations of the
lunar surface. We here present results of mapping
the color index phase ratios (CIPR) for east portion
of the lunar nearside. We use photometric data (images) acquired with a telescope in the 2°-95° range
of phase angles. We found that at phase angles from
the range 0-50° the color index CR/B=C(610/480 nm)
of highlands grows with phase angle faster than that
for dark mare areas. The opposite effect is observed
at larger phase angles, 50°-95°.
Observations and data processing: Lunar imaging campaign was organized in 2006 at the Maidanak observatory (Uzbekistan) [1,2]. Observations
with the Kharkov 0.5-m reflector and Canon EOS
350D camera were carried out. The camera CMOS
sensor is exploited using raw format imaging in
three wide spectral bands (λeff = 480 (B), 540 (G),
610 nm (R)). The pixel counts are calibrated to the
numbers proportional to brightness of the lunar surface. In data processing we subtract the electric zero,
bias signal, and account for the flat field. We improved the photometric accuracy of the data, averaging a series of images obtained during short time. To
minimize geometric image distortions caused by the
Earth atmosphere we applied a “rubber sheet” coregistration of images based upon a correlation method.
All the images obtained at different solar illumination were transformed into common projection allowing their quantitative comparison.
Results of CIPR mapping: We apply the phase
angle ratio method (e.g., [1]) to study the dependence of the color index on phase angles. We calculate the ratio of two CR/B images that are constructed
for different phase angles α1 and α2. Thus, CR/B
variations are suppressed on the phase angle ratio
image CIPR= СR/B(α1)/СR/B(α2), α1 < α2, and only
the difference of CR/B phase dependences should
remain. We here do not use an absolute photometric
calibration, i.e. our estimates of the CIPR behavior
are relative.
We have investigated the CR/B phase angle trend
for east portion of the lunar nearside that comprises
Mare Serenitatis, Mare Tranquillitatis and surrounding highlands. Figure 1 shows an image mosaic of
the region in G filter. Figure 2 represents a CR/B image mosaic. Color variations over the image are
about 14 %. Brighter tones correspond to higher CR/B
values. Well-known color variations in Mare Tran-

quillitatis and the color difference between this mare
and Mare Serenitatis are seen on the map; the surrounding highlands are more homogeneous.

Figure 1. Brightness distribution in G filter over the
Mare Serenitatis and Mare Tranquillitatis in orthographic projection. Mosaic of images.

Figure 2. Color-index C(610/480 nm) distribution
(mosaic). The cross shows the site used for colorindex normalization (MS-2 standard [3]).
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We have constructed a series of CIPR images of
the region at different combination of phase angles.
We here show only two CIPR distributions: for
small (6°/21°) (Fig. 3) and large (75°/94°) (Fig. 4)
phase angle ranges. Each CIPR image was normalized to its mean value. Analysis of the presented
images reveals a relative excess of the CIPR (6°/21°)
for mare regions over highlands up to 3-4 %. In general, anticorrelation of the CIPR with albedo (cf. Fig.
1) is observed. It should be noted that CIPR variations over the highlands are highly suppressed,
bright young craters and ray system of the crater
Proclus are not seen. The CIPR (75°/94°) distribution (Fig. 4) shows well-observed direct correlation
with albedo. The average value of the CIPR for
Mare Serenitatis is ~1.01; some areas in Mare Tranquillitatis are characterized by values 0.98 - 0.99.
The CIPR for northeast highlands is about ~1.02.
We note that for other regions of the lunar disk (e.g.,
Mare Humorum) CIPR images for the same phase
angle ranges reveal similar behavior.
Discussion: Thus, we observe the following
regularities in the CIPR behavior. At rather small
phase angles the CIPR anticorrelates with albedo.
When we go to larger phase angles the weakening
“mare/highland” contrast on the CIPR image is observed. In the range of phase angles ~ 40°-50° the
“mare/highland” contrast is disappeared. At larger
phase angles the direct correlation of the CIPR parameter with albedo becomes distinguishable.
The phase reddening, i.e. growth of CR/B with α
is explained by the progressive contribution of
higher scattering orders to the total light flux reflected by the lunar regolith. The higher the albebo,
the greater contribution of multiple scattering. Thus,
for the surface with higher CR/B this contribution is
greater, and, therefore, the phase dependence of the
color-index is more expressed. Darker mare soils
should have more neutral СR/B(α) behavior in comparison with the highland material. Changing of the
slope of СR/B(α) curve for the phase angles α > 40° 60° is connected with decreasing the role of multiple scattering at very large phase angles. This was
shown in computer modeling of light scattering in
particulate surfaces [4,5].
Conclusion: Using data of the Earth-based telescope observations of the Moon, we mapped phase
ratios of the color-index CR/B = C(610/480 nm) in
the range 2°-95° of phase angles. These ratios reveal
different behavior for mare and highland surface: for
highlands the value CR/B increases with phase angle
faster, than that for maria. This behavior remains up
to the α≈45°. Then, the CR/B dependence on α goes
steeper for maria than that for highlands.
Investigations of phase angle dependences of different color indexes for the lunar surface are important, if any accurate spectrophotometric calibration is

necessary. Particularly, it concerns data recently
obtained by the space lunar missions LRO (USA),
Kaguya (Japan), and Chandrayaan-1 (India).

Figure 3. Image of the color index phase ratio
СR/B(6°)/СR/B(21°).

Figure 4. Image of the color index phase ratio
СR/B(75°)/СR/B(94°).
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MAPPING OF JUPITER GALILEAN MOONS OF IO EXAMPLE. I. Ju. Golodnikova,
Moscow State University for Geodesy and Cartography, nika_saige@mail.ru

Jupiter is the fifth planet from the Sun and the
largest planet within the Solar System. Jupiter is the
biggest planet of Solar System. Radius of Jupiter –
71 400 km. It contains 2/3 weight of whole Solar
System (except the Sun).
There are also at least 63 moons, including the
four large moons called the Galilean moons that
were first discovered by Galileo Galilei in 1610.
Ganymede, the largest of these moons, has a diameter greater than that of the planet Mercury. With over
400 active volcanoes, Io is the most geologically
active object in the Solar System. Future targets for
exploration in the Jovian system include the possible
ice-covered liquid ocean on the moon Europa. Surrounding the planet is a faint planetary ring system
and a powerful magnetosphere.
Jupiter has been explored on several occasions by
robotic spacecraft, most notably during the early
Pioneer and Voyager flyby missions and later by the
Galileo orbiter. The most recent probe to visit Jupiter
was the Pluto-bound New Horizons spacecraft in late
February 2007. The probe used the gravity from Jupiter to increase its speed and adjust its trajectory
toward Pluto.
The first spacecraft to pass by Io were the twin
Pioneer 10 and 11 probes on December 3, 1973 and
December 2, 1974 respectively. When the twin
probes Voyager 1 and Voyager 2 passed by Io in
1979, their more advanced imaging system allowed
for far more detailed images. Voyager 1 flew past
the satellite on March 5, 1979 from a distance of
20,600 km (12,800 mi). The images returned during
the approach revealed a strange, multi-colored landscape devoid of impact craters. The highestresolution images showed a relatively young surface
punctuated by oddly shaped pits, mountains taller
than Mount Everest, and features resembling volcanic lava flows. At the same time the first maps of
their surface on the base of surface images were
compiled and it was obvious, that the most interest is

caused by drawing a map of Io. In Galileo project its
surveying program was continued from the orbit of
the first Jupiter artificial satellite during the different
variants of this body flybys. In the whole six flights
were executed. If the surveys of Voyagers were conducted from distances about 19 000 km, the surveys
of Galileo were done from the very beginning up to
the height of 611 km above the surface, and at the
last flight already to the height of 184 km.
The work devoted mapping of Galilean moons of
Jupiter was started from Io. At drafting of trial map
of Io the main is reflection of relief features. Now we
are indisposed enough heights of relief given on absolute marks of the body, therefore its relief is reproduced by the method of relief shading, by computer
drawing in the interactive mode with using of Adobe
Photoshop and data tablet software. Moreover, a
color is show different areas, formed by volcanic
ejection. Every color is done on a separate layer with
the set degree of transparency. A color gamut is developed so that most exactly to pass the natural colors of Io. For the most high-quality, exact and detailed transmission of surface relief and the types of
relief forms which were met on this satellite are analyzed, especially volcanoes, their legend is made.
Nomenclature of relief details and cartographic grid
for the best quality of print were done in the vector
program (Adobe Illustrator) with a subsequent export in Adobe Photoshop.
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SEISMOLOGY OF MARS.T. V. Gudkova and V. N. Zharkov, Schmidt Institute of Physics of the Earth,
Russian Academy of sciences, 123495, Moscow, B.Gruzinskaya, 10, gudkova@ifz.ru
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Introduction: On the basis of the various
interior structure models of Mars we have
calculated free oscillation periods and seismic
travel times. Our goal is to investigate the
difference between the various available models,
particularly in their seismic response. The most
recent interior structure models are based on
geodetic information: the moment of inertia and the
Love number k2. The moment of inertia of Mars is
known from the measurements of the precession
rate of the planet by the Pathfinder mission and,
then, by MGS mission. The Love number k2 was
obtained from gravity analysis of orbiting
spacecrafts: 0.152±0.009 [1] and 0.10-0.13 [2]. The
latter value allows the presence of perovskite
bearing lower mantle The seismology could answer
the crutial question on the value of the radius of the
planetary core.
The level of tectonic and geological activity on
Mars suggests that it should be seismically more
active than the Moon but less active than the Earth.
Most theoretical models of the seismic activity on
Mars, which are based on the thermoelastic cooling
of the lithosphere [3, 4, 5, 6], predict a total of 10100 quakes per year with seismic moments larger
than 1022 dyne cm. The quakes are related to the
cooling of the planet, which accumulates stresses
that are then released by quakes. This type of
activity is the minimum expected activity on Mars.
Taking into account the fact that one can see giant
faults on the surface of Mars (within Tharsis
region, Tempe Terra, Valles Marineris, Olimpus
region), it is not possible apriori to rule out large
seismic events.
Interior structure models: Among the
interior structure models fitting the currently
available geophysical and geochemical knowledge
[7, 8] we select 7 of them for this study. The
models differ by the crust thickness (50-100 km)
and the density of the crust (the average density of
the crust varies from 3200 to 2700 kg/m3), and the
core radius (1580-1770 km).
For the calculations of the free oscillation periods
and travel-times we also consider: 1) the model A
of [9] (the core radius 1468 km; the density of 110km thick crust is 2810 kg/m3), this model was used
by Knapmeyer et al. [10] for their study; 2) the
model by Okal and Anderson [11] (the core radius
1694 km, the density of 50-km thick crust is 2700
kg/m3 ).
Free oscillations: The periods of fundamental
modes of spheroidal and torsional oscillations with
the degree l =2-6 are quite sensitive to the core
parameters. The period values increase practically
linearly with the increase of the planetary
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Fig. 1. Phase velocities 0Cl (a) and group velocities 0Ul
(b) for the fundamental mode of Love waves as a
function of period T for different interior structure
models (solid lines – models of [7,8], dashed line –
model A of [9], dot-dashed line – model of [11].

core radius. A change of the core radius by 1%
provides a change of the period by 1.5%. Along
with calculating the spectrum of free oscillations
we have calculated the dispersion curves for phase
and group velocities. It is seen from fig. 1, that
dispersion curves for models with different crust
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thickness and density differ in the range of periods
up to 40 sec. The behavior of the dispersion curves
for interior structure models [7,8] differ
substantially from those curves for the models of
[9] and [11], which have a rather constant phase
velocity, itself resulting in a smooth group velocity.
The dispersion curves can be used to solve problem
of determining the structure of the crust and the
upper mantle.
If there is a registration of free oscillations, it is
important to know down to what depth the normal
modes could sound the planetary interiors. The
torsional modes with λ ≥3 (if a marsquake with
M0=1025 dyne cm occurs), with λ ≥6 (M0=1024 dyne
cm), and with λ ≥12 (M0=1023 dyne cm) could be
detected by currently available instruments. The
torsional modes with λ ≥3, 6 and 12 can sound the
Martian interiors down to 1600, 1100 and 700 km,
respectively [12]. The displacement amplitude for
the overtones is smaller than that for the
fundamental modes. The spheroidal modes with
only λ ≥17 (M0=1025 dyne cm) could sound the outer
layers of Mars down to 700-800 km [13]. For a
marsquake with a higher seismic moment (1026 dyne
cm) the spheroidal modes with λ ≥6 could be
detected (sounding the outer layers down to 2000
km. These results are in agreement with the results
obtained by Lognonné et al. [14], who concluded
that normal mode detection would be clearly
successful for a 1025 dyne cm seismic moment
marsquake and 10-9ms-2Hz-1/2 noise level and the
seismic moment may be reduced to 1024 dyne cm for
a noise level of 10-10ms-2Hz-1/2 .
Travel-time calculations: Travel times P,
PKP, PcP, S, SKS, ScS waves for the considered
models were calculated using the code developed
by Knapmeyer [15]. The source was located on the
surface and at the depth of 300 km. Figure 3 shows
the difference in travel-time curves as function of
epicentral distance between a trial model M7_3 [7,
8] and .the model A of [9]. We see that the
difference are up to 40 s for P and PcP , and up to
100 s for S and ScS arrivels. PcP and ScS, phases
reflected from the core, could provide a strong
constraint on the core’s radius. For diagnostic
purposes, the core phases PKP and SKS are the
most promising phases in Martian seismology. The
difference between models are about 300-350 s.
Conclusion: In this abstract we examine what
kind of future seismic measurements could yield
answers to questions concerning the interiors of
Mars. We would like once more to emphasize the
importance of the information on normal mode
frequencies, in order to determine the very deep
structure of Mars, as the seismic information from
only one seismic instrument will be able.
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Fig. 2. Travel times P, PKP, PcP, S, SKS, ScS waves
difference between a trial model M7_3 [7, 8] and the
model A of [9] for the source on the surface (solid line)
and at the depth of 300 km (dashed line)..
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THE EAST AFRICAN RIFT SYSTEM AND RIFT ZONES OF VENUS (ATLA, BETAPHOEBE); COMPARATIVE ANALYSIS OF THE MAIN CHARACTERISTICS. E. N.
Guseva, Vernadsky Institute, 119991, Moscow, Russia, guseva-evgeniya@ya.ru

The East African rift system (EARS)
extended for ~ 6.000 km from north to
south [1] and is presented by two
branches – Kenya-Ephiopian and NyasaTanganyikan rift zones. The KenyaEphiopian branch extends almost for 2200
km [2] with the mean width ~ 100 km and
visible depth ~ 1 км [3]. The NyasaTanganyikan branch extends almost for
2100 km [2] with the mean width ~ 120 km
and visible depth ~ 1.5 км [3]. The rift
branches relate to the East-African dome
that extends from north to south for ~
2000 km [4]. The width of the dome is
about 1200 km, and its height is ~ 1.4 км
[3]. The total horizontal extension for the
rifts of EARS is estimated to be from 7.5
to 10% (mean 8.7%) [5; 6; 7; 8; 9].
Several large volcanic constructs (4.5 - 6
km high and 50-60 km across) associate
with the rifts of EARS [5; 2]. The
seismotomography data suggest [10] the
presence of a region of hotter mantle
under the Kenya-Ephiopian rift. This zone
dips to the lower mantle under south of
Africa. During development of the rifts in
EARS, the lithosphere was thinned from
~100 km to ~40 km [10].
The rift zones of Venus, the Atla and the
Beta-Phoebe Regions, also relate to the
large domes, extend from their tops and
are several thousands of km long [11].
The rift zones of Atla Regio extends for
3500 km with the mean width ~ 320 km
and is related to the dome-shaped
structure that is ~ 1500 km across and ~ 2
km high. The mean visible depth of the rift
is about ~ 3.7 км [3]. The rift zones that
connect Beta and Phoebe Regions extend
for ~ 2600 km with the mean width ~ 240
км. The associated dome is ~ 2000-2500

км [12] and is ~2 км high [3]. The mean
visible depth of these rifts is about 3.4 km
[3]. The total horizontal extension of rifts
on Venus is, on the average, from ~ 2.1%
(Atla) to ~ 2.9% (Beta-Phoebe). Thus, the
rifts of EARS have experienced extension
that is about twice as large comparing
with the rifts on Venus [13]. As in the case
of EARS, large volcanoes (from 1.5 to 8
km in height [14] and more 100 km across
[15]) associate with the rifts on Venus.
The estimates of the model thickness of
the recent lithosphere under the dome of
Beta Regio vary from 276 to 390 km [16].
The rifts of EARS and rifts on Venus are
presented by asymmetrical linear axial
graben and half-graben, complicated by
secondary flank fractures. The rift valleys
of EARS about twice as narrow (mean~
100 км) comparing with the rift valleys on
Venus (mean ~ 300 км) [17], but the
depth of the rifts in EARS is significantly
larger (to 7 km with volcanic and
sedimentary deposits [4; 5]), than that on
Venus (mean depth ~ 3.5 км).
The EARS region is characterized by
the much thinner (~from 55 to ~100 km [7;
18; 10]) recent lithosphere than the rift
regiones on Venus (apparently, ~300 km
[16]). Formation of the rift zones of EARS
and rifts of Venus is thought to be due to
mantle plums. Larger sizes of the domes
associated with the rifts of Venus are
consistent with the hypothesis that the
rifts there formed in the thicker lithosphere
there.
In the future, we plan to conduct the
numerical modeling of rifting on Venus
and Earth and comparison of its results
with the detailed photogeological analysis

of the structures associated with rifts on
both planets. This will provide the
possibility for more correct comparison of
the major characteristics of rifting
(thickness of the lithosphere, size and
speed of the plumes rising, etc.) on Earth
and Venus.
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PSEUDO-GRAVITY EVOLUTION AND MOTION ON THE SURFACE OF PHOBOS. M. Hamelin, Laboratoire Atmosphère, Milieux, Observations spatiales (LATMOS), 4 av. de Neptune, 94107, Saint Maur, France,
michel.hamelin@latmos.ipsl.fr

Introduction: Phobos, which can be represented as an
ellipsoidal body is orbiting around Mars in a locked configuration as the Moon around Earth. At geological time
scale the quasi-circular orbit of Phobos becomes closer to
Mars with a current ratio of R/RM ~2.75 between the Phobos-Mars center distance and Mars radius. In a first part I
show the pseudo-potential energy on the surface and its
geological time evolution, which indicates the slant for surface material motion. However as Phobos cannot be considered as an inertial frame for velocities as low as ~1m/s, I
study in a second part the motion of grains, stones or blocks
that can glide or roll on the surface. The possibility that some
grooves were dug by rolling blocks is then discussed as well
as the conditions of downward motion.
Static approach: The gravitational field used here is the
ellipsoidal model of Davis [1] that describes as well the past
and future orbital distances of Phobos. Gravity features on
the surface including tidal effects are shown in Fig. 1 in the
current orbit (R/RM = 2.75).

minimum at R/RM.= 3.2 and increases continuously towards
unrealistic high values when Phobos approaches Mars.
For R/RM = 5, the first panel of Figure 2 shows a minimum
of energy at the pole and a maximum at the sub-Mars (or
anti-Mars) point. Approaching Mars both low energy and
high energy patterns move. Between R/RM ~3.9 and R/RM
~3.6 , the maximum has moved from the sub-Mars point to
the trailing (or leading) point. Within the same R/RM range a
secondary minimum appeared on the prime meridian close to
~40° latitude. At R/RM ~3.2, this minimum becomes the
main minimum, drifting along the prime meridian to the subMars point for R/RM ~3.1. For lower values of R/RM the
sub-Mars point will stay as the minimum energy point. At
the current value of R/RM ~2.75, the maximum is still at the
trailing point, but along the prime meridian a maximum
stands at ~60° latitude as seen before in Figure 1. In the
future values of R/RM , the maximum will leave the trailing
point at R/RM ~2.2 as a secondary maximum was formed on
the trailing meridian at ~45° latitude; at R/RM = 1.7, the
maximum is at the pole (which was a minimum at the beginning).

Figure 1
a) Normalized pseudo-potential energy (scaled between
highest and lowest values). b) Normalized gravity.
c) Tangent component of the gravity (arrows, scale in
mm/s2). d) slope amplitude (in %). Note the ‘crest’ feature at
~65° latitude on the prime meridian.
The relative energy variations on the surface, En ,
are shown in Figure 2 as a function of R/RM. Owing to the
symmetries of the problem, only 1/8 part of the ellipsoid
surface is presented in triangular figures corresponding to
ellipsoidal triangles. The apexes are the sub-Mars point
(SM), the trailing edge apex (TR) and the North pole (NP).
The coordinate system is shown on the top-left panel; both
latitude λ and longitude φ vary linearly in the 0-90° range.
The panels start with ancient location of Phobos at R/RM= 5,
follow the decrease of the orbital distance through the current position (R/RM ~2.75) and continue down to R/RM = 1.5.
As the energy is normalized to its range of variation on the
whole surface, for each panel, the color scale is always the
same, divided in 20 steps. In fact the energy range reaches a

Figure 2.
Normalized pseudo-potential energy (scaled between highest
and lowest values) for various values of R/RM . See text and
upper left drawing for coordinates.

Dynamic approach: The static approach is not adequate
to fully understand the motion of material on the surface. In
fact as the Phobos reference frame is not inertial, real trajectories of test masses shall be computed and the static pseudopotential maps indicate only accessibility in terms of energy.
With the present ellipsoidal model, and with the current orbit
of Phobos, the slopes are under the typiccal angles of repose.
Spontaneous regolith avalanches could occur when the local
topography provides higher slopes but this is out of scope of
the present model which accounts for large scale motion or
when the surface is relatively smooth. On the past and present Phobos surface material motion is supposed to be triggered by impacts. For small regolith grains lifted as well as
large blocks ejected the trajectories depend on the velocity
range. For very low velocities (<< 1m/s) and over short distances the motion is likely always down slope, but for velocities of the order of ~1 m/s the Phobos rotating frame
effects cannot be neglected. For high velocities (>> 1 m/s),
escape from Phobos is also possible.
I compute the trajectory of a gliding test mass for
any initial position and velocity. Depending on these initial
conditions a gliding mass stay gliding or can in some cases
take off after some distance and land again on Phobos as
shown in Figure 3.

ries is also similar. However, for R/RM = 3.50 the blocks
would not take off as for the current orbital distance. The
grooves fading around longitude 270° in Figure 5 would be
better explained with a closer orbital distance than 3.50, but,
at this point we have to notice that the ellipsoidal model
shows differences as high as 2 km with the real surface. In
consequence this discussion should be confirmed later with a
more precise model.

Figure 4. Same as Figure 3 for a lainch from Stickney and
for R/RM = 3.50. (curves have been limited for clarity)

Figure. 5. Grooves patterns, from Thomas [3]
Figure 3. Current Phobos orbit. Trajectories of a test
mass launched tangentially from the trailing apex (highest
potential as for the leading one). Coordinates: +x = to Mars;
+y = trailing direction. Starting velocities are 1,2,3 and 4
m/s; launch azimuths are multiples of 22.5°. The red part of
the curves corresponds to a flying part of the trajectory.

Dynamics of blocks launched from Stickney and
grooves. The same calculations performed for launches
from the Stickney crater area (longitude -50°, latitude 5°)
and for the tentative orbital distance of R/RM = 3.50 for
Stickeney impact lead to Figure 4 trajectories. As the
pseudo-potential range on Phobos is smaller than the current
one the trajectories do not leave the surface but their shape is
similar, particularly the East-West asymmetry. Comparing
Figures 3 and 4 with the grooves patterns of Figure 5 (Thomas, 1997) the western curves for initial velocities ~2 m/s
appear like the actual ones. The density of eastern trajecto-

Conclusion. Among many hypotheses about the formation of grooves on the surface of Phobos, it has been suggested that they could have been plowed by impact ejecta,
but this was questioned using the arguments that no block
was observed at the end of the grooves and that the grooves
do not run down slope[2]. The present study shows that both
arguments fail as computed trajectories do not run generally
down slope and that they can leave the surface. The grooves
patterns around Stickney can be explained in several aspects
by the track of rolling or gliding blocks, but this could not be
extended to all types of Phobos grooves for which other
processes could be involved.
References: [1]Davis, D.R. et al. (1981) Icarus 47, 220233; [2] Thomas, P.C. (1997) Icarus 131, 78-106. [3] Thomas, P. et al. (1979) J. Geophys. Res. 84, 8457-8477.

CHARACTERISTICS, AFFINITIES AND AGES OF VOLCANIC DEPOSITS ASSOCIATED WITH THE
ORIENTALE BASIN FROM CHANDRAYAAN-1 MOON MINERALOGY MAPPER (M3) DATA: MARE
STRATIGRAPHY. J. Head1, M. Staid2, C. Pieters1, J. Mustard1, L. Taylor3, T. McCord4, P. Isaacson1, R. Klima1,
J. Nettles1, J. Whitten1, and the M3 Team. 1Brown Univ., Providence RI 02912; 2PSI, Tucson AZ; 3Univ. Tenn.,
Knoxville TN 37996; 4BFC, Winthrop, WA; (james_head@brown.edu).
Introduction and Background: The ~930 km diameter Orientale basin, the youngest and most well preserved multi-ringed basin on the Moon, displays a remarkably fresh and very sparsely flooded basin interior
[1-3]. Orientale provides a background template on
which to analyze and assess the locations, ages, volumes, mineralogies and modes of emplacement of volcanic deposits associated with the basin. Deposits of
volcanic origin associated with the Orientale basin have
six main modes of occurrence: 1) Mare Orientale itself,
occurring in the central part of the basin, covering
47,000 km2, and estimated to be ~1 km thick [1]; 2) Lacus Veris and Lacus Autumni, consisting of small lava
ponds arranged in arcuate bands in the northeast part of
the basin at the base of the Outer Rook and Cordillera
Mountains respectively [4]; 3) the dark ring to the south
of Orientale [5-7]; 4) cryptomaria in regions generally
distal to the Orientale basin ejecta deposit (the Hevelius
Formation and adjacent smooth plains) [8-11], 5) mare
deposits on the floors of post-Orientale impact craters
such as Schlüter [4], and 6) post-Orientale deposits that
lap onto distal basin deposits and that often occur in the
vicinity of cryptomaria [10]. We use a mosaic of images at ~155 m/pxl (2.9 µm; reflected light and thermal
emission) and spectra from the Moon Mineralogy Mapper (M3) experiment [12] flown onboard Chandrayaan1 to define and characterize the array of volcanic deposits, focusing on mare stratigraphy and building on numerous previous studies of volcanism in the Orientale
region.
Background, Ages and Stratigraphy: Observations
from Earth are limited due to the position of Orientale
on the western limb, but Earth-based telescopic data reported by Hawke et al. [13] indicated a titanium content
for Lacus Veris and Lacus Autumni that they interpreted to be similar to that of central Mare Serenitatis.
Greeley et al. [9] used Galileo Solid State Imaging
(SSI) experiment data to analyze the maria in Orientale
and related areas. For the mare deposits, ratios of 0.410.56 µm filter images provided information on the titanium content, and 0.76/0.99 ratios indicated 1 µm absorptions related to Fe2+ in mafic minerals. These data,
together with stratigraphic relations determined in images and crater-size frequency distribution data from
Lunar Orbiter images, provided a first synthesis of the
history and mineralogy of the modification of the Orientale basin by mare deposits (Fig. 1). The oldest mare
materials detected in the Orientale basin interior (~3.7
Ga old) occur in the south-central part of the basin, and
the youngest [11] occur in Lacus Autumni (~2.85 Ga

old), along the base of the Cordillera Mountain ring.
Kadel et al. [14] reported even younger basalts in central
Lacus Veris (~2.29 Ga). Thus, on the basis of these data,
volcanic activity in the Orientale interior spans ~0.85 Ga
(or possibly 1.41 Ga [14]), starting ~100 Ma after basin
formation. Subsequent to the earliest maria (~3.70 Ga),
additional mare deposits were emplaced in western and
southeastern Mare Orientale at about 3.45 Ga. The maria
within Mare Orientale are medium to medium-high titanium (<4-7% TiO2), with the lower Ti signatures in the
northeastern and west central Mare Orientale being attributed to contamination of the deposits by Orientale basin
(highland) material ejected by the Hohmann Q and
Maunder impacts. Lacus Veris crater counts yield an age
of 3.50 Ga and the SSI data yield evidence for a mediumhigh-titanium soil. The outermost mare deposits within
the basin, Lacus Autumni, were dated at 3.4 Ga and 2.85
Ga [14], and medium-high-titanium soils in the north and
medium-titanium soils in the south, the latter possibly due
to contamination from adjacent highlands [9]. These results are consistent with Earth-based measurements [13].
Greeley et al. [9] conclude that although mare volcanic
activity spans at least 0.85 Ga in duration, the mare deposits display a fairly narrow range of compositions relative the much wider diversity seen in nearside mare deposits (e.g., Hiesinger et al. [15-17]).
New Mare Deposits Detected by M3: Most previous
work has focused on the distribution of mare patches in
Lacus Veris and Autumni and hypothesized that the restriction of mare deposits outside Mare Orientale to this
quadrant is related to gradients in crustal and/or lithospheric thickness [18-19]. The increased spatial and spectral resolution of M3, however, has revealed the presence
of small mare ponds along the western and southern margins of the basin (Fig. 2). Two of these (Fig. 3) have been
previously noted in Zond data [20-22], and form small
ponds, one about 30 x 12 km on the back slope of the
Outer Rook Mountains and the other, nearby at the base
of the OR in a 65 x 20 km patch, is at the position of the
Lacus Veris ponds in the northeast quadrant. The third
patch (Fig. 4), ~8 x 15 km, lies just east of some of the
innermost massifs of the Outer Rook ring and just west of
the Inner Rook ring. The fourth patch (~12 km; Fig. 5) is
superposed on smooth plains within the Montes Rook
Formation and the fifth (~10 x 13 km; Fig. 6) lies at the
margin of the Montes Rook and the Hevelius Formation.
These patches lie near the base of the outer Cordillera
ring, in a position similar to mare ponds comprising Lacus
Autumni in the northeast quadrant. Although these new
deposits are relatively small compared to other patches of

maria [4], nonetheless they illustrate that magma was
reaching the surface throughout this region over a much
broader area than previously thought. Although too
small to yield robust crater-age dates, we are currently
assessing the spectral characteristics of these western
patches in order to compare their affinities to those
elsewhere in Orientale (Fig. 1,2).
Conclusions: Stratigraphic relationships and ages
show that: 1) mare filling began ~100 Ma after basin
formation in the basin interior followed by activity in
Lacus Veris, then a second phase in the interior, followed by Lacus Autumni, and possibly latest activity in
Lacus Veris, with a total duration of 0.85-1.41 Ga
[9,14], but relatively low total volumes [4]. 2) Eruption
locations were focused in the interior and along the

Fig. 1. Phases in the emplacement
of mare deposits in Ga following
the formation of the Orientale basin at 3.8 Ga. From [9, 14].

Fig. 4. Mare patch 3 (Fig. 2).

outer two basin rings; M3 data show that activity was
widespread within the basin, but concentrated in the interior and northeast quadrant.
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Fig. 2. Location of five mare deposits in the
western part of the Orientale basin unrelated to
Mare Orientale or Lacus Veris and Autumnae,
and mapped in M3 data (see Figs. 3-6). Base is
mosaic of M3 data at 2.9 µm,.

Fig. 5. Mare patch 4 (Fig. 2).

Fig. 3. Mare patches 1 and 2 (Fig. 2).

Fig. 6. Mare patch 5 (Fig. 2).

LUNAR ORIENTALE BASIN AND VICINITY: TOPOGRAPHIC CHARACTERIZATION FROM LUNAR
ORBITING LASER ALTIMETER (LOLA) DATA. J. W. Head1, D. E. Smith2, M. T. Zuber3, G. Neumann2,
C. Fassett1 and the LOLA Team. 1Brown Univ., Providence, RI (james_head@brown.edu), 2NASA GSFC, Greenbelt, MD, 3 MIT, Cambridge, MA.
Introduction: The 920 km diameter Orientale basin is
the youngest and most well-preserved large multi-ringed
impact basin on the Moon [1-10]; it has not been significantly filled with mare basalts, as have other lunar impact basins, and thus the nature of the basin interior deposits and ring structures are very well-exposed and provide major insight into the formation and evolution of
planetary multi-ringed impact basins [1-10] (Fig. 1).
New data from the armada of recent and ongoing lunar
spacecraft are providing multiple data sets, new characterization, and new insights into the origin and evolution
of the Orientale basin [11-15].
Lunar Orbiting Laser Altimeter Data: We report
here on the acquisition of new altimetry data for the Orientale basin from the Lunar Orbiting Laser Altimeter
(LOLA) on board the Lunar Reconnaissance Orbiter.

MRF) (Fig.1), ranging up in size to the Mendel-Rydberg
basin just to the south of Orientale (Fig. 2, left); this crater-basin topography has influenced the topographic development of the basin rim (CR), sometimes causing the
basin rim (see peaks in Fig. 2) to lie at a topographically
lower level than the inner basin rings (OR and Inner
Rook-IR). New LOLA data show that the pre-Orientale
Mendel-Rydberg basin (Fig. 2, left) just to the south may
be larger, younger, fresher, and more comparable in size
to Orientale than previously suspected.

Fig. 3. LOLA profile 092012251 through the center of the Orientale
basin and the 55 km diameter crater Maunder on the northern part of
the inner basin floor (right).

Fig. 2. LOLA profile 092020050 through the center of the Orientale
basin and into the pre-Orientale Mendel-Rydberg basin to the south
(left).

Pre-Basin Structure: Pre-basin structure had a major
effect on the formation of Orientale; we have mapped
dozens of impact craters underlying both the Orientale
ejecta (Hevelius Formation-HF) (see the rough terrain
between -5 and +10 degrees in Fig. 2) and the unit between the basin rim (Cordillera ring-CR) and the Outer
Rook ring (OR) (known as the Montes Rook Formation-

Location of the basin rim and excavation cavity: In
contrast to some previous interpretations, the distribution
of these features supports the interpretation that the OR
ring (Fig. 1) is the closest approximation to the basin excavation cavity.
Basin Interior Topography: The total basin interior topography is highly variable and typically ranges ~6-7 km
below the surrounding pre-basin surface, with significant
variations in different quadrants (Fig. 2-3).
Nature of the Inner Basin Depression: The inner basin
depression is about 2-4 km deep below the IR plateau

(Fig. 3) and these data permit the quantitative assessment
of post-basin-formation thermal response to impact energy input and uplifted isotherms. The Maunder Formation (MF) (Fig. 1) consists of smooth plains (on the inner
basin depression walls and floor) and corrugated deposits (on the IR plateau); this topographic configuration
supports the interpretation that the MF consists of different facies of impact melt. The inner depression is floored
by tilted mare basalt deposits surrounding a central premare high of several hundred meters elevation and deformed by wrinkle ridges with similar topographic
heights (Fig. 3); these data permit the assessment of basin loading and by mare basalts and ongoing basin thermal evolution.
Post-Basin Impact Craters and Sampling Depths: The
depth of the 55 km diameter post-Orientale Maunder
crater, located at the edge of the inner depression, is in
excess of 3 km (Fig. 3); this depth permits the quantita-

tive assessment of the nature of the deeper sub-Orientale
material sampled by the crater. The mineralogy of the
Orientale deposits favor the interpretation that the Orientale basin sampling depth was largely confined to the
upper crust [13-15]; the mineralogy of the central peaks
of the post-Orientale 55 km diameter Maunder crater, located in the basin interior depression inward of the IR
(Fig. 2), are somewhat enriched in low-Ca pyroxene and
may have sampled noritic lower crust, but apparently not
mantle [15].
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Fig. 1. Schematic cross section of the Orientale basin illustrating the relation of the basin rings to basin deposits (interior and exterior) [4].
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Introduction: Most lunar multi-ringed impact basins have been eroded by impacts or filled by mare volcanism [5-8]; the interiors of most basins (e.g., Crisium,
Serenitatis, Imbrium, Humorum) are almost completely
covered and obscured. Thus, unlike fresh impact craters
(Tycho, Aristarchus and Copernicus), little is known
about the primary interior deposits and initial stages of
evolution of large multi-ringed impact basins. One
multi-ringed basin, Orientale, remains largely unfilled
and offers substantial clues to the nature of basin forming events and their early evolution. The Orientale basin (~930 km in diameter) (Fig. 1), the youngest and
most well preserved multi-ringed basin on the Moon,
displays remarkably fresh examples of the multiple
rings that are the hallmark of these types of structures
[1-4]. The Cordillera Mountain ring (CR), an inward
facing mountain scarp ~930 km in diameter, defines the
basin itself. The next inward ring, the Outer Rook
Mountain ring (OR), is characterized by a ring of major
interconnected massifs ~620 km in diameter. The next
innermost ring, the Inner Rook Mountain ring (IR)
~480 km in diameter, consists of isolated mountain
peaks that resemble central peaks and central peak rings
in smaller craters and basins. Interior to the IR ring is a
central depression approximately 320 km in diameter.
Also well-exposed and preserved at Orientale are basin
radial ejecta deposits (the Hevelius Formation) and a
full range of deposits within the basin interior, including the Montes Rook Formation (MRF), lying between
the CR and the OR, and the Maunder Formation, lying
within the OR and divided into two facies, an outer corrugated facies occurring mostly between the OR and the
edge of the inner depression, and the smooth or plains
facies, lying predominantly within the inner depression.
All of these rings and units have been interpreted to
have formed as part of the Orientale basin event, with
the Hevelius and Montes Rook Formation interpreted as
variants of basin ejecta, and the Maunder Formation
commonly interpreted as impact melt [1-4].
Together, these ring structures and impact basinrelated deposits provide a template on which to analyze
and assess: 1) The impact and excavation stage: The
distribution and mode of emplacement of ejecta, the nature of basin rings and their relation to features in
smaller basins and craters, the approximate location of
the transient cavity rim, and the direction of impact; 2)
The short-term modification stage (the first ~100 Ma):

The nature of the terminal stages of the event, the collapse
and immediate readjustments of the transient cavity, the
flow and cooling of impact melt deposits, and the thermal
equilibration of heat deposited by the impact and brought
to the near-surface by uplifted geotherms [5]; 3) The
longer-term modification stage (post ~100 Ma): The continued readjustment of the basin interior by longer-term
viscous relaxation, and its modification by mare basalt
filling, post-basin impact craters, and their proximal and
distal ejecta. Models of the relationship of basin formation and mare basalt evolution can be tested; 4) The nature of the basin-forming process and the mineralogy and
stratigraphy of the target region: Develop a conceptual
model for the basin-forming process and the depth of excavation and sampling; in an iterative manner, an improved understanding of the basin-forming process and
the mineralogy of the rings and basin deposits can be used
to probe the stratigraphy of the crust and test models for
crustal formation and evolution. In this study we focus on
an overview of the geomorphology and mineralogy of the
Orientale basin rim and interior; we use a mosaic of images at 2.9 µm (reflected light and thermal emission) and
spectra from the Moon Mineralogy Mapper (M3) experiment flown onboard Chandrayaan-1 [6] to define and
characterize the array of rings and deposits in the Orientale region, and test models for basin structure and crustal
stratigraphy.
Background. Recognition that several eastern massifs
of the Inner Rook Mountains are composed of shocked
plagioclase was established with earth-based 4-20 km
telescopic measurements [7-9]. Galileo multispectral data
[4,10] showed that the Hevelius Formation is homogeneous and spectrally similar to Apollo 16 mature soils, suggesting an upper crustal source. Located between the
Cordillera and Outer Rook rings, the Montes Rook Formation showed a slightly stronger mafic absorption, and
was interpreted to be the deepest crustal material excavated. The centrally located Maunder Formation is distinct from stratigraphically younger mare basalts and
comparable to the Hevelius in its spectral properties, supporting a basin-related impact melt origin [1,4].
Clementine data generally supported these interpretations
[11]. More recently, near-infrared spectroscopic data from
KAGUYA (SELENE) discovered crystalline plagioclase
in the central peaks of several large highland craters [12]
and in Orientale [13] based on a diagnostic absorption
near 1.3 µm [e.g., 14].

The crystal-field basis for near-infrared spectral
properties of lunar materials is documented extensively
in the literature [15]. Note that before KAGUYA, the
diagnostic features of crystalline Fe-bearing anorthosites had only been seen in the laboratory. Anorthosite was previously identified remotely by high albedo and lack of Fe2+ absorptions [8,15] since plagioclase is the only mineral known to become sufficiently
disordered with shock to lose its absorption bands.
M3 Mineralogy. Mineralogy across Orientale (Fig.
1) is derived through combined spectral and spatial information [16-17]. Hevelius Formation (HF: exterior):
Feldspathic breccias with minor noritic mafic component; relatively homogeneous and well-mixed at M3
scale (no distinctive blocks or mountains). Cordillera
Mountains (CM: outer ring): Outcrop exposures of unweathered feldspathic breccias similar to HF. Montes
Rook Formation (MRF; between CM and ORM rings):
Blocky and not well-mixed at M3 scale; feldspathic
breccias with some shocked anorthosite blocks. Outer
Rook Mountains (ORM ring North and South): Distinctively more crystalline blocks of noritic anorthosite and
anorthosite. Not well mixed at M3 scale. All anorthosite
blocks are the shocked form. Inner Rook/Peak Ring
(IR/PR: inner ring). All massifs bordering Lacus Veris
are pure anorthosite including discrete zones of the unshocked crystalline form; a few massifs toward the basin interior contain blocks with zones of mafic minerals. Maunder Formation: This unit occurs within the
Outer Rook Ring of the Orientale basin, and has been
interpreted as impact melt [1-4], a hypothesis consistent
with multispectral image data [4] but as yet unconfirmed by direct measurement of mineralogical relations. Rough, bright, hilly, and mountainous topography
in the Maunder Formation was interpreted to be underlying coherent basin floor debris protruding through the
impact melt [1]. Single pixel spectra from the Maunder
[16-17] show the dominance of anorthositic lithologies
with very little mafic component across all the Maunder
Formation. However, no significant crystalline anorthosite is observed. Only rare exposures of mafic bearing materials are found within the Maunder Formation.
Thus, since the crystalline basement and ejecta debris
of Orientale are observed to be highly feldspathic, the
Maunder Formation units are consistent with an impact
melt origin for this deposit. Nevertheless, it is apparent
that in this region the Maunder Formation overlies and
is mixed with large blocks of impact debris that is es-

sentially anorthosite with minor noritic components.
Discussion and Conclusions: The overall regional
crustal stratigraphy sampled by the basin forming event
and the correspondingly varied shock history as inferred
from Orientale mineralogy observed by M3 is (bottom to
top): 1. Crystalline mafic-bearing anorthositic rocks
(largely noritic) as seen as large blocks in the ORM, a
remnant of the excavation cavity; 2. Pure anorthosite (all
or some of which is Fe-bearing) as seen in the IR/PR,
formed by late-stage lateral movement and uplift; 3. Megaregolith of unknown thickness (removed, laterally
transported and mixed). The two lower units (1&2) are
consistent with the stratigraphy proposed by [8]. The
MRF represents a large-scale mixture of the excavated
column including melt, and the HV represents a more
fine-grained and intimately mixed version. The Maunder
Formation is highly feldspathic and represents an impact
melted homogenization of the upper units [16-17]. Discovery of crystalline Fe-bearing anorthosite within the
IR/PR and its contiguous relations to inferred shocked
plagioclase validates the near-infrared identification of
plagioclase. Furthermore, the steeper continuum slope of
shocked plagioclase suggests trace FeO in the crystalline
form may be transformed to npFe° during shock. These
data favor the interpretation that the Orientale basin sampling depth was largely confined to the upper crust; the
mineralogy of the central peaks of the post-Orientale 55
km diameter Maunder crater, located in the basin interior
depression inward of the IR, are somewhat enriched in
low-Ca pyroxene and may have sampled noritic lower
crust, but apparently not mantle. Most importantly, M3
data reveal that the mountains of the innermost mountain
ring (Inner Rook) consist of pure anorthosite, including
outcrops of the unshocked crystalline form. This massive
exposure of anorthosite across the entire mountain range
helps to validate the Lunar Magma Ocean hypothesis
(plagioclase flotation in the crystallizing lunar magma
ocean).
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Fig. 1. Schematic cross section of the Orientale basin illustrating the relation of the Inner Rook Ring to the basin deposits of the exterior [4].
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Introduction and Background: Mare volcanic deposits provide evidence for the nature, magnitude and
composition of mantle melting as a function of space
and time [1] and commonly occur in the interiors of
impact multi-ringed basins; mare genetic relationships
to these basins is debated [2-3]. Most lunar multi-ringed
impact basins have been filled with mare deposits to a
substantial degree [4-7], but the ~930 km diameter Orientale basin, the youngest and most well preserved
multi-ringed basin on the Moon, displays a remarkably
fresh and very sparsely flooded basin interior [9-11].
Orientale provides a background template on which to
analyze and assess: 1) the location, nature, characteristics and distribution of volcanic vents, 2) the location,
mineralogic characteristics and affinities of the volcanic
deposits, 3) the temporal relationships of the deposits
with the age of the impact basin itself, and 4) the volume and relationship of mare basalt volcanism to the
formation and evolution of impact basins. We use a
mosaic of images at ~155 m/pxl (2.9 µm; reflected light
and thermal emission) and spectra from the Moon Mineralogy Mapper (M3) experiment [12] flown onboard
Chandrayaan-1 to define and characterize the array of
volcanic features and their settings, building on numerous previous studies of volcanism in the Orientale region. Deposits of volcanic origin associated with the
Orientale basin have six main modes of occurrence: 1)
Mare Orientale itself, occurring in the central part of the
basin, covering 47,000 km2, and estimated to be ~1 km
thick [9]; 2) Lacus Veris and Lacus Autumni, consisting of small lava ponds arranged in arcuate bands in the
northeast part of the basin at the base of the Outer Rook
and Cordillera Mountains respectively [13]; 3) the dark
ring to the south of Orientale [14-16]; 4) cryptomaria in
regions generally distal to the Orientale basin ejecta deposit (the Hevelius Formation and adjacent smooth
plains) [17-20], 5) mare deposits on the floors of postOrientale impact craters such as Schlüter [13], and 6)
post-Orientale deposits that lap onto distal basin deposits and that often occur in the vicinity of cryptomaria
[5,19]. In this study we focus on the nature of the dark
ring located in the southern interior of the Orientale basin (Fig. 1).
The Low-Albedo Ring: The low-albedo ring in the
south-southwest portion of the Orientale basin was
originally discovered in Zond data [21-24] and interpreted to be a mare region [21,24]; subsequently it was
interpreted as a series of vents associated with a 175 km
diameter, inner ring of a 350 km diameter pre-Orientale
basin by Schultz and Spudis [25]. In Galileo data, the

dark ring has a moderate albedo and 1 µm absorption,
suggesting that it is a pyroclastic deposit contaminated
with older underlying Orientale basin material [18], described as favoring the interpretation of an ancient basin
with associated pyroclastic vents. Pieters et al. [26]
showed that the ring deposit is slightly brighter than nearside mantling deposits, has a very weak 1 µm absorption
band and a relatively high UV/VIS ratio, but lower than
nearside black sphere deposits. This opened the possibility of two interpretations: 1) contamination by highland
material of ilmenite-rich dark mantling material such as
the black beads sampled at Apollo 17 [18], or 2) the weak
1 µm band could indicate that the deposits are not homogeneous glass, but are in a crystallized form [31]. In contrast to the buried basin interpretation, later analyses of
Clementine data [32-33] revealed the presence of a centrally located linear depression (Fig. 2-3) that has been interpreted as a vent for an Io-like volcanic eruption that
formed a plume to create a top-down deposited pyroclastic ring dark mantle deposit (DMD) [28]. Clementine
multispectral data [27] suggested that the DMD has a
glass band absorption and a steep slope in the UVVIS, indicating the presence of volcanic glasses and an affinity to
the Aristarchus Plateau and Alphonsus DMD; the vent
walls are characterized by a noritic signature. Head et al.
[28] used these data to outline a model of dike emplacement to shallow levels, degassing to produce magmatic
foam, and eruption of the foam into a symmetrical spray
of pyroclasts ~40 km high, producing the ~154 km-wide
dark pyroclastic ring; the predicted velocities and rapid
cooling times are consistent with a glassy nature of the
deposit in the Clementine data [27].
Interpretations from M3 Data: The new M3 data
permit us to assess further the nature of the features and
deposits and the proposed models for their origin [21-29].
Especially useful is the M3 image mosaic (~155 m/pxl,
2.9 µm reflected light and thermal emission, and Sun elevation angle intermediate between Clementine and LO).
Character of the Dark Ring: M3 image data (Fig. 2)
show no evidence for specific vents in the zone that is
characterized by the dark ring (compare Fig. 1a, c and 2).
The dark ring material seen in the Clementine and Zond
data (Fig. 1a, c) appears to be uniformly draped over the
underlying topography and no evidence is seen in the
lower sun-illumination M3 data for ponding or flooding
that might be associated with extrusive lava flows. No
evidence for Aristarchus Plateau-like sinuous riles,
Alphonsus-like dark-halo craters, or Hadley Rille-like
linear depressions are seen in the ring itself. Craters in
and adjacent to the dark ring (e.g., at 12:30 and 6:30
o'clock) appear to be impact craters that postdate the ring

pear to be impact craters that postdate the ring and
penetrate through the ring into underlying Orientale basin deposits (Fig. 2).
Nature of the Elongate Depression: M3 image data
reveal the nature of the elongate depression in the center of the DMD (Fig. 2) and show exposed rocky material in the western wall; M3 spectra are consistent with
the materials in the vent wall being noritic in nature,
similar to the nearby massifs in the Outer Rook ring
[30]. No morphologic evidence is seen for thick deposits of pyroclastics subduing topography on the rim of
the elongate depression, nor spectral evidence of significant pyroclastics there; this is consistent with a
model of an explosive venting of foam at the top of a
dike and formation of an Io-like umbrella-shaped eruption plume, where accumulation dominates in a ring
[28]. LOLA data [31] indicate a depth of at least 2.8 km
for the elongate depression, supporting a volcanic,
rather than impact origin for the crater.
Spectral Characteristics of the Deposit and Elongate Depression: Preliminary analysis of M3 spectra of
the DMD confirm a pyroclastic origin but show that
some of the deposits are more similar to Apollo 17
crystallized beads rather than glasses, as interpreted
from Clementine data [27].
Conclusions: The new M3 data are consistent with
an Io-like eruption plume model for the Orientale DMD

Fig.1. Orientale basin showing location of
dark ring: a. Zond 8 (image 8-306); b. Lunar
Orbiter (LO IV-187M); c. Clementine 750
nm mosaic; d. Sketch map showing the main
characteristics of the basin and vent/ring location. (From [28]).

[33] but show that Apollo 17-like crystallized beads may
be more important than previously thought. Origin of the
DMD from a central vent negates the requirement for a
series of vents associated with a 175 km diameter, inner
ring of a 350 km diameter pre-Orientale basin [30]; analysis of M3 images does not reveal specific morphologic
evidence for the presence of pre-Orientale basin rings in
these positions [30, Fig. 1; 34, Fig. 2] extending inside the
Outer Rook Mountains.
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Fig. 2. Elongate depression nested in massifs of
the Outer Rook (OR) Mountain ring; tow rings
(60 km and ~100 km radius) enclose the dark
ring seen in Fig. 1a, c). North of the massif ring
the surface texture is characterized predominantly by the corrugated facies of the Maunder
Formation [9-11] interpreted as impact melt lying inside the Orientale crater. South of the OR
lies the domical facies (Montes Rook Formation) interpreted to be Orientale ejecta deformed
during the inward collapse of the Orientale rim
crest [9]. The elongated depression is interpreted to be the central vent for the dark ring
deposit (Fig. 1).

Fig. 3. Details of the interior and immediate
surroundings of the elongate depression in M3
data. Exposures of noritic material are seen in
the western wall of the inner depression. Little
evidence is seen for extensive rim deposits,
consistent with the style of explosive eruption
envisioned in [28].
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Introduction and Background: An important
question in assessing the relationship between impact
basin formation and mare volcanism [1-2] is the
distribution and volumetric significance of mare
deposits in the central part of the basin following the
impact event [3]. The ~920 km diameter Orientale
basin, the youngest and most well preserved multiringed basin on the Moon, displays a remarkably fresh
and very sparsely flooded basin interior [4-7] and thus
is an important laboratory for studying this relationship.
In this analysis we use a mosaic of images and spectra
from the Moon Mineralogy Mapper (M3) experiment
flown onboard Chandrayaan-1 [8] to define and
characterize the distribution and thickness of mare
basalts in the basin interior, building on numerous
previous studies of volcanism in the Orientale region.
Estimating Mare Orientale Deposit Thicknesses:
Mare Orientale, occurring in the central part of the basin, covers ~47,000 km2 and was estimated on the basis
of Lunar Orbiter data to be less than ~1 km thick [4]
and perhaps up to several km in some areas [9]. M3 image and spectral data provide information to assess and
refine these earlier estimates.
The Maunder Formation: The Basement of Mare
Orientale: The Maunder Formation [6], consisting of a
rough/corrugated facies and a smooth/fractured plains
facies, comprises the major unit lying inside the Outer
Rook Mountain ring; the Maunder has been interpreted
as an impact melt deposit that lined the cavity; the corrugated facies is interpreted to be melt mixed with
breccia material, while the plains facies is interpreted to
consist of more pure impact melt [4,7]. Analysis of
Earth-based [11-12], Galileo [7,10], Clementine [9] and
M3 [13] data show that the Maunder Formation is related to Orientale impact basin deposits, and spectrally
very distinctive from the later mare deposits [14]; this
contrast provides strong evidence for the configuration
of sub-Mare Orientale topography (the mare basement).
Here we use M3 data to assess the configuration and
depth of this Maunder basement surface.
The Maunder Formation dominates the plateau outside the inner depression and the walls of the inner depression; it can also be seen within the inner depression
in the basin center as an irregularly-shaped, 30 x 50 km
hummocky rise (Fig. 1, 2) that has clearly been embayed by mare basalts. The presence of this central rise
led [4] to hypothesize that the Mare Orientale basalt
deposits were relatively thin (<1 km), but detailed
measurements were not made. M3 data also show other
exposures of the Maunder Formation in the basin inte-

rior, most prominently an isthmus extending about 40 km
into the basin interior in a N30ºW direction (Fig. 3). Beyond and parallel to this isthmus lie a series of elongate
islands of Maunder Formation that have been variously
embayed and flooded by mare basalts (Fig. 4). Together
(Figs. 2-4) these outcrops provide evidence for the widespread presence of surface exposures of the Maunder
Formation and suggest that between these outcrops, the
Maunder Formation underlies the mare at relatively shallow depths. M3 spectra show that these Maunder occurrences are characterized by feldspathic breccias, typical of
the Maunder elsewhere [13].
Impact Craters and Mare Orientale Thicknesses:
Impact craters also provide information about the thickness and geometry of the mare fill in the basin interior.
Hohmann Crater: In the north-central part of Mare Orientale (Fig. 5), the rim crest of the 16 km diameter
Hohmann crater is characterized by feldspathic breccias,
but its interior and rim have been flooded by mare basalts.
Taking the depth of sampling to be 1/10 the crater diameter, this implies that the rim sampled 1.6 km deep into
Orientale basin deposits, and that the crater most likely
formed before mare flooding; if so, then it provides a
template for assessing subsequent flooding. Fresh craters
of this size are characterized by a rim crest height of several hundred meters [15]. Since the rim crest is still wellpreserved and the exterior inner rim is only partly flooded
with basalts (Fig. 5), the thickness of the mare basalt is
likely to be less than a few hundred meters.
Maunder Crater: The 55 km diameter crater Maunder is
much younger and fresher and impacts into both the
Maunder Formation and the overlying mare basalts (Fig.
6). Bussey and Spudis [9] interpreted the color anomalies
in the Clementine data inside Maunder to mean that
Maunder had excavated only mare basalt and had not
penetrated down to underlying Orientale deposits; given
the size of Maunder, they interpreted this to mean that the
mare basalts could be as deep as the depth of sampling of
Maunder, 3-4 km. M3 image data clearly show the superposition of Maunder ejecta on much of northern Mare
Orientale, and subsequent impact dark-halo craters excavating underling mare material (Fig. 6). M3 spectra also
show that excavated mare materials are exposed in the
southwest Maunder rim deposits where the Mare Orientale basalts flooded the higher Maunder Formatoin topography prior to the Maunder impact. The Maunder central
peaks and interior, however, are dominated by noritic signatures, interpreted to represent deeper crustal material
excavated from lower crustal depths below the Orientale
basin deposits (Fig. 6). Thus, M3 data show that Maunder

crater itself does not place constraints on the depth of
mare fill in the basin interior.
Il'in Crater: The 13 km diameter post-mare crater
Il'in (Fig. 7) is superposed on the major north-south
striking wrinkle-ridge and arch complex that extends
through western Mare Orientale (Fig. 1). M3 data show
that the interior of Il'in (walls and floor) are dominated
by mare basalt signatures and that the pre-mare substrate of the Hevelius Formation is apparently not exposed. To a first order, these relationships could suggest
that mare basalts below Il'in might be at least 1.3 km
thick. Caution should be exercised, however, due to the
fact that: 1) Il'in lies directly on a deformed mare arch,
and thus the basaltic strata may be duplicated and
thickened by shortening, folding and faulting; 2) mare
basalts from the upper crater walls could mass-waste to
the lower crater walls and floor, obscuring deeper signatures; and 3) two nearby exposures of Hevelius Formaton basement (about 10 km to the east and about 20
km to the west) suggest that the Hevelius basement lies
relatively close to the surface.

Conclusions: The M3 data permit mapping of the distribution of Maunder Formation kipukas (islands) in the
basin interior (Fig. 1), and show that the basement of
Maunder lying below Mare Orientale is likely to be
within a few hundred meters of the surface over most of
the interior. The spectral characteristics of post-Orientale
basin impact craters provide probes into the subsurface
and templates for flooding thickness to assess the depth to
basement and thickness of mare lavas. In contrast to earlier estimates of Mare Orientale basalt thicknesses of as
much as 1-4 km, the M3 data suggest that thicknesses are
less than a km and may average only several hundred meters over a significant part of Mare Orientale.
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Fig. 1. Central Mare Orientale with loca- Fig. 2. Maunder Formation exposures in central
tions of Figs. 2-7 shown; all images are Mare Orientale.
from an M3 0.2.9 µm mosaic.

Fig. 4. Kipukas (islands) of
Maunder at the edge and
within Mare Orientale.

Fig. 3. Peninsula/archipeligo of Maunder exposures in Mare Orientale.

Fig. 5. Crater Hohmann (16 km), Maunder
exposures, and embaying mare deposits.
Fig. 6. Maunder crater (55 km diameter) impacted on the Maunder Formation (high topography) and embaying mare from the
southwest. Central peaks are noritic, not basaltic as previously thought [9].

Fig. 7. Il'in crater (13
km diameter) is superposed on a mare ridgearch, and Maunder Formation is exposed on the
arch to the south and in
nearby kipukas to the
northwest and northeast.
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Introduction and Background: One of the most
fundamental questions in the geological and thermal
evolution of the Moon is the nature and history of mantle melting and its relationship to the formation and
evolution of lunar multi-ringed basins. Mare volcanic
deposits provide evidence for the nature, magnitude and
composition of mantle melting as a function of space
and time [1]. Many argue that mantle partial melts are
derived from depths well below the influence of multiringed basin impact events [1], while others postulate
that the formation of these basins can cause mantle perturbations that are more directly linked to the generation ascent and eruption of mare basalts [2,3]. In any
case, longer-term basin evolution will considerably influence the state and orientation of stress in the lithosphere, and the location of mare volcanic vents in basins as a function of time [4]. Thus, the location, nature
and ages of volcanic vents and deposits in relation to
multi-ringed impact basins provides evidence for the
role that these basins played in the generation of volcanism or in the influence of the basins on surface volcanic eruption and deposit concentration.
Unfortunately, most lunar multi-ringed impact basins
have been eroded by impacts or filled with lunar mare
deposits [5-8], with estimates of the thickness of mare
fill extending up to more than six km in the central part
of some basins [9-11]. The interior of most basins (e.g.,
Crisium, Serenitatis, Imbrium, Humorum) are almost
completely covered and obscured. Although much is
known about the lava filling of multi-ringed basins, and
particularly the most recent deposits [5-8], little is
known about initial stages of mare volcanism and its relationship to the impact event. One multi-ringed basin,
Orientale, offers substantial clues to the relationships of
basin interiors and mare basalt volcanism.
The Orientale basin (~920 km in diameter), the
youngest and most well preserved multi-ringed basin on
the Moon, displays remarkably fresh examples of the
multiple rings that are the hallmark of these types of
structures [12-14]. The Cordillera Mountain ring (CR),
an inward facing mountain scarp ~920 km in diameter,
defines the basin itself. The next inward ring, the Outer
Rook Mountain ring (OR), is characterized by a ring of
major interconnected massifs ~620 km in diameter. The
next innermost ring, the Inner Rook Mountain ring (IR)
~480 km in diameter, consists of isolated mountain
peaks that resemble central peaks and central peak rings
in smaller craters and basins. Interior to the IR ring is a
central depression approximately 320 km in diameter.
Also well-exposed and preserved at Orientale are basin

radial ejecta deposits (the Hevelius Formation) and a full
range of deposits within the basin interior, including the
Montes Rook Formation (MRF), lying between the CR
and the OR, and the Maunder Formation, lying within the
OR and divided into two facies, an outer corrugated facies
occurring mostly between the OR and the edge of the inner depression, and the smooth or plains facies, lying predominantly within the inner depression. All of these rings
and units have been interpreted to have formed as part of
the Orientale basin event, with the Hevelius and Montes
Rook Formation interpreted as variants of basin ejecta,
and the Maunder Formation commonly interpreted as impact melt [12-15].
Together, these ring structures and impact basin-related
deposits provide a background template on which to analyze and assess: 1) the location, nature, characteristics and
distribution of volcanic vents, 2) the volumes and mineralogic characteristics and affinities of the volcanic deposits, 3) the temporal relationships of the deposits with the
age of the impact basin itself, and, finally, and 4) the relationship of mare basalt volcanism to the formation and
evolution of impact basins. In this study we focus on the
first area of analysis, the location, nature, characteristics
and distribution of volcanic vents. We use a mosaic of
images at 2.9 µm (reflected light and thermal emission)
from the Moon Mineralogy Mapper (M3) experiment
flown onboard Chandrayaan-1 [16] to define and characterize the array of volcanic vents and their settings, building on numerous previous studies of volcanism in the
Orientale region.
Classification and Modes of Emplacement of Mare
Basalts in Orientale: Greeley [17] evaluated the modes
of emplacement of mare basalt terrains in the Orientale
basin on the basis of a tripartite characterization of terrestrial basalt provinces: 1) flood basalts, thick flows erupted
from fissure vents at very high rates with little evidence of
source vents (commonly buried); 2) volcanic shields,
lower-volume eruptions commonly from point sources
and characterized by lava channels and tubes building
large edifices; and 3) basaltic plains, multiple overlapping
and coalescing small shields and flows erupted from both
point sources and fissures. Mare units in Orientale postdate the Maunder Formation, a smooth and corrugated
unit interpreted by most workers to be impact melt deposits [12-15]. Greeley [17] interpreted a sinuous rille in the
Maunder Formation (Fig. 1A) to be formed from eruption
of still-molten impact melt and drainage into the basin
center prior to the emplacement of mare basalts. Mare
Orientale, (MO) occurring in the inner depression, with its
high-lava marks, wrinkle ridges, lack of evidence of lava

tubes, channels and flows, and lack of evidence of vents
(except one sinuous rille and some irregular depressions) was interpreted to represent a flood basalt style
of volcanism. Collapse depression scarps with heights
of >1 km suggested that the lava fill was at least this
thick. According to Greeley [7], Lacus Veris (LV) displays a strikingly different character, with many associated sinuous rilles (originating in the adjacent Rook
Mountains), interpreted as lava tubes and channels, and
containing several coalescing shield-like structures <10
km diameter. Lacus Autumni (LA) shows a development of sinuous rilles similar to Lacus Veris, suggesting [17] that both Veris and Autumni can be characterized as basaltic plains style of volcanism in contrast to
the flood basalt style of Mare Orientale itself.
Vent Locations and Characteristics: New Moon
Mineralogy Mapper (M3) data broadly support the previous documentation of vent locations [17] but add
some very important new details that provide insight
into the mode of mare emplacement. First, M3 data
(Fig. 1) show that the sinuous rille originating in the
Maunder Formation in the southern part of the basin is
not related to impact melt itself [17] but is a mare basalt
vent that drains into and feeds Mare Orientale; evidence
from this comes from mare basalt spectral signatures in
the vicinity of the vent, and in a small lava pond that
forms as the sinuous rille partly floods, and then
breaches one of the concentric fractures in the Maunder
Formation (Fig. 1A). M3 data confirm the presence of
most of the sinuous rilles mapped by [17], add several
more, and confirm that they occur predominantly, but
not exclusively, in LV and LA.
In addition to documentation of a major sinuous rille
feeding MO (Fig. 1), M3 data reveal the presence of
candidate source vents and edifices in the MO interior.
North of the exposure of the Maunder Formation in the
center of MO, two low shield-like structures occur just
west of Hohmann crater (Fig. 1B). These features are
located in the center of the basin and differ from shields
typical of shallow maria and later basin mare fill [18] in
that their central depressions are much larger relative to
the diameter of the shield. Their central location (presumably above the most elevated geotherm) and their
distinctive characteristics provide important clues to the
earliest phases of impact basin mare basalt filling.
One of the most enigmatic features associated with
MO is the 41 km diameter crater Kopff, located in the
Maunder Formation (Fig. 1C); in contrast to the archetypical nearby impact crater Maunder, Kopff has characteristics suggesting that it might be a large caldera
with interior and surrounding volcanic ejecta deposits
[19-20]. Clementine data [21] suggested that the rim
deposit is not made of volcanic materials. M3 data
show that the ejecta is not composed of mafic volcanic
material, that it is similar to materials of the Orientale
basin interior, and shows that the interior has been

modified by mare volcanism. M3 data help resolve this
long-standing controversy [19-20] showing that Kopff is
an early post-Orientale impact crater modified internally
by volcanism and floor fracturing.
Conclusions: M3 data reveal a much more complex interior (MO) flooding style (central shields and a sinuous
rille emerging from the impact melt sheet), show that
Kopff is an impact crater, not a caldera, and demonstrate
that the majority of the vents feeding mare basalt eruptions are fed by sinuous rilles, suggesting relatively high
effusion rates for these deposits [22] compared to plains
volcanism [17].

Fig. 1. M3 images from 2.9 µm mosaic: A, top: Sinuous rille entering
MO (left) from a fracture in the impact melt (MF); vent region (upper
right), parts of graben floors (middle), and MO (left) show mare basalt
spectral characteristics; north is to left, image ~48 km wide. B, lower
left: Shield volcano-like vents in central MO west of Hohmann crater
(16 km). C, lower right: Kopff Crater (41 km) showing the exterior with
non-volcanic spectral affinities and the volcanically modified interior.
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Introduction: The Lunar Reconnaissance Orbiter
(LRO) was launched on June 18, 2009 on board an
Atlas V rocket and went into lunar orbit on June
23, 2009. The LRO mission is part of NASA's Lunar Precursor Robotic Program (LPRP) and has a
nominal 50-km polar lunar mapping orbit to perform investigations needed to facilitate a human
return to the Moon. The spacecraft is equipped with
seven instruments, including the Lunar Reconnaissance Orbiter Camera (LROC), the Lunar Orbiter
Laser Altimeter (LOLA), Lunar Exploration Neutron Detector (LEND), Diviner Lunar Radiometer
Experiment (DLRE), Cosmic Ray Telescope for
the Effects of Radiation (CRaTER), and the MiniRF.

Fig. 1: LROC NAC image of the Apollo 12 landing site
(http://lroc.sese.asu.edu/).

LROC acquired its first lunar images on June 30
and from July 10 to September 15 underwent full
scale testing and commissioning. LROC consists of
two narrow-angle cameras (NACs) that provide
0.5-m scale panchromatic images over a combined
5-km swath, and a wide-angle camera (WAC) to
provide images at a scale of 100-m per pixel in five
visible wavelength bands (400-nm to 700-nm) and
400-m per pixel in two ultraviolet bands (300-nm
to 380-nm) from the nominal 50-km orbit [1]. The
scientific objectives of LROC include: (1) Surface
characterization of potential landing sites; (2)
Mapping of permanently shadowed and sunlit regions; (3) Meter-scale mapping of polar regions
with continuous illumination; (4) Overlapping observations to enable derivation of meter-scale to-

pography; (5) Global multispectral imaging to map
ilmenite and other mineral; (6) Acquisition of a
global morphology base map; (7) Characterization
of regolith properties; and (8) Determination of
current impact hazards. While a primary goal of the
LROC experiment is to characterize future exploration targets of the NASA Constellation program,
both cameras are also uniquely suited to study lunar mare basalts in unprecedented detail. With
LROC we are particularly interested in addressing
several scientific questions related to the formation
and evolution of mare basalts.
Scientific Questions: (1) Mare volcanism in space
and time: On the basis of the lunar samples alone,
the onset and extent of mare volcanism are not well
defined (summarized by [2]). Lunar samples studied in laboratories indicate that mare volcanism
was active at least between ~3.9 and 3.1 b.y. [3,4].
Some basaltic clasts in older breccias point to an
onset of mare volcanism prior to 3.9 b.y. [5], perhaps as early as 4.2–4.3 b.y. in the Apollo 14 region [2,6,7]. Such early volcanism is also supported by remote-sensing data of dark halo craters,
which have been interpreted as impacts into older
basaltic deposits now buried underneath a veneer of
basin or crater ejecta [e.g., 8-10]. Therefore, these
so-called cryptomare basalts might be among the
oldest basalts on the Moon, implying that volcanism was active prior to ~3.9 b.y. ago. In addition,
early volcanism is also supported by radiometric
ages of the lunar meteorite Kalahari 009, which
revealed that volcanism was already active at least
4.35 b.y. ago [11]. Support for young basalt ages
comes from a recently collected lunar meteorite,
Northwest Africa 032, which shows an Ar-Ar
whole rock age of ~2.8 b.y. [12]. Schultz and Spudis [13] made crater size-frequency distribution
measurements for basalts embaying crater Lichtenberg, and concluded that these basalts might be less
than 1 b.y. old. On the basis of our crater counts we
found that lunar volcanism on the nearside started
at ~4 b.y. and ended at ~1.1 b.y. ago [14-18]. Most
of the investigated basalts on the lunar nearside
erupted during the late Imbrian Period between
~3.3-3.8 b.y. and there is possibly a second period
of enhanced volcanic activity at ~2.0-2.2 b.y. ago.
Crater counts of about 15 basalt occurrences on the
lunar farside also revealed a long-lived volcanic
activity and ages of 3.85-2.44 b.y. [19].

(2) Mineralogical evolution of the Moon: For our
understanding of the geologic evolution of a planetary body, it is crucial to know when basaltic volcanism was active and how the mineralogy varied
with time. Lunar basalts show a wide range in TiO2
abundances that allow us to separate different basalt types with both laboratory and remote sensing
techniques. However, it is well known that not all
basalt types are represented in the sample collection [20]. Among the returned samples, three major
groups of basalts can be identified: high-Ti (9-14
wt% TiO2), low-Ti (1-5 wt% TiO2), and very-lowTi (< 1 wt% TiO2) basalts. On the basis of the returned samples, it has been suggested that early Tirich basalts flooded large regions in the eastern
lunar hemisphere (Ap11, Ap17) in the early Imbrian Period (3.3-3.8 b.y.) [21]. These basalts were
followed by widespread eruptions of less Ti-rich
basalts of middle to late Imbrian age (Ap12, Ap15).
Finally Ti-rich basalts, which have not been sampled so far, flooded parts of Mare Imbrium and
Oceanus Procellarum in the early Eratosthenian
Period (2.5-3.0 b.y.) [21]. Our investigation of lunar nearside basalts showed that there is no systematic relationship between the age and the Ti
abundance of lunar basalts. On the basis of our
investigation of ~220 basalt units in 9 different
mare regions, we see that Ti-rich basalts were
erupting simultaneously with Ti-poor basalts. We
do not find any evidence that older basalts are systematically more Ti-rich than younger basalts.
(3) Flux and thermal evolution of the Moon: Understanding the flux of mare basalts is crucial for
the investigation of the thermal evolution of the
Moon. In order to derive the volumes and flux of
erupted basalts, one has to know the thickness of
individual flows. Previous work on basalt flow
thicknesses relied on (1) shadow measurements in
high-resolution images that were taken under lowsun conditions to enhance the subtle surface morphology of flow units [e.g., 22-24]; (2) in situ observations of basalts exposed at the walls of Hadley
Rille at the Apollo 15 landing site [25], (3) studies
of chemical kinetic aspects of lava emplacement
and cooling [26], and (4) crater counts that exhibit
characteristic deflections in the crater sizefrequency distributions [17,27]. With highresolution LROC images taken under suitable illumination conditions, we will be able to identify
many more flow fronts, layering in sinuous rilles,
and deflections in the crater size-frequency distributions at small crater sizes; all three of them allowing us to accurately measure flow thicknesses.
LROC: The two narrow angle cameras (NAC) and
the wide-angle camera (WAC) of LROC are providing global coverage at about 100 m/pixel and
coverage of substantial areas (10-15%) at spatial

resolutions of better than 1 m/pixel. The illumination geometry was chosen in order to emphasize
subtle morphologic details. Hence, the global WAC
and the local/regional NAC data sets will be extremely valuable for crater counts, particularly on
the farside and for mineralogical studies. At the
extremely high resolution of the LROC NAC, we
will be able to derive reliable crater counts for
much smaller areas compared to crater sizefrequency measurements on 50-100 m resolution
Lunar Orbiter images. We have specified more
than 1800 targets covering mare basalts in scientifically interesting locations for investigation with
LROC. Our targets were selected based on the
count areas of our previous papers [14-18], which
represent spectrally homogeneous areas. Within
each of those old larger areas, we now specified
several subunits that can realistically be covered
with LROC NAC images.

Fig. 2: The lunar nearside with potential targets for LROC,
including numerous mare basalts.
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Introduction: Large parts of Isidis Planitia are covered with thumbprint terrain (TPT) consisting of curvilinear ridges of coalesced cones with central depressions or craters [e.g., 1-8] (Fig. 1). While thumbprint
terrain can be observed in many areas of the northern
lowlands [5,9], it is particularly well developed in the
Isidis basin.

Methods: We constructed a detailed map of the
ridges/cones in order to derive information about their
distribution (Fig. 2). Our map is based on HRSC images with a spatial resolution of 12.5 - 25 m/pixel
[11]. We classified the thumbprint terrain into six
categories, based on the varying lengths of the ridges.
Category I includes individual isolated cones, category II consists of 2-3 coalesced cones, category III is
characterized by ridges consisting of 4-6 coalesced
cones, category IV contains ridges with 7-10 cones,
and category V includes ridges with more than 10
coalesced cones. In addition, we identified and
mapped ridges without cones, termed “no cone ridges”
(NCR) (Fig. 3).

Figure 1: HiRISE image of a curvilinear feature that constitutes the
thumbprint terrain in Isidis Planitia.

We have mapped thumbprint terrain in western and
central Isidis Planitia using images of the High Resolution Stereo Camera (HRSC) (Fig. 2) augmented by
MOLA, MOC, THEMIS, HiRISE, CRISM, and other
data. As numerous scenarios have been postulated for
the formation of thumbprint terrain including for example pingos, moraines, shield volcanoes, pseudocraters, and eskers [e.g., 1-8], we have performed extensive morphometric measurements and crater counts in
order to constrain the formation of the thumbprint
terrain and its timing.

Figure 2: Geologic map of Isidis Planitia [10] with superposed map
of thumbprint terrain based on four HRSC orbits [this work].

Figure 3: HRSC image with superposed detailed map of ridges and
cones on the floor of the Isidis Basin. Numbers I to V and NCR
refer to categories described in the text.

For each category, we measured the heights of the
ridges/cones in order to investigate possible correlations between the heights and the lengths of the
ridges/cones. For these measurements we used individual MOLA tracks crossing the features of interest.
We also measured the basal diameters and the diameters of the central depressions to compare them to terrestrial analogues. To constrain the formation age of
the thumbprint terrain, we performed crater counts of
the geologic units on which the thumbprint terrain
occurs and dated rampart craters that are superposed
on the cones/ridges.
Results: Our map indicates spatial variations in the
distribution of the thumbprint terrain. For example,
the number of ridges and cones of all categories is
greater in the northern versus the southern areas of the
floor (Fig. 2). In addition, ridges and cones are absent
on the ejecta blankets of young rampart craters, which
thus postdate the formation of the thumbprint terrain.
On the basis of mapping several thousand ridges/cones
and NCRs, the majority of the investigated features

are isolated cones (Cat. I: 43%) and relatively short
ridges consisting of 2-3 coalesced cones (Cat. II:
35%). The numbers of ridges with 4-6 (Cat. III: 15%),
7-10 (Cat. IV: 5%), and more than 10 coalesced cones
(Cat. V: 3%) are significantly smaller.
We also measured the heights of the ridges within
each category. Our measurements revealed that the
median height is largest (33 m) for category III. This
is similar to the heights of the longer ridges of categories IV (28 m) and V (32 m). The heights of individual
cones (13 m) and small ridges with less than 4 cones
(21 m) are typically smaller. NCR ridges exhibit median heights of 15 m. These heights are comparable to
various terrestrial analogues, including pingos, volcanic cones, pseudocraters, and mud volcanoes.

To constrain the formation age of the thumbprint terrain, we performed crater counts for the geologic units
and nearby rampart craters that are superposed on the
thumbprint terrain (Fig. 2 and 5). Based on these crater counts, we propose that the TPT in western Isidis
Planitia could have formed between ~2.5 and ~3.0 Ga.
If unit Aps has covered thumbprint terrain that was
originally exposed throughout the basin, its formation
can be further constrained to ~2.7 to ~3.0 Ga (Fig. 6).

Figure 6: Model ages [this work] of the geologic units defined by
[10] for different locations in Isidis Planitia (black squares) compared to those of nearby rampart craters (blue dots) and rampart
craters that are superposed on thumbprint terrain (red triangles).

Figure 4: Cone basal diameters vs. crater diameters of terrestrial
monogenetic volcanoes (Wood, 1979) and Martian cones on the
thumbprint terrain (category I to V).

In order to further constrain the formation process of
thumbprint terrain, we plotted the basal diameter of
the thumbprint cones against their basal diameter/crater ratio (Fig. 4). Comparing these data to terrestrial monogenetic volcanoes [12], we find the best
agreement with cinder cones, pseudocraters, maars,
and spatter cones. Because CRISM data of the
ridges/cones do not show characteristic absorption
bands due to dust coverage, they do not allow us to
further distinguish between a volcanic and periglacial/glacial origin of the TPT.

Conclusions: We produced a detailed map of the distribution of ridges on the floor of western Isidis Planitia and measured their lengths, heights, basal diameters, and the diameters of their central depressions. We
constrained the age of these ridges by dating the geologic units on which they occur and the superposed
rampart craters. We conclude: (1) the ridges are not
evenly distributed across the basin floor; (2) thumbprint ridges are on average less than 35 m high, but
there are a few with heights up to more than 70 m; (3)
the occurrence of central depressions associated with
the ridges/cones in Isidis Planitia is indicative of either
collapse (e.g., pingo) or an explosive origin (e.g., volcanic cones); (4) based on our morphologic studies of
terrestrial pingos in Svalbard, a periglacial origin
seems less likely; (5) the basal and central depression
diameters are most consistent with cinder cones, pseudocraters, maars, and spatter cones; (6) due to dust
coverage, CRISM data do not allow a distinction between a periglacial and a volcanic origin; (7) on the
basis of the morphology and morphometry of the
ridges and cones, other origins, including various
types of moraines, sand ridges, dunes, eskers, drumlins, kames, crevasse fill, beach ridges, berms, table
mountains, mud volcanoes, and inverted topography
appear less likely; (7) that the formation of thumbprint
terrain occurred sometime between ~2.5 and ~3.0 Ga.
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LUNAR SINUOUS RILLES: ANALYSIS OF MORPHOLOGY, TOPOGRAPHY, AND
MINERALOGY, AND IMPLICATIONS FOR A THERMAL EROSION ORIGIN. D. M.
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Introduction: Sinuous rilles, meandering
channel-like features ranging from tens of meters
to several kilometers in width and from a few to
several hundreds of kilometers in length, have
long been considered enigmas on the surfaces of
terrestrial planets.
Sinuous rilles are most
commonly observed within the maria regions of
the Moon, but some observed features have
sources within adjacent highlands materials and
rilles have been observed to continue through
highlands materials for considerable lengths.
Sources of sinuous rilles range in morphology
from elongate or irregularly shaped depressions,
such as in the case of Rima Hadley, to large
crater-like depressions, such as in the case of
Rima Prinz. Channels of sinuous rilles range
from u-shaped to v-shaped morphologies and
either merge with other sinuous rilles or tectonic
rilles or terminate abruptly or gradually into the
maria.
Post-Apollo studies link sinuous rille
formation with the emplacement of lava flows,
and a growing appreciation for the ascent and
eruption of lunar magma has led to hypotheses
consistent with very high effusion rates of lowviscosity lava.
The characteristics of the
proposed lavas likely yield lavas with high
Reynolds numbers, suggesting that turbulent flow
and thus thermal erosion of the substrate is likely
[1, 2]. More recent numerical/analytical models
have therefore modeled the formation of sinuous
rilles as thermally erosive channels that generate
a crust at the flow surface [3-5].
To apply updated models for thermally erosive
lava flows [4, 5], we have been examining
properties of sinuous rilles, including 1) source
region topography and morphology to assess
implications of source geometry for thermal
erosion theories [6, 7]; 2) lengths to assess
possible flow durations; 3) slopes in order to
assess important parameters associated with
thermal erosion; 4) marginal deposits in order to
distinguish between leveed lava flows and
thermally erosive flows; and 5) spectral
properties of units in which sinuous rilles occur
in order to assess the units that they may be
eroding and to detect the presence of possible

distal deposits. These properties will be used to
assess and update theories of thermal erosion as
an origin for the formation of sinuous rilles and to
distinguish between those features associated
with thermal erosion and those formed by other
processes.
Preliminary
Results:
Apollo
topophotographic images 41B4S1(50), 41B4S2(50),
41B4S3(50), and 39A3S1(50), with maximum
vertical (horizontal) resolutions of 20 m (61 m),
35 m (81 m), 27 m (102 m), and 38 m (65 m),
respectively, were used to manually collect
detailed topographic profiles both across and
along Rima Hadley (image 41) and Rima Prinz
(image 39). These profiles were then plotted and
analyzed in order to better constrain the origin of
these sinuous rilles (Figures 1 and 2).
Our initial studies have focused on Rima
Hadley and Rima Prinz and also include sinuous
rilles observed on the Aristarchus Plateau and in
other lunar regions. Topographic profiles were
collected for Rima Hadley and Rima Prinz using
high resolution Apollo orthotopographic maps
(1:50,000). Rima Hadley is characterized by a vshaped channel <1.5 km wide and ~300 m deep,
and the channel has smooth, rimless edges and an
uphill slope of 2.7 m/km.
Rima Prinz is
characterized by a u-shaped channel <2 km wide
and 150 m deep, and the channel also has smooth,
rimless edges and a downward slope of 5.7 m/km.
The rimless margins of these sinuous rilles
support a thermally erosive origin because a
thermally erosive channel would cut into the
substrate rather than deposit material at the
surface. The different channel morphologies
might be a result of different substrate
compositions, different lava temperatures or
viscosities (thus Reynolds numbers), or varied
amounts of subsequent modification via
slumping. Additional profiles and analysis are
needed to distinguish between these causes and to
better understand the effects of Reynolds number
on channel morphology.
Future Work: Future analysis of the various
morpohologic, topographic, and compositional

Figure 1: Rime Hadley and Rima Prinz topographic profile
tracks mapped on Lunar Topographic Orthophotomap
image 41B4 (1:250,000).

properties will be used to further enhance our
understanding of the origin of sinuous rilles.
Major outstanding questions include: 1) what
source topographies and morphologies are
observed, and how do these properties relate to
the thermal erosive capabilities of the lava, 2)
what does sinuous rille slope imply about the
thermal erosivity of the lava, 3) what are the
spectral properties of sinuous rille substrates and
is there evidence for distal deposition, and 5) is
the origin of lunar sinuous rilles similar to the
origin of sinuous rilles found on Venus, Mars,
and beyond.

Figure 2: Topographic profiles from high resolution Lunar
topophotomap images (1:50,000) of Rima Prinz and Rima
Hadley. Profiles display changes in topography at the base
of each rille, along the entire length visible in the given
images (fig. 1) from source to terminus. In addition, a
profile is also shown across each rille, showing a typical
cross section of the two features. Rima Prinz is a u-shaped
channel that has a commonly observed downward slope of
~5.7 m/km, while Rima Hadley is a v-shaped channel that
has an unusual upward slope of ~2.7 m/km.
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COMPARISON OF RMS SLOPS OF TERRESTRIAL EXAMPLES AND TESSERA TERRAIN,
VENUS, M. A. Ivanov, Vernadsky Institute, RAS, Moscow, mikhail_ivanov@brown.edu.

Introduction: The roughness at the 1-10 m scale is
the characteristic of the surface that is important for
selection of potential landing sites. The new program
of exploration of Venus (e.g., Venera-D) includes
landers. One of the primary targets for them is tessera
terrain, the nature of which remains mysterious.
Morphology of tessera is very complex and its
surface does not seem to be an appropriate place for
safe landing (Fig. 1). Enhanced roughness at the
centimeters-meters scale characterizes the surface of
tessera and this terrain appears as bright regions on
the radar images provided by Magellan. How does
the centimeters-meters roughness of the surface of
tessera correspond to the roughness of some
terrestrial surfaces? Here I compare the RMS slopes
of several large tesserae on Venus with examples
from Earth where the distribution of slopes at the
base from 12 cm to ~2 m were measured [1].

Fig. 1. Typical morphology of tessera terrain.
Fragment of Thetis Tessera, RMS value is ~6-8o.
Results: In order to collect the necessary data for
tesserae I used the global RMS-mosaic (from GSDR
volume by MIT/JPL/UCLA), gridded and resampled
to the resolution ~4.6 km/px. The locations of tessera
massifs were taken from the global geological map of
Venus that was re-projected into the sinusoidal
projection and co-registered with the global RMSmosaic. The tessera regions were masked and the
RMS data were collected within the tessera
boundaries.

Table 1 summarizes the RMS data for the tesserae
and the areal distribution of the RMS slopes for one
of the largest tessera region is shown in Fig.2. The
mean values of RMS for tesserae vary from ~3.5o
(Ananke Tessera) to ~6.4o. (Eastern portion of Ovda
Tessera) and the largest fraction of the tessera
surfaces falls within the interval of RMS 2-4o. These
values correspond to such terrain on Earth (Table 2
[1]) as gently undulating plains (Fig. 3) and rolling
hills (Fig. 4). The maximum RMS value for Venus
shown in the GSDR mosaic is ~12.8o, which
approaches the value typical of the eroded cinder
cones on Earth (Table 2 [1]).
Caveats and Conclusions: Three considerations
should be kept in mind interpreting the RMS values
for tessera. (1) The RMS slope is not an exact
estimate of the roughness of the surface at the
centimeters-meters bases. Instead, it gives the most
probable value in a distribution of slopes based on a
chosen model of radar return. Thus, within an area
that is characterized by a specific value of RMS, the
slopes vary and may reach high values. The
probability of encountering of steeper slopes,
however, becomes larger as the RMS increases. (2)
The reported RMS data for Venus were collected
from the map with the resolution ~4.6 km/px and,
thus, characterize the regional situation. There is the
possibility to encounter high slopes (up to vertical) at
local scales. For example, the regional plains
surrounding the Venera-9 landing site have the low
RMS value (a few degrees). The lander itself,
however, is on a rocky talus that is ~30o steep. (3)
The distribution of slopes on Earth is strongly
depends on maturity of a landform and, on the
average, the fresh surfaces possess the higher RMS
values. The virtual lack of erosion on Venus suggests
that the majority of surfaces there should be
considered as fresh ones by the Earth' standards. This
situation also favors the presence of higher slopes at
the scale of a lander.
Even if the local slopes in tessera may be high (as
well as within all other terrains on Venus), the
average values of the RMS slopes in broad areas
within this terrain (Fig. 2) do not approach the higher
values that characterize some terrestrial landforms
(Table 2). This suggests that a careful photogeologic
analysis of regions of tessera where the RMS slopes
are small will result in selection of a number of areas
for the relatively safe landing.
Reference: 1) McCollom, T. M. and B.M.
Jakosky, 1993, JGR, 98, 1173-1184

Table 1. RMS values for some tesserae and percent of area within specified interval of RMS values
NO.
1
2
3
4
5
6
7
8
9
10
11
12
13
14
15

Tessera
Alpha
Fortuna
Laima
Ovda, west
Ovda, east
Thetis
Haasttse-baad, west
Haasttse-baad, east
Gegute
Shimti
Tellus
Ananke
Phoebe Regio
Hyndla Regio
Beta Regio

Percent of tessera area within specified interval of RMS values
Mean
RMS, deg 0-2, deg 2-4, deg 4-6, deg 6-8, deg 8-10, deg 10-12, deg
4.1
4.5
3.7
4.5
6.4
5.7
5.4
4.5
3.7
4.8
4.3
3.5
4.8
4.6
4.8

13.5
9.1
17.0
21.9
4.7
9.7
10.4
17.2
32.0
17.8
14.7
16.4
7.3
9.5
8.1

50.2
40.5
56.0
35.8
22.7
28.6
33.7
41.5
40.8
34.8
44.1
63.7
42.1
46.2
43.8

28.9
39.3
23.1
19.6
22.9
23.0
22.9
21.3
14.4
20.7
26.7
16.7
28.6
26.9
25.1

5.8
8.6
3.2
13.3
22.8
18.8
16.0
12.1
8.1
13.8
10.4
2.3
15.5
12.1
14.6

1.6
2.2
0.6
8.1
21.9
15.3
12.9
6.2
3.7
10.8
3.8
0.6
6.0
4.7
7.9

The maximum percentage of area is shown in bold.
Table 2. RMS values for some terrestrial surfaces (modified from [1])
NO.
1
2
3
4
5
6
7
8
9

Terrain
Evaporite basin
Gently undulating hills
Rolling hills
King's Bowl lava flow
Lower sand dunes
Eroded cinder cones
North Crater lava flow
Main sand dunes
Eroded sandstones

Site
Bonnevile Salt Flats
Ely, Nevada
Golconda Pass, Nevada
Moon National Park, Idaho
Great Sand Dunes, Colorado
Lunar Crater, Nevada
Moon National Park, Idaho
Great Sand Dunes, Colorado
Slickrock, Utah

RMS, deg
0.0
2.7
6.5
8.4
11.0
13.8
14.9
16.5
16.5

0.1
0.4
0.2
1.3
5.0
4.7
4.1
1.7
0.9
2.0
0.4
0.2
0.4
0.6
0.4

RELATIVE ABUNDANCE OF THE SUPER-HEAVY (Z>50) GALACTIC COMIC RAY NUCLEI:
NEW RESULTS OF THE TRACK INVESTIGATIONS IN THE PALLASITE MARJALAHTI OLIVINE
CRYSTALS. L.L. Kashkarov1, A.V. Bagulya2, M.S. Vladimirov2, L.A. Goncharova2, A.I. Ivliev1, G.V.
Kalinina1, N.S. Konovalova2, N.M. Okateva2, N.G. Polukhina2, A.S. Roussetski2, N.I. Starkov2.
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Introduction:
In
the
experimental
investigations, realized within the framework of the
OLYMPIA project [1], basic positions of the charge
identification methodology for nuclei of the
super-heavy galactic cosmic ray (GCR) are
considered. For this purpose geometry and
dynamical track parameters of the not-annealed
traces of the stalling nuclei in the olivine crystals
from the Marjalahti pallasite are used. The
preliminary
results
of
the
nuclei-charge
determination, obtained by us were presented in [25].
Method of the nuclei charge identification.
The etched during certain time-interval track length
(L) and the etching rate (VTR) along of the base
track zone in the not-annealed olivine crystals from
the Marjalahti pallasite are measured. The chosen
methodology [6] is based on precise measurements
of these track parameters in the course of the stepby-step chemical etching of the olivine crystals.
Parameters of individual tracks are traced and
recorded by using of a modern, high-precision,
completely
automated
measuring
system
PAVICOM [7]. Samples of the revealed syringeshape tracks are shown in Fig.1. Recognizing, that
the chemically etched zone of the crystal structure
disordering, lies in an interval of the nucleus energy
EMAX-EMIN, in which the specific losses of energy
(dE/dx)el exceed the critical value of 18±2
MeV/mg·cm-2 [8]. As a first approximation the VTR
depends on specific density of ionization (J):
VTR≈C×Jn, where C is a constant and n≈(5÷6) [9].
For the calibration of these parameters the olivine
crystals from Marjalahti pallasite were exposed on
UNILAC accelerator in Durmstadt, Germany with
Xe and U beams. Within the limits of measurement
errors determined track-lengths coincides with the
values accounted by the SRIM-2006 [10] and
GEANT-4 [11] programs. TheVTR values for these
nuclei of Emax=11.4 MeV/nucleon lies in interval
of (5÷20) µm/hour, correspondingly. The last have
been carried out using additionally the data of the
Marjalahti pallasite olivine irradiation by the
accelerated up to 150 MeV/nucleon energy U
nuclei [12].
Results: Detailed analyses of the dynamic
and geometry parameters for near 1200 revealed up
to this time tracks with etched and registered length
L = 50-500 µm in comparison to the data of the
calibration experiments have been performed.
Relative abundance of the some groups of the GCR

super heavy nuclei, identified by the track
parameters in the Marjalahti pallasite olivine
crystals, are given in Table and Fig.2.
Discussion and conclusion: Received on the
given stage of researches the results of
identification of a charge spectrum of the super
heavy nuclei group (Z>50) of the GCR, based on
measurements of the geometrical and dynamic
parameters of tracks, chemically etched in the
olivine crystals from the Marjalahti pallasite, have
shown: (1) From the common number of the
registered tracks with the charge Z>50 four of them
corresponds to Th-U group nuclei; (2) Ratio of
registered in our up to day investigation nuclei with
Z>50 to nuclei of iron group (23<Z<28) has made.
The relative abundance values equal to ~1.2×10-6
and ~6×10-7 for the Pt-Pb and Th-U groups
correspondingly were determined. Note the used up
to day Z-identification method in a majority of
cases gives somewhat lowered values in
comparison to the true nucleus charge meaning.
This discrepancy will be corrected by the special
calibration experiments.
References: [1] Ginzburg V. L. et al. (2005)
Doklady Physics, 50, N 6, 283. [2] Goncharova
L.A. et al. (2007) LPSC XXXVIII CD-ROM,
#1575.pdf. [3] Alexandrov A.B. et al., (2008).
Kratkie soobscheniya po phizike FIAN, №9, 34
[4] Alexandrov A.B. et al.(2008) RCRC 2008,
Abstr. and Art.CD-ROM #6.pdf, #6a.pdf. [5]
Bagulya A.V. et al. (2008) XXIV International
Conference on Nuclear Tracks in Solids Abstr. ID
182, p. 11. [6] Kashkarov L.L.. et al. (2008)
Radiation Measurements 43, S266. [7] Feinberg
E.L. et al. (2004) Processing. Physics of Particles
and Nuclei, 35, 409. [8] Horn P. et al. (1967)
Zeitschrift fur Naturforschung, 22a, 1793. [9] Price
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Fig. 1. PAVICOM microphotography’s of the long-path syringe-shape tracks of nuclei of the charge Z>50.
Tracks are revealed during one etching cycle (48 hour) in the standard conditions in the olivine crystal from the
Marjalahti pallasite. The size of each field ~150×200 µm.
Table . Relative abundance of the galactic cosmic ray super heavy nuclei with 56 ≤ Z≤ 92 by the track
data in the olivine crystals from the Marjalahti pallasite.

(**)

A b u n d a n c e , r e l.u n .
A b u n d a n c e , r e l.u n .

10

1

0.1

Number of
tracks, NZ (*)

L, µm (**)

Track
density, cm-3

Relative
abundance

23 ≤ Z ≤ 28

~3000

3-14

(1 - 5) × 109

1

56 ≤ Z ≤59

133

100-150

6.0× 104

2× 10-5

60 ≤ Z ≤ 69

282

150-300

1.3× 105

4.3× 10-5

70 ≤ Z ≤ 79

146

300-500

6.6× 104

2.2× 10-5

80 ≤ Z ≤ 89

8

500-700

3.6× 103

1.2× 10-6

90 ≤ Z≤ 92

4

> 800

1.8× 103

6× 10-7

Number of tracks, registered and measured in 27 olivine crystals of the total volume ~2.2 mm3;
Chemically etched length of tracks, measured during of the (3-4)-times of 48 hour etching period.
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Fig.2. Super-heavy (Z>50) GCR nuclei abundance obtained in present work in comparison with the
equipment measuring [13] and [14]. Dashed lines are trends for the indicated three groups of data. Bar graph is
distribution on Sun [15].

LINK BETWEEN SPECTRA AND MATURITY DEGREE OF LUNAR SOILS: THE LSCC DATA AS
APPLIED TO CHANDRAYAAN-1 M3 SPECTROMETER. V. Kaydash and Yu. Shkuratov, Astronomical Institute of Kharkov University, Sumskaya 35, Kharkov, 61022, Ukraine, vgkaydash@gmail.com
Introduction: Determination of lunar mineralogy
and soil maturity (IS/FeO) with multispectral data is a
key technique in optical remote-sensing of the Moon.
Lunar imaging spectrometers operate in the UV-VISNIR spectrum and cover few spectral bands as a compromise with imaging capabilities and data transmitting rates. Integrating spectrometers such as SIR-1,2
(SMART-1, Chandrayaan-1) or SP (Kaguya) capture
continuous spectra (250+ narrow bands) in cost of
averaging the signal in the field of view. The Moon
Mineralogy Mapper (M3) onboard Chandrayaan-1 [1]
provides an imaging of the lunar surface together with
the high spectral resolution. The goal of the M3 imaging is mapping the mineralogy and maturity degree. In
this study we analyze the effect of spectral resolution
and selecting bands on the reliability and accuracy of
IS/FeO prediction with M3 data.
Determination of IS/FeO in lunar soils with M3
data: The M3 spectrometer imaged the Moon in 40 km
strips mainly in the global mode with 140 m/pixel
resolution in 86 spectral channels in a spectral range
from 0.43 to 3.00 μm. The width of spectral channel
varies from 20 nm for 0.73-1.55 μm to 40 nm for the
rest of spectrum [2]. Without the spectral range 2.6-3.0
μm affected by thermal radiation, totally 76 channels
were used for global lunar imaging with M3.
The parameter IS/FeO characterizes the amount of
nano-phase reduced iron relatively to the total iron
abundance in regolith particles [3]. Therefore it affects
the main features of lunar spectra: smooth increase of
reflectivity toward the greater wavelengths and two
broad bands with the centers near 1 and 2 μm. Several
approaches for remote determination of IS/FeO using
spectral data were developed after Clementine mission.
However, they utilize 5-10 spectral bands used in
UVVIS and/or NIR camera (e.g., [4,5]). To search for
the best link between maturity degree and spectral parameters we use the Lunar Soil Characterization Consortium (LSCC) data to emulate the M3 observations.
LSCC data for lunar soils: Coordinated compositional and spectral measurements of a broad suite of
lunar soils provided by the LSCC are appropriate for
developing an algorithm for remote determination of
IS/FeO with full spectral resolution [6]. Particularly,
the LSCC carried out IS/FeO measurements of 18 lunar
samples, each of 4 particle size separates: 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 proper-

ties of bulk soils are dominated by small particle size
fractions [7]. Bi-directional reflectance spectra over
the spectral range 0.3–2.6 μm with constant 5 nm sampling resolution were acquired for each sample in the
RELAB at Brown University [8].
Particle size separates: With the LSCC data we
search for the best correlation between IS/FeO and
spectral parameters. First, we check which particle size
separate is most optically sensitive to maturity variations. With this aim we are looking for the statistically
best link in the following form:
K
(1)
log[I S FeO] =

∑W

k

⋅ Rk + A

k =1

where k is the spectral channel number, K is the total
number of channels, Rk is the spectral reflectance in
the kth channel, Wk is the kth weight coefficient, A is
the additive coefficient. We note that the set of 18
LSCC samples allows searching for the link between
Is/FeO and reflectance only for spectra consisting of
<18 spectral channels. This limitation follows the requirement of completeness of the linear equations system used for the statistical analysis. Thus for 3 size
separates (w/o bulks) we start with decreasing the
number of channels K twice, to 38, with reducing the
spectral resolution δλ to 40 nm (and 80 nm for the
lowest and highest wavelengths). Similarly, when a set
of spectra for one size separate is considered, we start
with K=15 and reduce δλ to 100 (200 for the rest of
spectrum) nm.
Then we apply eq. (1) to LSCC soils spectra resampled to different spectral resolutions. Spectra are
re-sampled evenly by averaging the reflectance for
adjacent spectral channels. Thus we consider the
4≤K≤38 range (for 3 size separates, 54 spectra) and
4≤K≤15 range (for single size separate, 18 spectra).
Width of spectral channel is increased from 40 (80) to
260 (520) nm (3 size separates) and from 100 (200) to
260 (520) nm (single size separate), respectively.
Figure 1 shows the results of the statistical analysis. We plot the number of spectral channels K versus
the correlation coefficient r that characterize the similarity of IS/FeO values calculated by eq. (1) and those
for real samples. The best results in terms of r are
achieved for the fraction 10-20 nm and bulks (<45 nm)
for most K values, i.e. these fractions are spectrally
sensitive to the IS/FeO from the statistical point of
view. Overall the size fractions reveal higher r values
in comparison with 3 joined size fractions in most
cases from the 4≤K≤15 range. Thus we conclude that
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there are specific intrinsic relationships between spectra and maturity degree inside each of size separate,
and the closest relationship is for the fraction 10-20
nm and bulks.

tionships between spectra and maturity). We analyzed
all possible combinations of spectral channels for
K≤15. For all these combinations eq. (1) is solved,
proper Wk are found, (r,σ) are calculated and finally
the best in terms of r solution is retained for each K.
Figure 3 presents a compilation of these results. The
best combinations, being composed of non-evenly
distributed bands, capture the overall spectrum slope
from VIS to NIR. For K≥5 best solutions cover the
center and wings of 1-μm band whereas the center of
2-μm depression usually avoids the best solutions (see
Fig. 3). Bands in best solutions tend to the even distribution with increasing K.

Figure 1. Correlation coefficient of IS/FeO prediction for
particle size separates at different spectral resolution.

Testing the quality of prediction with bulks: We
established the link “spectra-IS/FeO” with eq. (1) using
three particle size separates. Then we use the independent IS/FeO values for the bulk samples to test the
quality of our prediction. Figure 2 presents the dependence of the prediction quality on the number of
spectral channels used, i.e. on the effective spectral
resolution. Here the standard deviation σ describes the
difference between prediction of IS/FeO and sample
data. Parameters (r, σ) are calculated in Fig. 2 using
eq. (1) for bulk samples and set of (Wk, A) obtained
from analysis of 3 size separates.

Figure 2. Quality of IS/FeO prediction for bulks at different
spectral resolution using weight coefficients obtained from
size separates.

The best result for r and σ are achieved for 7-10
channels, the worst one is for the greatest K=38. We
note high values of r>0.95 for K≤15, i.e. reducing of
the spectral data to ≤15 spectral bands generally leads
to high correlation of spectral albedo with IS/FeO.
Selected spectral channels: We verify the effect
of selected channels on the IS/FeO prediction for size
separate 10-20 μm and bulks (which show closest rela-

Figure 3. Combinations of reduced M3 bands which give the
best correlation with Is/FeO data. Spectrum of LSCC bulk
sample 67461 is shown.

Conclusions: We use the LSCC spectral and
chemical data for lunar soils to study the reliability of
the remote determination of maturity degree with M3
multispectral data. We concluded that the most reliable
determination is observed when spectra are re-sampled
to 7-10 channels in the range 0.4 – 2.6 μm. The closest
correlation between spectra and IS/FeO is found for the
fraction 10-20 μm and <45 μm. Preliminary study of
the effect for selected channels on the reliability of the
IS/FeO prediction shows that the overall spectrum
slope from VIS to NIR and shape and position of the
1-μm pyroxene band are more sensitive to estimate
maturity degree variations.
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LAMELLAR CHROMITE-DIOPSIDE SYMPLECTITES IN OLIVINE FROM THE ‘LUNA-24’
REGOLITH: TEM STUDY. Khisina N. R.1, Nazarov M. A.1, Wirth R. 21Institute of Geochemistry and Analytical Chemistry of RAS, Kosygin st. 19, Moscow 119991, Russia; e-mail: khisina@geokhi.ru; 2 GeoForschungsCentrum Potsdam, Telegrafenberg, Potsdam, Germany

Lamellar chromite-diopside symplectites in olivine are rare to occur. They were described in olivine from some terrestrial rocks [1,2] and a Martian
meteorite [3]. The origin of Chr-Di symplectites is
discussed up to now.No detailed investigation of
Cr,Ca-rich lamellar symplectites in lunar olivines has
ever been done.
Results. Optical observartion showed [4] that individual olivine grains from the Luna-24 regolith
contain Cr- and Ca-rich lamellae of 0.5-1 µm thick
oriented parallel to the (100) of the host olivine (Fig.
1).

.Digital Formats: Line drawings AND photo
Fig. 2. Dark-field TEM image of Ca,Crlamellae. Black and white platelets are diopside and
chromite, correspondingly.
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Fig. 1. Optical image of Ca,Cr-lamellae in
the olivine grain from the ”Luna-24” regolith.
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The lamellae were investigated with EMPA, SEM
and TEM. The lamellae consist of diopside - chromite intergrowths and represent a spinel-pyroxene
symplectite of lamellar shape (Fig. 2). Alternating
platelets of diopside and chromite ∼40 nm and ∼130
nm thick, respectively, are oriented normal to the
(100) olivine/lamellae boundary, with (100)Ol //
(111)Sp //(100)Cpx; [001]Ol // [011]Sp // [010]Cpx. The
bulk mineral composition of the lamellae is close to
FeCr2O4 + 2CaMgSi2O6. The results show that (i) the
symplectitic lamellae in olivine have been formed by
a solid-state reaction; (ii) subsolidus Cr2+ → Cr3+
oxidation and 2Mg = Cr + Ca cation exchange reaction were related to the symplectite formation (Fig.
3).
Discussion. Chromite and diopside are
probably the breakdown products of some preexisting phase of Ca2 FeMg2Fe(Cr3+)2Si4O16 composition inferred from the bulk chemistry of the symplectites.
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Fig. 3. The correlation of Mg versus (Ca +
Cr). EMPA data for olivine + lamellae. The point at
(Ca + Cr) =0 corresponds to the host olivine composition.
A model of a deprotonation-oxidation process associated with a { Fe, 2H-}→ { Fe, 2Cr3+} point defect
transformation is suggested to explain the origin of
the pre-existing phase of the symplectites. The
model seems to be a convincing explanation for the
occurrence of lamellar spinel + pyroxene symplectites in terrestrial olivines, because the latter contain
commonly n⋅101 – n⋅102 ppm of H2O. Both { Fe, 2H} point defects and (100)-oriented lamellar precipitates
of
hydrous
olivine
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[Mg FeH2SiO4]*n[(Mg,Fe)2SiO4] were found in
terrestrial mantle olivine [6]. A similar mechanism
has been suggested to explain the origin of oxide
precipitates in olivine from a terrestrial garnet peridotite [5]. How can this model be applied to lunar
rocks, because the rocks are believed to be almost
free of water? Recently, some arguments suggesting
an H2O presence in the lunar mantle has come from
a SIMS study of lunar volcanic glasses [7, 8].
Conclusion. On the basis of TEM data the
formation of the symplectite due to deprotonationoxidation process is proposed. If this model of symplectite formation is correct, then the occurrence of
chromite-diopside symplectites in lunar olivine of
deep origin should be considered as an additional
evidence for the presence of H2O in the Moon interior. We suggest that lamellar Sp-Py symplectites
are probably the fingerprints of protons escaped from
the olivine.
The investigation was supported by grant № 0905-00444-a of Russian Fondation for Fundamental
Researches and grant ОNZ-5 of theProgramm of
Earth Science Department of Russian Academy of
Sciences.
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A DIAMOND IN THE SKY: IS THE ASTEROID STEINS’ PHENOMENON AN EXCLUSION OR
PRESENTS A REAL FUNDAMENTAL PROPERTY OF SMALL BODIES? G.G. Kochemasov, IGEM of
the Russian Academy of Sciences, 35 Staromonetny, 119017 Moscow, Russia, (kochem.36@mail.ru).
The September 2008 encounter of the Rosetta spacecraft with the (2867) Steins asteroid of the Main asteroid
belt brought some surprises to planetary scientists. Brilliant images of this small body – 4.6 km across – made
scientists to exclaim: “A diamond in the sky”! (Fig. 1, 2)[1]. Moreover, the leading scientist, mission manager
of the project Dr. Schwehm predicts images of another “diamond” in 2010 when the spacecraft will meet the
bigger asteroid Lutetia [1]. One may suppose that his confidence in this is based on serious reasons.
The first hint on “ diamond” shape in cosmos was presented by images of Amalthea (Fig. 11) –a small Jupiter
satellite - acquired by Galileo mission. This hint was not adequately appreciated and did not evoke any
discussion. Later on some features of polyhedron shapes were observed in some other asteroids (Mathilde, Ida,
Eros, Dactyl) but were noticed and commented only by a few observers [2]. Now, wealth of small icy bodies is
imaged by Cassini cameras and their sometimes almost artificial appearance (like the Plato’s polyhedrons and
“flying saucers”) is commented [3-6]. Such a massive evidence of polyhedron shapes in cosmos claims for an
explanation different from seldom impacts usually presumed.
The wave planetology [7-12 & others] main assertion is: ”Orbits make structures”. As all celestial bodies
move in non-round (elliptical, parabolic) orbits with periodically changing accelerations they all are subjected to
an action of inertia-gravity forces. These forces arouse in them warping waves that in rotating bodies (but they
all rotate!) acquire a stationary character and 4 directions of propagation (ortho- and diagonal). Interferences of
these waves produce three kinds of tectonic blocks: uplifting (+), subsiding (-) and neutral (0). Their size
depends on warping wavelengths. The longest fundamental wave 1 produces ubiquitous tectonic dichotomy – an
opposition of two segments: uplifted and subsided, expanded and contracted (2πR-structure). The first overtone
wave 2 superposes on this segmentation smaller features - sectors (πR-structure). Next overtones give smaller
features.
An essence of tectonic dichotomy is in tendency of 4 interfering waves 1 to make from a body a tetrahedron
– the simplest Plato’ figure [3, 4]. A dichotomous nature of this figure is revealed in opposition of a vertex and a
face (cutting any of its 4 axes one always gets from one side a vertex, from another a face). In one direction three
faces narrow towards a vertex (contraction), in opposite direction they expand towards a fourth face (expansion).
Most often in small bodies (not only in satellites but also in asteroids and comets) one observes an oblong
convexo-concave shape [12 & others] but sometimes at certain points of view a flatten concave side and a
sharpened convex side are presented by such a way that a tetrahedron develops (Fig. 1, 3-7). Interfering waves 2
produce an octahedron. At the first time it was observed in a shape of Amalthea (see Kolva’s drawing of this
satellite after Galileo mission), and name “diamond” was pronounced but no explanation followed. Now some
octahedron faces one can observe at a number of small bodies, just to mention Phobos, Phoeba, Yanus (Fig. 813). Interfering waves 4 produce a cube (Fig. 14-15). Shorter wavelengths – more vertices in a polyhedron:
tetrahedron 4, octahedron 6, cube 8 and so on. Various polyhedrons are present in a body simultaneously
because the wave warping occurs in various wavelengths at the same time but particular viewpoints present
better view of one of them (for examples, Yanus, Amalthea, Hyperion, Helene).
So, produced by warping waves polyhedron shapes, often detected in small bodies due to their weak gravity,
present a real fundamental property of these cosmic bodies. In larger bodies this forms are smoothed by gravity
making bodies globular, but still some vertices and edges can be distinguished with help of analyses of geology,
geomorphology and geophysics. For an example, “famous” hexagon feature in the northern hemisphere of
Saturn presents a face of structural tetrahedron, whereas the southern hemisphere “hurricane” is its opposite
vertex. Thus looks the structural dichotomy of this giant gas planet.
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Fig. 1. Asteroid (2867) Steins appears like a tetrahedron [1].
Fig. 2. Asteoid (2867) Steins appears like an octahedron under slightly
different view-point [1]
Fig. 14

Fig. 15

A tetrahedron appearance of small bodies:
Fig. 3. Yanus, PIA10427, Mountain of ice, far-off view.
Fig.4. Thebe, PIA02531
Fig. 5. Telesto, PIA07546.
Fig. 6. Hyperion, PIA08904.
Fig. 7. Mathilde, PIA02477

An octahedron appearance:
Fig. 8. Yanus, PIA06613.
Fig. 9. Phoebe, PIA06066.
Fig. 10. Helene, PIA08269.
Fig. 11. Amalthea, PIA01074.
Fig.12. Prometheus, PIA07549.
Fig. 13. Yanus, PIA10417, a view toward the
southern hemisphere.

A cubic (octahedron?) appearance:
Fig. 14. Epimetheus, PIA07531.
Fig. 15. Helene, PIA07547
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THE NEW WAVE PLANETOLOGY: ORIGIN OF PLATO’S POLYHEDRA AND HEXAGONS IN
THE SOLAR SYSTEM. G.G. Kochemasov, IGEM of the Russian Academy of Sciences, 35 Staromonetny,
119017 Moscow, Russia, (kochem.36@mail.ru).
Saturn’s polar dichotomy was observed as color hues: gold south and azure north. Now infrared images of
NASA/JPL/University of Arizona allow to see substantial structural differences of two polar regions. First was
observed a large centered on the south pole hurricane 8000 km across with a central eye about 1500 km across
(PIA08333). Then on the northern night hemisphere was observed a huge centered on the pole hexagon about
25000 km across (PIA09186). The dichotomous structure of celestial bodies is their first characteristic feature
marked as Theorem 1 of the wave planetology [1, 2, 3 & others]. Origin of this ubiquitous feature is due to an
interference of warping waves 1 of four directions appearing in any rotating body (but all bodies rotate!) moving
in elliptical orbit with periodically changing accelerations (I. Kepler has shown that all planetary bodies move in
such orbits) [3]. The fundamental warping inertia-gravity wave 1 has overtones of which wave 2 – the first
overtone is most prominent in structures of celestial bodies. It makes tectonic sectors superimposed on tectonic
dichotomy (e.g., continents and secondary oceans of Earth; the Pacific basin is the primary ocean – one of the
dichotomous segments of Earth).
Interfering waves tend to produce in globes geometrical figures according to their lengths. Thus, wave 1
makes tetrahedron, wave 2 octahedron, wave 4 cube (Fig. 1-4). Naturally, mighty gravity of relatively large
bodies (more than 400 to 500 km across) “smashes” this superimposed figures in favor of a sphere. What is left,
it is axes and planes of symmetry of this figures and perching but obliterated vertices (e.g., the PamirsHindukush and antipodean to it the Easter Island) (Fig.5). A tetrahedron – the simplest polyhedron of Plato (Fig.
6) – has three faces narrowing to a vertex and widening to a fourth face. Thus, tetrahedron is a basically
dichotomous body because cut amidst any of its 4 axes of symmetry it always has an opposition of a vertex
(contraction) to a face (expansion) (Fig. 6). Traces (projection) of three tetrahedron faces are typically seen on
surfaces of planetary spheres as hexagons, for an example, on many of the saturnian satellites icy surfaces (Fig.
10-14) and in total shapes of some small bodies (Fig. 1).
Now a hexagon shows itself on the northern polar region of Saturn where it is rather stable as it was observed
even by the Voyagers about 30 years ago (Fig.7-9). This stability of planetary structural features (even in a
gaseous media!) is explained by producing them standing waves that for larger waves have rather long periods of
phase change. So, at Saturn now is the expanded northern hemisphere with well developed wide structural lines
and the contracted southern hemisphere with smashed squeezed structures twisted in hurricane. Strikingly,
hexagons of icy saturnian satellites (Fig. 10-14) mimic not only shape but relative size of big saturnian hexagon.
This similarity betrays their common wave origin.

Fig.1. Proteus

Fig. 5. Earth’s octahedron

2. Yanus

6. Sphalerite crystal

3. Pallas

4. Steins

7. Saturn, polar hexagon 8 Saturn, aurora

Fig. 1: Neptunian satellite Proteus, ~416 km across, P-34681. Fig. 2: Yanus, 179-181 km across, PIA08192. Fig.
3: Asteroid (2)Pallas, 582 km across, HST2007.jpg. Fig. 4: Asteroid (2867)Steins, 4.6 km across, ESA News, 6
Sept. 2008: “A diamond in the sky”. Fig. 5: Earth’s hidden octahedron – antipodean vertices: 1- Equatorial
Atlantic, 2- New Guinea, 3- the Pamirs-Hindukush, 4- Easter Isl., 5-Bering Strait, 6-Bouvet Isl. Fig. 6:

Tetrahedron – sphalerite ZnS crystal. Fig. 7: Saturn’s north polar hexagon, 25000 km across, PIA09188. Fig. 8:
Saturn’s north polar hexagon projected to high atmosphere and marked by the northern aurora, PIA 11396.

9. Saturn, polar hexagon
12. Dione

10.

Mimas

11. Tethys

13. Rhea

14. Iapetus

Fig. 9: Saturn’s north polar hexagon, 25000 km across, PIA 10217. Fig. 10: Mimas, 397 km across, Hershel
hexagonal structure, PIA09811. Fig. 11: Tethys, 1062 km across, Odysseus hexagonal structure, PIA10438. Fig.
12: Dione, 1126 km across, Southern basin with hexagonal outlines, PIA 08938. Fig. 13: Rhea, 1528 km across,
Tirawa hexagonal structure, PIA08909. Fig. 14: Iapetus, 1468 km across, hexagonal structure near the
dichotomy boundary, PIA08273. References: [1] Kochemasov G.G. Theorems of wave planetary tectonics //
Geophys. Res. Abstr., 1999, V.1, №3, p.700 . [2] . Kochemasov G.G. Tectonic dichotomy, sectoring and
granulation of Earth and other celestial bodies // Proceedings of the International Symposium on New Concepts
in Global Tectonics, “NCGT-98 TSUKUBA”, Geological Survey of Japan, Tsukuba, Nov 20-23, 1998, p. 144147. [3] Kochemasov G.G. Mars and Earth: two dichotomies – one cause // In Workshop on “Hemispheres
apart: the origin and modification of the martian crustal dichotomy”, LPI Contribution # 1203, Lunar and
Planetary Institute, Houston, 2004, p. 37.
Images credit: NASA/JPL/Space Science Inst./University of Arizona.

INFLUENCE OF LUNAR TOPOGRAPHY ON PHOTOMETRIC DATA.
V. V. Korokhin,
Yu. I. Velikodsky, Yu. G. Shkuratov, V. G. Kaydash, and N. V. Opanasenko, Institute of Astronomy,
Kharkiv National University, Sumskaya Street, 35, Kharkiv, 61022, Ukraine, dslpp@astron.kharkov.ua
Introduction: Photometric data for the lunar surface are usually disturbed by resolved topography,
especially, at large phase angles. The local surface
slopes change the local incidence i and emergence
ε angles. Therefore, it is impossible to compare the
reflectance of flat and topographically disturbed
sites. This effect particularly becomes apparent on
phase ratio images (see, e.g., [1]). We also illustrate
this effect in Fig. 1 that presents a phase ratio image
(2°/21°) of the lunar disk (see some details below).
As one can see, cratered and mountain areas near terminator are not suitable for studying the phase dependence of brightness.
To compensate the influence of the lunar resolved
topography on photometric data, it is necessary to
use information about local slopes. Unfortunately,
there are no suitable digitalized global maps of the
lunar relief. However, if photometric data on the
same areas are obtained at different angles i and ε,
one can retrieve information about the relief and albedo distribution from the data. We demonstrate this
possibility with Earth-based observations of the
Moon using a small telescope and a Canon EOS
300D camera.
Retrieving lunar topography from photometric data: The idea of the technique we used is based
on our early work [2]. Let us define the local relief
slope r as the declination of the surface normal from
the global vertical. The resolution element of our
data is about 2″ × 2″ or approximately 4 × 4 km2 on
the lunar surface. This just is the minimum roughness
size we deal with.
The local slopes of the surface affect the local illumination/observation geometry and, hence, the
photometric coordinates λ and β of a given point (the
definition of photometric longitude λ and latitude β
see, e.g., in [3]). The slope disturbing of local sites is
equivalent to the displacement of the sites to the
point with new photometric coordinates λ' = λ + ∆λ
and β' = β + ∆ – longitude and latitude, respectively.
Denote the longitudinal and latitudinal components
of the local slope r as rl and rb:
rl = r sinφ,
rb = r cosφ,
where ϕ is the azimuth angle of the projection of local normal on the average plane, which is measured
from the direction to the north pole. The quantities rl
and rb can be expressed through ∆λ and ∆β.
In contrast with [2], where we used a linear approach, assuming that the slopes are small, in this
work we develop a new algorithm without any restrictions on the character of the dependence of the
disk function on the photometric coordinates. The

gist of the new approach is to minimize the standard
deviation of the equigonal albedo (that is by the
definition: A'eq(α) = A(α,λ',β') / ψ(α,λ',β') [4]) for each
point from values calculated using the model phase
function: Aeq(α) = mexp(-μα), where m is a normalizing coefficient, μ is the parameter that characterizes
the steepness of the phase curve, A(α,λ',β') is the observed albedo, ψ(α,λ',β') is the disk function, and α is
the phase angle [4].
For the minimization we use the Nelder-Mead
method [5]. The parameters rl, rb, m, and μ are fitted,
using a set of observations of the Moon carried out at
various phase angles before and after full-moon.
Thus, using this algorithm we map simultaneously
the topographical slopes and the parameters of
brightness phase dependence not distorted by relief.
As a disk function we used the factorized expression ψ(α,λ,β) = ψλ(α,λ)ψβ(α,β). Usually the LommelZeeliger law is used as a disk function, e.g., [3]. For
this case ψβ(α,β) = 1 and
cos  α− λ 
ψ λ  α , λ =
cos λ−cos  α− λ 
However, there are much more exact disk functions
suggested by Akimov [4]. We use the following
Akimov’s components of the disk function
α
π
α
ψ λ  α , λ =cos cos
λ−
/cos λ
2
π −α
2
and

[  ]

ψ β  α , β = cos β 

q α 

where q(α) is the so-called roughness factor [6,7]
να
q  α =
π −α
where ν = 0.34 for maria and ν = 0.52 for highlands.
We used the mean value ν = 0.43.
The relations between the selenographic and
photometric coordinates are given in [8].
Results of calculations: For calculations we
used the data of absolute photometry of the Moon
carried out in 2006 at the Maidanak observatory
(Uzbekistan) with a 15-cm refractor at red light 610
nm [9]. Data-set of 22 maps of absolute albedo [9]
obtained at α = 12.2° … 21.0° before full-moon and
α = 12.3° … 21.7° after full-moon. Observation data
were selected to have maximally symmetrical values
of phase angles. Range of phase angles from 12° to
22° allows us to use a relatively simple model phase
function, Aeq(α) = mexp(-μα). The maximal phase
angle 22° allows us to construct maps for almost full
visible disk of the Moon in contrast to our previous
work [2].
Unfortunately, it is difficult to retrieve latitudinal
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component rb from Earth-based observations, because of ψβ of a given point varies slightly (mainly
due to libration) in contrast to ψλ. Therefore, we
made the optimization procedure only for 3 parameters rl, m, and μ. In Fig. 2 a map of slopes along the
selenographic longitude rl on the base 4 km is shown.
The distribution of the longitudinal slopes over the
lunar disk shows realistic values, up to 8°. Some sites
demonstrate slopes reaching 20°, however, we say
about it with precaution, as those could be related to
errors as well. This new map in general coincides
with our previous results of mapping [2].
Topography correction of photometric data:
Although we mapped the longitudinal component
only, nevertheless this allows correction of photometric observations, because lunar illumination varies
mainly due to changing selenographic longitude of
the Sun. For the correction of maps of albedo, it is
necessary to apply the following correcting coefficient for each point of the lunar disk
k = ψ(α,λ,β) / ψ(α,λ',β'),
where ψ(α,λ,β) and ψ(α,λ',β') are the disk functions,
respectively, without and with taking into account topography slopes.
In Fig. 3 a corrected map of phase ratio 2°/21° is
presented. For this map the influence of topography
is significantly suppressed (cf. Fig.1). As can be
seen, the phase ratio images reveal a correlation with
albedo. However, detailed comparison shows that
there are many anomalous regions that do not exactly
coincide with albedo boundary. For instance the
Aristarchus Plateau and Marius Hills (pyroclastic
formations) clearly show up on the phase ratio images. We note that in the latter case the topography
correction help to see better the anomaly.
Conclusions: (1) A new method to map the longitudinal slopes of lunar topography using photometric observations has been developed. (2) The obtained map allows us to correct photometric data for
the topography influence.
This study was supported by CRDF grant UKP22897-KK-07.
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Fig. 1. Phase ratio 2°/21° without topography corrections

Fig. 2. Map of slopes along selenographic longitude on the
base 4 km. Scale in degrees.

Fig. 3. Topographically corrected phase ratio 2°/21°.

COMPILING THE MAPS OF RELIEF AND ILLUMINATION OF SOUTH POLE
REGION ON THE BASE OF KAGUYA DATA. E.A. Kozlova., E.N. Lazarev., J.F.
Rodionova., V.V. Shevchenko. Sternberg State Astronomical Institute, Moscow, Russia
katk@sai.msu.ru, zhecka@inbox.ru
There are several types of the data being
used for lunar DEM creation and mapping. Previous
efforts at studying the topography of the poles have
included photographic limb profiles [1], heliometric
measurements [2], and Earth-based stellar occultation
profiles [3]. Clementine stereoimagery has been used
to produce digital elevation models of the Moon, at a
scale of 1 km/pixel. These models cover regions
poleward of 60° in both hemispheres and reveal
topography beyond that covered by the Clementine
laser altimeter or Earth-based radar [4]. The Unified
Lunar Control Network 2005 having been created in
USGS contains 1478 points covering complete lunar
surface including Polar Regions. For this base images
from the Apollo, Mariner 10, Galileo missions and
from Earth-based photographs were used [5]. A
global lunar topographic map with a spatial
resolution of finer than 0.5 degree has been derived
using data from the laser altimeter (LALT) on board
of the Japanese lunar explorer Selenological and
Engineering Explorer (SELENE or Kaguya). In
comparison with the previous Unified Lunar Control
Network (ULCN 2005) model, the new map reveals
unbiased lunar topography for scales finer than a few
hundred kilometers [6]. Although all these results
have provided new information about the relative
topography in the lunar Polar Regions, estimates of a
solute elevation suggest that the knowledge of the
absolute elevation at the lunar poles remains
uncertain. We compared available topographic data
in the South lunar Polar Region. Height offsets in
topographic maps [4] and [6] make more than 1 km
and spatial ones up to 7 km. On the base of Kaguya
data we created Lunar South Polar Region 3D-model
(fig.1).
The Clementine radar data revealed the areas
with unusual radar properties in the lunar Polar
Regions [7]. The Lunar Prospector detected an excess
of hydrogen abundance at the both poles of the Moon
in 1998. It was suggested that areas with unusual
properties are clusters of volatile elements in the
"cold traps" of the polar regions of the Moon [8]. The
radar studies of polar region of the Moon [9], shows
that some of these features are not coincide with
impact craters. In this paper, we analyzed the
illumination conditions near South Pole of the Moon.
To compute the distribution of permanently
shadowed areas we are modeling diurnal variations of
illumination for South Pole region according to the
variations of altitude of the sun above the horizon.

The laser altimeter data onboard the Japanese lunar
orbiter Kaguya [10] was used to obtain the
illumination condition near South Pole of the Moon.
Earlier, we computed the permanently shadowed area
in the polar regions of the Moon for the real
distribution of craters taking into account the
variations of the elevation of the sun during the 230
solar days that make up the period of regression of
the nodes of the lunar orbit [11]. Our calculations
indicate that the permanently shaded areas near South
Pole are lies not only in the inner part of polar
craters, but at the smooth plains too. According to
data from Kaguya these areas are characterized by
rough topography and numerous small craters. These
regions are coincide with larger number of small
areas with high hydrogen content, discovered by
Lunar Prospector [8] and may contain deposits of
volatile elements.
With the use of the Kaguya information,
quantitative illumination maps of the Lunar South
Polar Region were compiled too. Distance between
points in this digital database obtained is equal 0.25
degrees along latitude and 1 degree along longitude.
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The hypsometric map of Lunar South Pole compiled on the base of Kaguya data

The map of illumination of South Pole region during the Lunar day

CARBON DIOXIDE GLACIERS IN THE RECENT GEOLOGICAL HISTORY OF MARS?
M. A. Kreslavsky1 and J. W. Head2, 1Earth and Planetary Sciences, University of California - Santa Cruz, 1156
High Street, Santa Cruz, CA, 95064, USA, mkreslav@ucsc.edu; 2Geological Sciences, Brown University, box
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Introduction: Water ice is abundant on the surface and shallow subsurface in various locations on
Mars, especially at high and middle latitudes. On the
Earth, the most common ice morphologies are alpine
glaciers and flowing ice sheets. Present-day Mars
lacks such active features, which is a logical consequence of currently cold (unfavorable for ice flow)
and dry (unfavorable for dynamic accumulation)
climate conditions. Detailed studies, however, have
revealed abundant morphologies suggestive of ice
flow in the past. Three different types of ice flow
morphologies have been identified on Mars ([1] and
ref. therein): (1) small (100s m long, 10s m thick)
lobes on steep slopes in mid-latitudes; (2) lobate
debris aprons, lineated valley fill, concentric crater
fill, features genetically similar to each other that are
from 10s km of spatial extent to 100s km long, 100s
m thick and arguably thicker in the past; (3) extinct
tropical mountain glaciers, features of 100s km of
spatial extent with inferred ice thickness of a few km
during the epochs when they were active.
Here we report on one more type of distinctive
glacial morphology on Mars. We show that these
features cannot be formed by flow of H2O ice and
suggest that they are formed by CO2 glaciers.
c
b
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forming parallel and overlapping loops over a distance of about 75 km grouping in three sets with
gaps between them (Fig. 1b). The individual ridges
are 15-80 m wide, are generally continuous, and
show little width and height variation along their
strike. The loops formed by these ridges are most
typically 5-7 km in long axis, and ~1.5-3 km wide.
The ridges are superposed on impact craters and
deposits associated with them; no evidence of modification of the underlying deposits or structures are
observed; these all suggest a relatively youthful age.
High-resolution
HiRISE
images
(e.g.,
PSP_007792_2540) show that the ridges are mantled
and covered with typical high-latitude polygonal
pattern uniformly with their surroundings. Some of
the ridges, and thus the loops, are superposed on one
another. In the middle group (Fig. 2) a generally
continuous ridge extends distally for a distance of up
to 15 km; the ridge is subdued in some places along
its strike. Shorter loops contained within this deposit
are clearly superposed on this larger ridge complex
occurrence. Stratigraphic relationships for suggest
that the earliest set of ridges was the broadest and
reached the greatest distal limits. The proximal parts
of the looped ridges are open toward the steep wall
of the PLD outlier and are separated from it by a 1020 km wide gap (Fig. 1b).

Fig. 1. (a) Topography with frame (b); (b) THEMIS IR
image I11693002; arrows show three groups of ridges; (c)
THEMIS VIS image V11718001; middle and southern
group of ridges.

Fig. 2. Middle group of ridges. The scene (18 km wide) is
covered by seasonal frost. CTX image P16_007357_2541.

Morphology: An unusual series of narrow
ridges with lobate planforms occurs at high latitudes
in the martian arctic (74°N 96°E), in association
with the west- and northwest-facing steep slopes of
an outlier of the polar layered deposits (PLD) (Fig.
1). Distinctive arch-like ridges (in planform view)

Similar sets of lobate ridges occur in two more
locations in martian arctic, both in impact craters
(70.3°N, 266.5°E and 67.2°N 249.5°E). The first is
described in detail in [2]; the second is shown in
Fig. 3. In these craters, the lobes point to the west
and open toward eastern inner crater walls. We do
not know any other similar features on Mars.
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Interpretation: These ridges, their looped configuration, their relationship to the substrate and the
appearance of mutual superposition, are very similar
to ridges typical of drop moraines in terrestrial coldbased glacial environments. These form when coldbased glaciers advance and then dynamically stabilize; in this case, debris carried forward by the glacier drops out at the glacial front as sublimation of
the ice occurs and a drop moraine is produced [3].
Overlapping ridges are form due to multiple episodes of glacier advance and retreat. For more detailed argumentation for the drop moraine mechanism see [2]. The gap between the PLD outlier wall
and the ridges (Fig. 1b) was probably formed by
later retreat of the PLD outlier due to sublimation.
Interaction of the lobes and the central peak in the
crater at 70.3°N, 266.5°E [2] give estimate of ~400m
thickness of the glacier, when it was active.

Fig. 3. Cetral and
western part of a crater at 67.2°N 249.5°E.
THEMIS VIS image
V05659020. The
scene is 20 km wide.

Origin: Although morphology unambiguously
suggest cold-based glacier-like flow as origin of
these features, flow of H2O ice would contradict
observations: (1) At the same high-latitude location
and hence the same temperature regime, the PLD
material itself (which is known to be mostly H2O ice
[4]) does not show any sign of flow forming small
lobes. (2) mid-latitude lobate features are formed at
higher temperatures (due to lower latitudes) and display total strain on the order of 1, while for the glaciers under consideration the total strain is 100s or
more. (3) Tropical mountain glaciers that left drop
moraines [5] and had a significant total strain, were
an order of magnitude thicker and flowed under
higher temperatures. Thus, the flowing material
formed the drop moraines in the martian high arctic
is much weaker and flows much easier than H2O ice
under the same temperature regime.
We suggest that these drop moraines were
formed by carbon dioxide (CO2) glaciers. We have
predicted CO2 glaciers to form on Mars during periods of low obliquity [6] due to accumulation of perennial CO2 deposits in preferable locations at high
latitudes. Solid CO2 (dry ice) is softer (more plastic)
than H2O ice at the same temperature. This explains
the unusual rheology of the flow material.
Accumulation of solid CO2 at low obliquity has
been anticipated on pole-facing slopes, while the
observed features clearly suggest accumulation on
west- and northwest-facing slopes. Since CO2 is the
dominant component of the present-day atmosphere,

its accumulation is controlled primarily by direct
heat balance, unlike solid H2O accumulation on the
Earth, where microclimates may take control. Under
very low obliquity, when a significant part of CO2
inventory resides on the surface in high-latitude perennial deposits, the proportion of non-condensing
atmospheric components (N2, Ar) is higher, and potential importance of microclimates for CO2 deposition may increase. In addition, recent calculations of
atmospheric photochemistry of Mars in a wide range
of conditions [7] showed that when the atmospheric
H2O vapor abundance is very low, a significant part
of atmospheric CO2 can be converted into CO and
O2 by photochemical processes. At low obliquity,
the H2O vapor abundance is expected to be very low
(all H2O is trapped in the perennially cold solid CO2
deposits), and CO2 may lose its dominance in the
atmospheric composition, which would make accumulation on west-facing slopes plausible.
Calculation of spin and orbit evolution of Mars
[8] shows that the obliquity was low (<18°) for a
few short periods within 3.4 - 0.6 Ma ago (Fig. 4),
and had not been low at least for a few 10s of Ma
before that period. This gives rather certain age estimate of 0.6 - 0.8 Ma for the youngest drop moraines. The oldest ones may be as old as 3.4 Ma, but
also can be ~1.0 Ma old.

Fig. 4. Evolution of obliquity of Mars for the last 10 Ma.

Discussion: The identification of CO2 glaciers
on Mars is not only interesting by itself; it has significant consequences for understanding recent climate-controlled processes on Mars. (1) Sets of the
polygonal cracks in the high latitudes are superposed
on the drop moraines and hence are younger than 0.6
- 0.8 Ma. (2) The PLD outlier existed at least 0.6 Ma
ago and perhaps, 1.0 Ma ago. (3) Its wall retreated
by 10 - 20 km during the last 0.6 Ma. This gives the
time scale of shaping of the PLD troughs.
References: [1] Carr, M. (2006) The surface of Mars,
Cambridge Univ. Press. [2] Garvin J. B. et al. (2006) Meteoritics & Planet. Sci., 41, 10, 1659-1674 [3] Marchant D.
R. et al. (1993) Geografiska Annaler, 75A, 303-330.
[4] Grima C. et al. (2009) GRL, 36, L03203. [5] Shean, D.
E. et al. (2007) JGR 112, E03004. [6] Kreslavsky M. A.
and Head J. W. (2005) GRL, 32, L12202. [7] Zahnle, K. et
al. (2008) JGR 113, E11004. [8] Laskar, J. et al. (2004)
Icarus 170, 343-364.

INFERRING THE COMPOSITION AND THE SEISMIC PROPERTIES OF THE LUNAR MANTLE
FROM BULK COMPOSITION AND GEOPHYSICAL DATA
V.A. Kronrod, O.L. Kuskov, Vernadsky Institute of Geochemistry and Analytical Chemistry, Moscow
(va_kronrod@mail.ru), (ol_kuskov@mail.ru)
Thermodynamic modeling of phase relations and
physical properties of multicomponent mineral systems
was used to develop a method for solving the inverse
problem of determining the composition, density,
seismic velocities in the Lunar mantle from the totality
of geophysical and petrological (bulk composition)
evidence. The goal of the inversion procedure is to find
the a self-consistent petrological-geophysical model
the Moon that minimize the discrepancies between the
calculated
and well-known petrological and
geophysical models.
Introduction: There are two approaches to obtain
information on the composition and internal structure
of a planet. The first approach consists in forward
modeling - computer simulation of phase equilibria and
thermoelastic properties at high pressures and
temperatures and a comparison of the calculated
density and seismic profiles with geophysical
observations. A thermodynamic approach for
computation of phase diagrams, equations of state of
minerals, seismic properties and density from known
thermodynamic conditions and mineralogies applied to
the planetary interiors has been extensively described.
Another approach to solution of the problem
of modeling the constitution of the planet consists in
translating the observed gravity data and seismic
velocity profiles into the temperature and composition
models [1,2] (inverse problem). In this paper, we
propose a new formulation for solution of this problem
which consists in retrieving the density distribution,
chemical composition, seismic velocities in the Lunar
mantle from the geophysical and perological
observations (bulk composition of the Moon).
Thermodynamic approach: From the thermodynamic
standpoint, the composition and the physical state of
the Moon can be characterized by several parameters
determined from geochemical data and equations of
state (ESs) of the multiphase mantle material. The
apparatus of chemical thermodynamics allows one to
use the bulk composition of rocks for a correct
determination of the composition and physical
properties of stable phase assemblages at high
temperatures and pressures [3]. We use the method of
the Gibbs free energy minimization adapted to
calculations of phase equilibria in multisystems with
phases of variable composition representing
multicomponent solid solutions of minerals. The ESs
of minerals are calculated in the Mie-Grüneisen-Debye
quasiharmonic approximation, with the Born–Mayer
potential approximating the ES potential part.
Equilibrium compositions of phase assemblages,
elastic wave velocities, and density were calculated
with the use of the THERMOSEISM software complex

[3]. The database contains self-consistent data on such
thermodynamic parameters as the enthalpy, entropy,
heat capacity, Grüneisen parameter, thermal expansion,
and bulk and shear moduli of minerals and on mixing
parameters of solid solutions. For the computation of
phase diagram for a given chemical composition, we
have used the well-known equation for the Gibbs free
energy.
Determination of the Composition and Mantle and
Seismic Velocities in the middle and lower mantle:
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. 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 - coremantle boundary (lower mantle), and a Fe–10 wt.% Score (ρ=5.7 g cm−3). The composition of the lower
mantle is equal to bulk composition of the Moon. Crust
model from Taylor (1982). Thermodynamic modeling
of phase relations and physical properties in the
multicomponent mineral system CaO-FeO-MgOAl2O3-SiO2 was used to develop a method for solving
the inverse problem. 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%. Thermal models were taken
from Kuskov and Kronrod [1]. A Monte-Carlo
inversion procedure has been used to estimate the
distributions of the density and composition in the
mantle and velocities in the middle and lower mantle
and Fe-FeS core radii of the Moon from gravity
measurements, bulk composition and seimic velocities
in the upper mantle.
Results: We determine the permissible ranges of
composition, mineralogy, velocities and density in the
upper, middle and lower mantle as well as core sizes
and masses. Table 1, 2 shows the geophysically and
petrologically allowed ranges of composition and of
P- and S-wave for geochemical models Taylor (1982),
Galimov (2004). Ringwood (1979), Warren (2005) and
the velocities of the seismic models in the lunar
mantle [4-8]. The basic conclusion arising from this
study is that the calculated velocities for all
geochemical models may be expressed as follows
Vs= 4.40-4.48 km s-1 , Vp=7.94-7.98 km s-1 in the
Vp=8.03middle mantle and Vs= 4.41-4.48 km s-1,
8.14 km s-1 in the lower mantle.
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Table 2. Seismic velocities in the Lunar mantle
Model
H, km
VР, km/s

Table 1. Chemical composition in the Lunar mantle
Model
Taylor
(1982),
Galimov
(2004)
Ringwood
(1979)

Warren
(2005)

H (km)
50-250

Al2O3
2.6

FeO
11.9

MgO
35.8

SiO2
47.6

250-625

5.2

14.8

35.2

40.5

>625

6.1

12.9

32.3

43.8

50-250

1.7

13.4

37.9

45.7

250-625

2.1

15.3

36.6

44.3

>625

4.0

14.0
m

33.9

44.9

50-250

1.6

9.5

39.4

48.2

250-625

2.5

11.8

37.2

46.5

>625

4.1

10.2

35.3

46.9

Goins et al. (1981)

60
400
480-1100

Nakamura (1983)

60-300
300-500
500-1000

Khan et al. (2000)

45-500
500-750
750-1000

Lognonné et al.
(2003)
Lognonné (2005)

30-300
300-500
500-750
750-1000

GagnepainBeyneix et al.
(2006)

40-240
240-500
500-750
750-1000
60-300
400
800
50-300
300-625
625-1000
50-300
300-625
625-1000
50-300
300-625
625-1000

Kuskov, Kronrod
(1998)
Model
Taylor (1982),
Galimov (2004).
Model
Ringwood (1979)
Model
Warren (2005)

7.75±0.15
7.65±0.15
7.60±0.15
7.74±0.12
7.46±0.25
8.26±0.40
8.0±0.8
9.0±1.9
11.0±2.1
7.75±0.15
7.75±0.15
7.50±0.30
7.90±0.30
7.65±0.06
7.79±0.12
7.62±0.22
8.15±0.23
7.67-7.80
7.53-7.60
8.17-8.20
7.86
7.98
8.14
7.88
7.94
8.03
7.93
7.98
8.09

VS, km/s
4.57±0.10
4.37±0.10
4.20±0.10
4.49±0.03
4.25±0.10
4.65±0.16
4.0±0.4
5.5±0.9
6.0±0.7
4.53±0.15
4.50±0.15
4.35±0.30
4.20±0.30
4.44±0.04
4.37±0.07
4.40±0.11
4.50±0.10
4.45-4.51
4.29-4.30
4.50-4.51
4.49
4.40
4.46
4.80
4.41
4.41
4.56
4.48
4.48
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EXPERIMENTAL STUDY OF IRON-SULPHIDE AND SILICATE PHASE SEGREGATION
UNDER ULTRASONIC INFLUENCE IN A CENTRIFUGAL FIELD .
E.B.Lebedev
Institute of Geochemistry and Analytical Chemistry, RAS, Moscow, Russia,
leb@geokhi.ru
The determination of possible condition and mechanisms for the metal phases
segregation from partial melting zones, its accumulation and movement to the forming Earth’s
and Moon’s cores are the important problems. A simulation of the mechanisms migration of
metal and sulfide phases under gravity and mechanical deformations, shock deformations and
ultrasonic influence with the partial fusion of a model planetary substance (olivine-picrite
mixture), was carried out in a high-temperature centrifuge. The separation of sulfides in the inter
crystalline space is shown to be in an intimate relationship with degree of fusion of a silicate
material. An occurrence of large-scale Earth’s material melting processes is assumed at the early
stages of Earth formation. This melting comprised the carbon, sulfide and phosphide containing
rocks, which composed the high horizons of the mantle. The metal phases' occurrence is
assumed for these rocks. Experiments temperature was 1400-1450oС. Centrifugation was carried
out on mixture of iron-sulfide and silicate matrix contained of olivine crystals and basic melt
with different proportions. The initial mixture was: olivine crystals (85%) and basic melt
(picrite) 10%; iron-sulfide melts 5%FeS (95%Fe, 5%S). The melt shall be affected
simultaneously by centrifugal forces and ultrasonic influence with shock deformations was
elaborated. For iron-sulfide phase accumulation in melt was used the 35 kHz ultrasonic
transducer, disposed in of the centrifuge. The permeability increases manifold, if the silicatemetal system is subjected to mechanical deformations with ultrasonic influence and shock
deformations. A number of papers deals with the experimental study of the silicate system are
subjected to change in composition and deformations (McKenzie, 1984; G. Hirth' and D. L.
Kohlstedt, 1995; E. H. Rutter and D. H. K. Neumann, 1995; Karakin A.V., Lobkovsky L.I.,
1985; Karakin A.V., 1999; J. W. Hustoft and D. L. Kohlstedt, 2006; O.I. Yakovlev et al., 1978;
K.P. Florensky et al., 1981, A.T. Basilevsky et al., 1977; E.B. Lebedev et al., 2009).
Experimental results showed, that mixture consisting of olivine crystals, silicate and iron-sulfide
melts, after being separated in a centrifuge, is differentiated in density at definite physicochemical conditions. Separation is observed more intensive at lg fO2 some low IW. Separation is
observed more intensive at mechanical deformation, ultrasonic influence, shock deformations of
silicate matrix. Based on the data obtained, the mechanisms of the chemical differentiation of
planetary bodies and of the formation in them of iron-sulfide cores in the thermal and
gravitational fields are discussed.
Work is supported by RFBR, grant No 07-05-00630 and PBR RAS, Programme No 15.

WEATHERING WITHIN MASSIVE LOW-LATITUDE ICE DEPOSITS ON MARS: A MECHANISM TO
LINK SULFATE AND PHYLLOSILICATE FORMATION. J. R. Michalski1 and Paul B. Niles2. 1Institut
d’Astrophysique Spatiale, Bâtiment 121, Université Paris Sud, Orsay Cedex, 91405, France. joseph.michalski@ias.u-psud.fr, 2Astromaterials Research and Exploration Science, NASA Johnson Space Center,
Houston, TX 77058
Introduction: One of the mysteries of Mars is the
mechanism by which large and numerous deposits of
sulfate-rich and phyllosilicate-rich sedimentary rocks
were generated. Hypotheses proposed to explain the
origin of layered, sulfate-rich sediments at the Meridiani Planum site include: a) alteration by acidic fluids
in a shallow and intermittently wet groundwater/playa/sebkha system[1], b) alteration of soils by
acidic volcanic gases [2], c) reworking of sulfate-rich
material by impact base surge [3], and d) acidic weathering within massive low-latitude ice deposits [4]. We
favour the ice-weathering model because this scenario
can best explain the geologic and geochemical observations made from orbit and the surface. In addition,
this model is in accord with an emerging picture of
Mars in which ice-related processes have driven many
aspects of sedimentation through time [5].
The ice weathering model and sulfate formation:
Niles and Michalski [4] proposed that sulfate deposits
in the Meridiani Planum area, and possibly elsewhere
on Mars, formed through weathering in massive ice
deposits. Weathering within ice deposits would have
occurred in the following manner: During periods of
high obliquity or polar wander, massive amounts of ice
would have been deposited at what are now low latitude locations; this ice would have been rich in dust
generated by volcanic and impact processes and acidic
aerosols snowed out during dust and ice deposition.
Radiative heating would cause the formation of small
pockets or films of water around dust and aerosols
trapped in the ice (Figue 1). Around these grains, small
volumes of highly acidic fluids would have altered
fine-grained silicate dust grains to secondary silicates
and sulfate minerals. The low surface temperatures
would force any fluids present within the ice toward
extremely acidic conditions and the physical barrier of
the ice itself would lead to cation-conservative chemical weathering within a closed system (i.e. the bulk
mineralogy would be changed drastically, but the bulk
chemistry would not change).
After the ice had sublimated (and melted in part),
the remaining material would be a significant quantity
of fined grained, chemically weathered, sulfatebearing, siliclastic sediment similar in composition to
Meridiani sediments. These materials would then have
been reworked into large scale eolian deposits proximal to the ice as the ice deposit was retreating. During
gradual burial during eolian reworking, the deposits
would have dehydrated and undergone limited diage-

nesis, leading to the partial conversion of jarosite to
hematite [6].
We favour the ice weathering model because it satisfies all of the most important observations made at
Meridiani Planum, and is consistent with the occurrence of sulfate deposits elsewhere. The other leading
model [1] suggests that a massive acidic groundwater
system operated at Meridiani, but that model fails to
explain how pervasive alteration occurs throughout
significant volume of material, while maintaining extremely acidic conditions, low water/rock ratios, and a
bulk composition that is simply basalt + SO2. The ice
weathering model is consistent with these interpretations. In addition, the ice weathering model can explain the scale of the sulfate deposits at Meridiani
Planum. The Meridiani Planum sedimentary deposit is
estimated to contain >105 km3 of material [7], seemingly of a very narrow range of composition everywhere that it has been studied so far. While it is difficult to explain a deposit of this scale through a sebka
setting, it is consistent with the ice weathering model.
The southern polar cap of Mars contains ~1.6 x 106
km3 of material [8], of which, 10-15% is dust [9]. If a
dust/ice deposit of similar scale was once present near
Meridiani Planum (Figure 2), it could have left behind
>105 km3 of altered, fine-grained material. As is the
case with most of the sulfate deposits, the provenance
of the Meridiani Planum deposits is unclear. The formation of altered material within ice deposits, and the
subsequent removal of the ice, could have left a massive amount of sediment at Meridiani, outside of any
topographic basin, without any visible evidence of
provenance.
Relationship to phyllosilicates: The ice weathering model may also be relevant for understanding the
origin of phyllosilicate deposits located beneath the
sulfate-rich deposits at Meridiani Planum as well as at
Mawrth Vallis. The Mawrth Vallis phyllosilicate deposits have several special characteristics: they are
laterally extensive – occurring within stratigraphic
windows over >~2 x 106 km2, and the mineralogical
stratigraphy is the same everywhere that they are observed
(Al-phyllosilicates
overlying
Fe/Mgphyllosilicates) [10]. These observations can only be
explained by a process that operated on a regional
scale, just as with the sulfates at Merdiani. Basal melting of the massive ice deposits at low latitudes called
upon to explain the Meridiani deposits, may have
driven a large regional groundwater system. Groundwater derived from extensive basal melting would

likely have been alkaline due to increased water-rock
interaction and increased dilution of the acid present in
the ice deposit. Thus, the mineralogical stratigraphy
could be explained by this alkaline groundwater system leaching of rocks in the uppermost part of the
stratigraphic section to form Al-rich clay minerals, and
alteration of the materials to Fe/Mg-rich clay minerals
in the deeper section, where groundwater saturation
persisted and/or reducing conditions prevailed.
Age: While the ages of the phyllosilicate deposits
and sulfate deposits are generally considered to be different [11], we point out that in this model the age of
the alteration events that formed the sulfate minerals
and the phyllosilicate deposits would be equivalent.
However, because of later episodes of physical reworking, the age of the sedimentary rocks in which the
sulfate grains exist would be younger. Therefore, this
model may be a consistent explanation to describe how
sulfates formed in relation to how phyllosilicates
formed through a common and realistic mechanism
earlier in Mars history. In fact, the sulfate grains and
ice deposits may be old enough that their origin is not
inconsistent with the period when true polar wander is
likely to have occurred on Mars [12-13].
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Figure 1: Schematic diagram showing dust within ice deposits
on Mars. Weathering occurred in small pockets of acidic fluids
around the grains.

Figure 2: Modern day orientation of Mars shown in TES albedo [14] and HEND neutron maps [15]. Reorientation showing a paleopole near Meridiani Planum, consistent with the
polar wander hypothesis of Shultz and Lutz [12] is shown at
the right.
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Introduction: The phase angle ratio technique
has been applied to study the lunar surface using
photometric data obtained with Earth-based telescopes and spacecraft cameras [1-4]. In particular,
the imaging of these ratios allows one to detect on
the Moon unusual areas that, perhaps, have structure
anomalies of the upper layer of the lunar regolith.
For instance, recently, we found such anomalies
located at a south portion of Oceanus Procellarum;
we suspect that they are weak swirls formed by an
impact of a slow swarm of debris/dust meteoroids
[5]. This shows that phase angle ratio data for the
Moon can potentially give new important information about the structure of its surface. It is interesting
to study the use of the phase ratio technique not only
for brightness images, but for polarimetric ones as
well. We are making here a first attempt to analyze
this idea for the same south portion of Oceanus Procellarum.
Observations: In 2006 we carried out photometric and polarimetric imaging of the Moon with the
Kharkov 50-cm telescope of the Maidanak observatory (Uzbekistan, Middle Asia). These observations
were carried out in three wide spectral bands: λeff =
0.48, 0.54, 0.61 μm using a Canon EOS 350D camera equipped with a CMOS array. The images we
used here are obtained at λeff = 0.54 μm (green light).
For polarization measurements a rotated film polarizing filter was used. A portion of the lunar disk,
which comprises a south part of Oceanus Procellarum, was studied. We here used images acquired
for the phase angle α = 57° and 96°. Albedo A (Fig.
1), polarization degree P (Fig. 2), non-normalized
second Stokes parameter Q, and, then, phase ratios
A(96°)/A(57°) (Fig. 3), P(96°)/P(57°) (Fig. 4), and
Q(96°)/Q(57°) (Fig. 5) were imaged for the region.
The last two ratios were imaged for the first time.
Results: Let us consider the phase angle ratio
A(96°)/A(57°) (Fig. 3). The candidates for weak
swirls are outlined and numbered by 1-3. Dark tone
of these details means that they have rougher surface on the scales mm – cm, than surrounding mare
areas [5]. The areas being unique on the lunar nearside do not obey the common inverse correlation
between albedo and phase curve slope, demonstrating high phase slopes at intermediate albedo.
Apollo-16 low Sun images do not reveal visible
topography of the areas, at least for scales larger,
than hundred of meters. These details also do not
have any thermal inertia, radar (70 and 3.8 cm), and
strong chemical/mineral peculiarities [5].

Fig. 1. Albedo image obtained in green light
at α = 57°

Fig. 2. Linear polarization degree P in green light
at α = 57°
We note close inverse correlation between albedo and polarization degree (cf. Figs. 1 and 2); this
is called the Umov effect [e.g., 6]. This correlation
results from the definition: P = Q / A. If Q weakly
depends on albedo or does not depends at all, the
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correlation becomes obvious. No significant features related to the anomalies shown in Fig. 3 are
seen in Figs. 1 and 2. That is why nobody can earlier find the areas shown in Fig. 3.
The areas exhibit polarimetric distinction only
when we image the parameter b = logPAa [5] which
according to laboratory measurements [6] correlates
with the mean size of particles of the lunar regolith.
We explain the anomaly of b by the presence in
these areas a porous upper layer consisting of dust
particles [5].

angle ratio P(96°)/P(57°) and Q(96°)/Q(57°). By
virtue of the Umov effect, we might anticipate to see
the anomalies in Fig. 4 in negative as compared with
Fig. 3. Indeed, the areas can be found there, but they
are not in negative. The anomalies are better seen in
Fig. 5. The phase ratio Q(96°)/Q(57°) =
P(96°)A(96°)/P(57°)A(57°).
Thus,
the
Q(96°)/Q(57°) distribution is formed by the image
components shown in Figs. 3 and 4. Their multiplication coherently strengthens the anomalies, but
unfortunately, does not compensate the mutual contrast mare/highland on the components, as we expected. This can occur at other combinations of
phase angles.

Fig. 3. Phase angle ratio image for brightness
A(96°)/A(57°) in green light
Fig. 5. Phase angle ratio image for the second Stokes
parameter Q(96°)/Q(57°) in green light

Fig. 4. Phase angle ratio image for polarization
degree P(96°)/P(57°) in green light
Trying to find additional anomalies of optical
characteristics of these areas, we study the phase

Conclusions: The image obtained for the ratios
P(96°)/P(57°) and Q(96°)/Q(57°) resembles each
other, though small differences are seen too at the
anomaly areas. This shows that polarimetric observations of the structure anomaly areas on the Moon
give additional information about the structure of
the lunar surface.
Acknowledgment: This study was supported by
CRDF grant UKP2-2897-KK-07.
References: [1] Shkuratov Y. et al. (1994)
Icarus 109. 168-190. [2] Kaydash V. et al. (2009)
Solar Sys. Res. 43. 89-99. [3] Opanasenko N. et al.
(2009) Solar Sys. Res. 43. 210–214. [4] Kaydash V.
et al. (2009) Icarus 202, 393-413. [5] Shkuratov Y.
et al. (2009) Probable swirls detected as photometric
anomalies in Oceanus Procellarum with Earth-based
observation of the Moon. Icarus, submitted. [6]
Shkuratov Y., Opanasenko N. (1992) Icarus 99,
468-484.

WATER ON THE MOON. C. Pieters1, J. Boardman2, B. Burratti3, L. Cheek1, R. Clark4, J-P. Combe5, R. Green3,
J. Head1, M. Hicks3, P. Isaacson1, R. Klima1, G. Kramer5, S. Lundeen3, E. Malaret6, T. McCord5, J. Mustard1, J. Nettles1, N. Petro7, C. Runyon8, M. Staid9, J. Sunshine10, L. Taylor11, S. Tompkins12, P. Varanasi3, 1Brown Univ.,
Providence, RI (carle_pieters@brown.edu), 2AIGLLC, Boulder, CO, 3JPL, Pasadena, CA, 4USGS, Denver, CO,
5
Bear Flight Center, Winthrop, WA, 6ACT, Herndon, VA, 7NASA GSFC, Greenbelt, MD, 8College of Charleston,
Charleston, SC, 9PSI, Tucson, AZ, 10U MD, College Park, MD, 11U TN, Knoxville, TN, 12DARPA, Arlington, VA,
The Moon has been believed to be very dry since the
first samples were studied in Earth-based laboratories.
Scientists have long hoped to find water ice accumulated and trapped in the permanently shadowed regions
at the poles, but data have been ambiguous. Now three
instruments, The Moon Mineralogy Mapper (M3) on
Chandrayaan-1, Visual and Infrared Mapping Spectrometer (VIMS) on Cassini, and the infrared
spectrometer on Deep Impact (DI) have detected
absorption feature(s) attributable to water and hydroxyl
(OH) bearing minerals near 2.8-3.0 µm on the sunlit
surface of the Moon [1]. Regions that exhibit this
absorption feature are widely distributed across the
surface. Water hosted in or on a geologic material
shows characteristic absorption bands as a function of
wavelength when measured in reflected light (Fig. 1).
The M3 results exhibit the most detailed spatial
distribution and relationship to global and local
processes of this water-related absorption feature.
VIMS and DI show the broad global characteristics of
the absorbing material and also provide broader
wavelength coverage that helps to better define the true
nature of the absorptions. Together these three
independent
instruments
with
their
diverse
measurement geometries and conditions now provide
irrefutable evidence for hydrous or hydroxyl-bearing
soils and rocks at the lunar surface [1,2,3].
The M3 instrument is designed to map the surface
mineralogy of the Moon at high spatial and spectral
resolution using reflected solar radiation at nearinfrared wavelengths from 430 to 3000 nm [4,5].
Measurements by M3 through February 2009 show
widespread features near 3-µm that suggest small
amounts of OH/H2O exist on the uppermost surface of
the Moon. Although in these measurements the absorption appears strongest at cool higher latitudes, a similar
absorption feature is also prominent at several fresh
craters at lower latitudes (Fig. 2). Currently, for M3
data we do not distinguish between different possible
phases of OH/H2O that may be present.
A very important aspect of the 3-µm feature observed in M3 data, which is derived from the upper few
mm of the surface, is its spatial relations compared to
those of bulk H detected by the Lunar Prospector neutron spectrometer (LP-NS) [6,7,8] derived from the
upper ~50 cm of the regolith. These differences exemplified by the Goldschmidt region (prominent 3-µm
absorption but very low H) argue strongly that the M3
detection of OH/H2O species is strongly surface-

correlated, i.e., probably linked to the upper few millimeters of the lunar regolith.
Implications: There are important implications for
lunar exploration from these detections of hydrated
material on the surface. First, surficial abundance of
OH/H2O may provide an ongoing mechanism for delivery of these volatile elements to cold traps in the
polar permanently shadowed regions. Secondly, since
solar wind H is more abundant closer to the Sun, the
processes active on the Moon may also provide a
mechanism to account for the more prominent polar
deposits on Mercury. Furthermore, if harvesting the
lunar regolith becomes a preferred long-term method
for extracting resources, M3 data from Chandrayaan-1
will provide local and regional assessment of potential
resources and a fundamental basis for planning the
next steps of lunar exploration. For example, if the
local abundance is indeed found to be 1000 ppm
(likely upper limit), then one metric ton (about a small
pick-up load) of hydration-bearing soil could produce a
liter (~quart) of water.

Figure 1. Spectra of different forms of
OH/H2O near 3000 nm (3-µm), only accessible with spacecraft instruments because
Earth’s water-rich atmosphere is opaque at
those wavelengths. The white area in Figure
2 shows the wavelength region of the water
band covered by M3 while the grayed area
shows the extended region covered by DI
and VIMS.
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Fig. 2. M3 global indicator maps showing albedo (left), strength of the hydrous/OH-bearing material absorption
(middle), and global rock types (left). In the right image red indicates highland feldspathic rocks, green-magentablue indicates Fe-rich volcanic rocks. Blue arrow indicates the Goldschmidt region. Coverage as of Feb, 2009
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Introduction: Further advance in space explorations makes it necessary to develop a series of
maps for provision of space flights, execution of
surface and circumlunar applied works, as well as
for solving problems of geomorphology, origin and
evolution of rocks. Planet surface maps show
mainly the relief topography, which is characterized
сomplex forms of a relief of the different age and
origin. One of the ways to enrich the maps contents
and to increase there informatively is name the
mapped objects. Because of this a system of terms
for lunar objects and their quantity acquires great
importance. Names on the topographical and geomorphologic maps of the planet not only help to
find bearings but carry morphological information
as well. The International Astronomical Union
(IAU) decided upon a uniform system of conventional symbols for designation of relief details. Lunar objects names officially approved by IAU are
presented on the online Gazetteer of Planetary Nomenclature [1, 2].
Lunar nomenclature of a names: Lunar place-names
characterize 18 relief forms, 56 of the lunar names
relate to the Apollo Program manned expeditions to
the Moon and 26 are connected with the names of
space vehicles, scientific research institutions and
geographical locations. The modern nomenclature
system of lunar names has a centuries-old history.
The basic principles and traditions of the lunar
toponymy were laid down by scientists of selenography. The founders of this science were Langren (1600-1675), Hevelius (1611-1687), Grimaldi
(1618-1663), Riccioli (1598-1671). They had
worked out a system of lunar names, which became
a model for the modern one. Many names of lunar
objects used on maps of 17-18 centuries are lost,
but a few remained. We know 6 names given by
Langren, 5 by Hevelius, 201 by Riccioli. The modern toponymy follows the main traditions in giving
names to the details of lunar relief. First and foremost it is designation of lunar craters in aquatic
terms, or by terrestrial geographical names and
names of scientists. Up to date IAU approved about
9000 names for the Moon, including names for
1521 craters and 7056 names for small satellite
craters. Lunar objects names officially approved by
IAU are presented on the online Gazetteer of Planetary Nomenclature [1].
Database of the lunar nomenclature. For systematization and statistics of the lunar nomenclature the automated database for lunar nomenclature
has been worked out [3]. The database was created
in 1990 in the Sternberg State Astronomical Institute of the Moscow State University under the

leadership of V.V. Shevchenko, the Chairman of
the IAU Working Group for naming the lunar relief
details. The database includes all the names of the
lunar relief elements approved by IAU with the 5th
significance level. Lunar relief names are given in
Latin with Russian translation. Relief morphological characteristics, selenographical coordinates,
reference and bibliographic data are given for every
object. The data base structure permits to automatically systemize, choose and select lunar relief elements by any of the above-mentioned characteristics. The database was used for classification of
extensive objects by morphological type, the of
naming, location and size [4]. If a crater is named
after a man of science, bibliographical data, his
field of activities, nationality, dates of life are
given. The report presents the results of automatic
selection of the base lunar crater names. The picture 1 shows the histogram of the lunar named craters according to the crater diameters and years of
active live of the persons, immortalized in the
names of crater.

Fig. 1. The years of active live of the persons,
immortalized in the names.
As the statistical selection reflects, diameters of
the lunar named craters vary within the limits of
10-600 km. A shortage of craters with diameters
over 100 km is observed [5]. For a large-scale
mapping of the Moon it will be necessary to name
smaller relief elements. To meet the requirements
of the large-scale mapping process it is necessary to
create auxiliary systems for condensation of the
number of the named objects. As an example we
can take the system of object naming of Shreter [6]
or use the experience of American astronauts when
they invented a naming system while working on
the Moon surface [7]. New systems of naming differ from the personal memorial system of giving
names to lunar objects, but they are based still on
the basic traditions of lunar topology.
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The nomenclature system of a names of
the Mercury. The first maps of surface Меркурия
based on visual sketches of a surface, have been
made at the end of XIX, in the beginning of XX
century by great astronomers: Italian astronomer
Giovanni Schiaparelli, American astronomer Percival
Lowell, француским astronomer Eugene Antoniadi. The details of a albedo of the of the Mercurian surface, as light and dark a stain are designated
on map. The modern system of the nomenclature of
details albedo has been affirmed on XVI General
assembly IAU in 1976. The modern toponymy follows the main traditions in giving names to the
details of lunar relief, which have been offered Е.
Antoniadi [8].
The main traditions in giving names to the details
of Mercurian relief consist in the following: dark
areas are designated by term Solitudo, it is followed with own name. Light areas are designated
by own names. While translating names the transcription will be coordinated to the term according
to rules of latin language. In figure 1 the map Mercurian albedo is resulted. On a map names of details of the Mercurian relief, authorized МАС are
resulted. The following categories of a relief concern to terms: Albedo, Crater, Dorsum, Fossa,
Mons, Planitia, Rupes, Vallis. The basic types of
the relief are resulted on the map of the Mercury
(fig. 2).

Fig. 2. A map of the albedo details of the Mercury,
scale of the map 1:40000000. The map is made by
geological service the USA. [http: // astrogeology.usgs.gov/projects/BrowseTheSolarSystem/merc
ury.html].
Craters in diameter more than 100 kms have
been named in honour of the persons, brought oustanding contribution to the humanitis and art, and
also writers, artists, sculptors, architects, composers, musicians. To rupes have given names of the
research courts. Valleys are called under the name
of radioobservatories. Planitiae have received
names of the gods playing a similar role of god
Mercury in a history of different peoples.
Mercurian place-names characterize 8 relief
forms: 279 of the mercurian names relate to craters,
30 the names are connected with the names of albedo features, 2 the names are given the dorsa, 1
the name relates to fossa and mons, 7 then names
relate to planitia.

The picture 3 shows the histogram of the
Mercurian named craters according to the crater
diameters and depth. Depth of craters has been calculated under the empirical formula received by
American astronomers S. L. Andrei and T.R. Watters [9].

Fig. 3. Histograms of distribution of craters on
diameter and depth.
Conclusions. As the statistical selection reflects, diameters of the lunar and mercurian named
craters vary within the limits of 10-600 km. A
shortage of craters with diameters over 100 km is
observed [4]. For a large-scale mapping of the
Moon it will be necessary to name smaller relief
elements. To meet the requirements of the largescale mapping process it is necessary to create auxiliary systems for condensation of the number of
the named objects. As an example we can take the
system of object naming of Shreter [6] or use the
experience of American astronauts when they invented a naming system while working on the
Moon surface [7]. New systems of naming differ
from the personal memorial system of giving
names to lunar objects, but they are based still on
the basic traditions of lunar topology.
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Introduction: A number of articles have described
periglacial polygonal terrains, pingos and pingo groups
on Mars [1-3] connected to groundwater [4] and lake
beds [5-7]. The MOC images allowed to identify details of pingo fields [8-15]. Recent HiRISE images
have increased many substantial details to the observations of such structures [16, 17] – even if there still is a
debate if they are pseudocraters, small volcanoes or
even modified impact craters [18, 19].
Terrestrial pingos in general: On the Earth, pingos are found in permafrost environments in Spitsbergen, Canada, Alaska, Greenland and Siberia. Collapsed
paleopingos of England and Holland indicate previous
permafrost conditions. Arctic pingos are laccolithic ice
cumulates that may be exist together with polygonal
wedge ice terrains. The ice-hearted, earth-covered
pingo hill may reach over 50 metres in height and
more than 500 m in diameter. Being periglacial, the
pingo formation process is linked to the extended cold
season and long-term ground ice accumulation without
signs of glaciation.
Pingo characteristics and two basic types: While
a small pingo may have regular shape of a rounded
hill, large pingos display multiple depressions on their
upper slopes and/or craters at their top due to a partial
melting of the ice core. There may be tension summit
fractures. Sandy and silty strata on the pingo slope may
dip outward from the center, possibly due to the intrusive characteristics of the water body that freezes when
reaching a level close to the pingo surface. An injection of fluid water can be considered to be analogous
to small volcanic intrusion and dome formation.
Local pingo. Closed-system (hydrostatic) local
pingos form in drained lakes or river channels where
annually developing permafrost rises the former beds.
Porous material at first draws water up over the permafrost, and then lets it freeze during the cold season resulting an ice core growth and an additional rise of the
surface layers [cf. 20]. A growing hydrostatic pingo
dome assumes the shape of drained circular pond to
elongated channel.
Feeded pingo. Open-system (hydraulic) pingos are
aquifer-feeded. In an extreme case, artesian water is
pushed up to freeze close to the surface. Freezing adds
mass to the expanding ice core and the pressure forces
the ground up. Existing slope may increase the aquifer
activity and the subsequent pingo growth. An aquiferfeeded pingo grows until the aquifer stops to work and
it thus may reach a larger size than a closed-system
pingo. The open-system pingos may have varying

shapes depending on the geometry and changes in the
aquifer system.
Pingo growth. The actual terrestrial pingo growth
rate is debated. Estimations of pingo growth by processes related to water intrusion and frost heaving do
vary. Assuming a growth rate of 2 cm/year it formally
takes 2500 years for a pingo to grow 50 meters high. A
growth rate of 1 cm/year gives 5000 years. A reasonable estimate is that a terrestrial pingo can grow a few
centimetres per year and stand N times 1000 years
(where N is a small whole number) before breaking
down and collapsing. For a smaller pingo or for a
pingo in not-so-frendly environment it may take decades or centuries only to reach the mature phase and to
begin to decline.
Polygons and pingos on Mars: The Mars Phoenix
lander studied a northern frost-wedge polygon terrain
and discovered ice a few centimeters below the surface. In some favourable conditions this subsurface ice
may have been more active and resulted in frost heave
processes. Some high-resolution MOC and HiRISE
(http://hirise.lpl.arizona.edu/results.php?keyword=Ping
o&order=release_date&submit=Search) images show
rather symmetrical dome-like structures on various
locations on polygonal terrains on Mars. Of course,
prosesses related to pseudocrater explosion, smallscale volcanism and even impact crater deformation
have to be taken into the account in dome formation. If
– and in environments where - these other formation
mechanisms can be excluded we have a strong case to
make a postulation of a pingo-like formation of small
dome structures. The case is still stronger if the studied
dome or dome group bears characteristics found in
other structures that have been identified as pingos.
The area studied: We studied the central part of
the Noachis Terra (36-47°S, 20-30°E; Figure 1) on the
highlands to the west of the Hellas basin. This ancient
terrain has large, eroded craters modified by fluvial
processes. Inside a crater (45.98°S, 24.41°E) there are
several small (diam. 20-120 m) mounds that are located within a surface unit which seems to have its
origin from a channel that breaches the SW rim into
the crater. The identified small hilly domes are strictly
connected to that material which has apparently accumulated from the channel. They do not appear elsewhere on the crater floor.
The surrounding terrain, the actual dome environment and details of the structures bear strong evidences
for pingo-like characteristics of the small hill studied.
After detailed studies of these structures (unfortunately

there are not any HiRISE images over them yet) we
were able to exclude the other processes that are proposed for the formation of such small mounds: (A)
They do not bear any signs of pseudocrater or hydrovolcanic explosion. (B) They have no evidences of
being cinder cones, volcanic domes or small volcanic
edifices. (C) The mounds do not have any indications
of being modified impact craters. The environment - as
a whole - has numerous signs of water activity in the
past and the mounds have all the necessary characteristics that are needed to able to claim that they have developed under conditions and by the processes that are
usually connected to pingos and their formation.

Figure 1. A) The impact crater has an inflow channel
(white arrow) and associated deposits (black arrows;
THEMIS I06466002). B) High-resolution MOC image
(R1900276) shows that the deposit next to the crater
rim is covered with small mounds. C) A close-up of
the crater floor deposits shows the different textures of
material units and that the darker rough unit is covered
by the bright and smooth one.
There are still some uncertain aspects connected to
these mounds that we propose to be pingo-like structures. We have not been able to identify if the structures were caused by a closed (hydrostatic) or open
(hydraulic) system. If the pingo formation took place
after the water flow was deceased, the pingos would be
closed [20] ones and grown by local cycles of groundwater and permafrost activity. If the channel still offered additional water, the mounds may have formed
as open system pingos feeded by aquifer-related water
supply. The topography of the actual area of the pingo
group favours the alternative that their growth has, at
least partly, been supported by an amount of aquiferfeeded water supply. The closed-system alternative in

their formation is favoured by their rather regular form
and wide distribution within the unit they are located
on.
Later loss of local water, permafrost aggradation
and the formation of a sub-surface ice core could have
deformed them and their upper elevations. Anyway,
their existence and pingo-like characteristics seem to
provide a clear proof of a small-scale water activity in
the region. The channel-associated lowland deposit,
the pingo-like features on it and some crater floor collapses nearby indicate that there have been and probably still are some amounts of water/ice/permafrost below the surface. The area should be of great interest to
investigations by the HiRISE and SHARAD instruments on the MRO probe.
References: [1] Lucchitta (1981), Icarus 45, 244303. [2] Greeley (1985), Planetary landscapes. Allen
and Unwin, London, 265 pp. [3] Jöns (1985), LPI Publication 11, 45-46. [4] Howard (1991), NASA Report of
PG&GP 1990, 120-122. [5] Chapman (1993), LPS 24,
271-272. [6] Lucchitta (1993), LPS TR 93, 9-10. [7]
Aittola et al. (2006) LPS 37, #1654. [8] Rice et al.
(2002), LPS 33, #2026. [9] Gaidos and Marion (2003),
JGR 108, doi:2002JE002000. [10] Burr et al. (2005),
Icarus 178, 56-73. [11] Soare et al. (2005), Icarus,
174, 2,373-382. [12] Page and Murray (2006), Icarus
183, 46-54. [13] de Pablo and Komatsu (2007), LPS
38, #1278. [14] de Pablo and Komatsu (2009), Icarus
199, 49-74. [15] Williams et al. (2008) LPS 39, #1005.
[16] Dundas et al. (2007), International Conference on
Mars 7, #1353. [17] Soare et al. (2008), LPS 39,
#1315. [18] Lanagan et al. (2001), GRL 28, 2365-2367.
[19] Jaeger et al. (2007), LPS 38, #1955. [20] Skinner
and Tanaka (2007), Icarus 186, 41-59.
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Introduction: Thanks to its highly elliptical orbit around Mars, the Mars Express (MEX) spacecraft
can fly by Phobos at close distance. The new acquired data have allowed for a more precise determination of the mass and shape of Phobos.
In the near future further MEX flybys at very
close distance (less than 100 km) as well as the
Fobos-Grunt spacecraft, will allow for the determination of the first harmonics of Phobos’ gravity field.
These harmonics are directly related to the moments of inertia of the body, and can provide new
constraints on the mass distribution inside Phobos.
Here, we discuss the implications of the current
MEX data on the internal structure of Phobos. In the
aim to prepare the interpretation of the future Phobos’ gravity harmonics solutions, we show preliminary results of modeling the internal mass distribution from the measurements of the mass, the volume
and the moments of inertia of the body.
The mass, the shape and the composition of
Phobos: The radio-tracking data of the MEX
spacecraft have been used recently to obtain a new
estimate of the mass of Phobos. From a close encounter with Phobos (at the closest approach of 273
km), the mass has been re-estimated as 1.067 1016
kg with an unprecented precision of 0.1 percent [1].
This precision has been obtained thanks to both the
X-band Doppler tracking data of MEX and by using
the new improved Mars’ gravity field and Phobos’
ephemeris [1]. Independently from the close flyby, a
very similar mass value has also been determined
from the reconstruction of the fine secular orbital
perturbations of the MEX orbit induced by the mass
of Phobos, when MEX orbits Mars at large distance
from the moon [2]. Very recently, using the up-todate Mars’ gravitational field and Phobos’ ephemeris, and the previous flyby Viking-1 and Phobos-2
tracking data, the mass has been re-estimated [3].
This new estimate is very close to the MEX value.
The Super-Resolution-Camera (SRC) and the
High-Resolution-Stereoscopic-Camera (HRSC) onboard MEX have been used to improve the determination of the shape of Phobos, improving the volume
estimate by a factor of 3 with respect to previous
Viking-1 values [4]. In addition, the SRC images
have allowed the monitoring of a control point network at the surface of Phobos, from which a new
value of the forced libration amplitude has been determined as -1.24 +/- 0.15 degrees [4]. Although, the
error bar of this new value encompasses the expected
value (-1.1 degrees) for a homogeneous internal
mass distribution, it may indicate a slightly heterogeneous mass distribution inside Phobos.

The reflectance spectra of the surface of Phobos,
in the visible/near infra-red wavelength band, have
revealed a low-albedo surface. These spectra have a
featureless and reddened shape, which best match
the shape of the spectra of several low-albedo D-type
asteroids [5,6], suggesting that Phobos’ surface
could be composed of carbonaceous chondrite material. Nevertheless, no good matching between Phobos’ spectra and those of low-albedo chondrite material was found [5,9]. Moreover, the featureless and
reddened shape of Phobos’ spectra also suggest a
highly mature soil due to the space weathering effect, so that a highly weathered silicate material for
Phobos’ surface could not be excluded [5]. As the
space weathering effect depends on the time of exposure and on the composition itself [7], its impact
on Phobos’ spectra could not be precisely quantified,
and the true composition of the surface could not be
unambiguously identified.
The bulk density and interior of Phobos: In
order to constrain the interior structure of Phobos,
we have calculated its bulk density from the MEX
solution for the mass and the volume. We have
found a value of 1870 +/- 20 kg/m3, which is compatible with the previous estimate of 1900 +/- 100
kg/m3 obtained from the Phobos-2 data [8]. The estimateed density is lower than the density of chondrite material, suggesting that the interior of Phobos
could contain substantial porosity (or space of voids)
and/or water ice in addition to rock material [9].
From the surface reflectance spectra, it has been proposed that Phobos could originate from the D-type
asteroid population. The Tagish Lake meteorite has
been identified as an analog material to these asteroids [10], and its density is 1640 +/- 20 kg/m3 [11],
which is significantly lower than Phobos’ density.
As the mass of Phobos is not large enough to compress the material in its interior, Phobos cannot be
composed only of ‘Tagish Lake’ material. However,
it does not exclude that Phobos could be a D-type
asteroid, since the single Tagish Lake meteorite may
not be representative of all the D-type asteroid population.
Recently, it has been proposed that several asteroids could contain a large amount of porosity to account for their density lower than their material analog [12]. We have computed such amount of porosity
into Phobos by taking into account a large range of
material analogs (Fig. 1). We have found two cases
either with a low porosity content of about 10 percent, for material with low density like hydrated carbonaceous chondrite, or with a high porosity content
of 25-45 percent, for anhydrous carbonaceous or
silicate material. According to the definition given
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by [12], the former case is consistent with a highly
fracturated Phobos’ interior while the latter case
suggests a loosely consolidated or ‘rubble pile’ structure for the interior. Obviously, the porosity cannot
constrain the true material density but the high porosity case is supported by the large impact crater
Stickney. Indeed, large craters on small bodies
would require a large porosity in their interior in
order to absorb the energy of a large impact without
destroying the body [13]. The reflectance spectra of
Phobos’ surface did not show the 3 microns complex
band expected for hydrated minerals [5]. However,
this does not necessarily indicate that Phobos is entirely anhydrous, and some amount of water ice
could be contained into it. If it is the case, the porosity estimate could be lowered depending on the true
water content into the interior of Phobos.

Figure 1: Porosity estimate into Phobos (black solid
line) based on an simple interior model with a rock
material and space of voids. The cases considered in
the text correspond to material density of hydrated
carbonaceous chondrite (blue dashed line), of anhydrous carbonaceous chondrite (green dashed lines)
and of silicate material (with a range of density
shown by the two red dot-dashed lines). The density
of the D-type asteroid material (‘Tagish Lake’) is
indicated by the horizontal black dashed line.
Perspectives: Model of the mass distribution
into Phobos. The second-order harmonics of the
gravity field of Phobos are directly related to its
moments of inertia. The radio-tracking data of the
future MEX very close flybys of Phobos and those of
the Fobos-Grunt spacecraft orbiting Mars at close
distance to Phobos will allow to measure these gravity harmonics, and therefore allow for an estimate of
the moments of inertia. In order to assess the information about the interior of Phobos that could be
inferred from these future geodetic measurements,
we have developed a model of Phobos’ interior. As a
preliminary approach, we have discretized the volume of Phobos into 8072 cubes of equal volume
(893x893x893 m3). The density of each cube is either 3360 for rock material, 970 for water ice, or 0
for voids. We then have sought all those configurations that have Phobos’ mass and moment inertia

(those deduced by assuming homogeneous mass
distribution into Phobos) within error-bars. Among
all the possible distributions that arose, the most frequent ones correspond to the model displayed in fig.
2. All three components (rock, ice and voids) are
almost equally distributed into the volume, which is
consistent with the assumed values of the moments
of inertia for a homogeneous mass distribution.
However, this preliminary result offers the opportunity to analyze the possible mass distribution for
moments of inertia slightly departing from the homogenous value and to take into account a priori
constraints on mass distribution like lower concentration of voids below the Stickney crater related to
the internal compression that may have been imparted by the impact [13]. These analyzes are still
under investigation.
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Figure 2: Model of mass distribution in the interior
of Phobos. The volume of the body has been discretized as cubes with assumed density of either a rock
sample (red color), or water ice (blue color) or void
(gray color). See text for details.

ANALYSIS AND CHOICE OF THE CONTENT MANAGEMENT SYSTEM FOR
CREATION OF SCIENTIFIC THEMATIC RESOURCE ON EXAMPLE OF
PLANETARY CARTOGRAPHY SITE. I. Ju. Rozhnev, Moscow State University for Geodesy and Cartography, iwaro@yandex.ru
The first stage of any Internet-resource
creation is the analysis of existing Content
Management Systems (CMS) and the
choice of correct system taking into account the information site peculiarities.
CMS is a program supply using for
creation, management and support of Internet-resource, e.g. it means its basis. If
this basis is chosen correctly it would be
possible to modernize it without making
from very beginning.
Content management systems are made
for so-called end users, because not all of
scientists know programming languages
on a high level. The main part of CMS is
realized by help of visual redactor
(WYSIWYG). It is a program which
makes HTML-code from special simplified marking which giving to user a possibility to
format the text simply. With
other words CMS gives to user a possibility to make editing of text and graphic content for website without helping of specialist and without special knowledge.
Content management systems divided
in several classes:
• Commercial CMS (boxes, industrial);
• Free Open Source CMS;
• Own developing CMS;
• CMF
(Content
Management
Framework).
Commercial CMS (boxes, industrial)
must be paid. There is a whole market of
specialists working with them. Everybody
can do it, because the whole documentation and technical support are available.
Open Source CMS are free Content
Management Systems. The most of them
has the detail documentation, but not all of
them are translated into Russian.
Content
Management
Framework
(CMF) is CMS with super wide functionality. This is an application programming
interface for creating complicated web-

applications. They are used for creating
more serious projects with prolonged development stage.
Own developing CMS allow do not depend on anybody, but only developers
know how to use them. As a rule documentation doesn’t exist.
Correctly chosen and installed CMS allows developing of the site in future and
making it more useful. Incorrect choice of
CMS can corrupt all the efforts, time and
the next work with it.
In the paper it is done the analysis of
the most popular CMS and make a choice
of a most passing CMS for creating scientific thematic resource on example of
planetary cartography site.
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Commercial
CMS
Free Open Source CMS
Own developing CMS

CMS using by web-site developers.

PLANETARY
PROTECTION
POLICY
APPLIED
TO
PLANETARY
SEISMOMETERS
DEVELOPMENT. P. Schibler1 , P. Lognonne1 , S. de Raucourt1 , 1IPGP (4 avenue de Neptune, 94100 SaintMaur, France,
schibler@ipgp.fr).
Origin of Planetary Protection policy: Article 9
of the UN "Outer Space treaty" specifies "States Parties of the Treaty shall pursue studies of outer space,
including the Moon and other celestial bodies, and
conduct exploration of them so as to avoid their harmful contamination… and where necessary, shall adopt
appropriate measures for this purpose". This Treaty
has been signed and ratified by all space faring Nations on January 27th, 1967.
The present COSPAR policy is the following: "…
the conduct of scientific investigations of possible extraterrestrial life forms, precursors and remnants must
not be jeopardized". This policy has been proposed by
Space Agencies and Scientific Organisations involved
in planetary exploration.
COSPAR give recommendations classified in five
categories depending on the explored body (Venus,
Mars,…) and on the type of mission (orbiter, lander,
fly-by, Earth return…).
Planetary Protection constraints for missions
towards Mars and the Moon: The planetary protection classification based on the mission objectives
must be in agreement with the COSPAR Planetary
Protection Policy. Planetary Protection category IVb is
for landed systems with life-detection experiments.
Mission intending to access a Mars Special Region
would be in category IVc. A Special Region is defined
as a region within terrestrial organisms are likeky to
propagate or a region which is interpreted to have a
high potential for the existence of extant Martian life
form.
Previously the Moon was considered Category I,
“Not of direct interest for understanding the process of
chemical evolution...”requiring no documentation of
activities beyond launch.•To protect possible polar
volatile deposits, the COSPAR Planetary Protection
Panel has recommended that the Moon should become
Category II “Of significant interest relative to the process of chemical evolution ... but only a remote chance
that contamination by spacecraft could jeopardize future exploration”..
SEIS Planetory Seismometer instrument:
Scientific objectives: The SEIS Seismometer will
study the seismic activity of the Planet (Mars or the
Moon) and frequency of meteorites impacts. These
seismic events will be characterized by their approximate distance and azimuth, as well by their magnitude.
The seismometer will also allow to characterize shallow and deep interior of the planet, and especially the
water environment as a function of depth in the deep

subsurface, the crust thickness of the landing site, the
core size and possibly, if the seismic activity is between the middle and upper bound of present estimates, the mantle structure.
Instrument design: In the lasts configuration, the
seismometer was powered and serviced by the HPL. It
is based on a hybrid 4-axis instrument, composed of 2
Very Broad Band (VBB) sensors, 2 Short Period (SP)
sensors and has a mass of about 3100 g, including the
sensors deployment system and the sensors acquisition
and control electronics, including margins.

SEIS H/W subsystems breakdown

General approach to planetary protection compliance : For a martian mission, the general approach
to fulfil planetary protection requirements for the
whole instrument SEIS Planetory Seismometer is to
consider that each subsystem (SEIS-Sphere, SEIS-AC,
SEIS-DPL, SEIS-SP, SEIS-E-Box) would be sterilized
and cleaned at its own level and would be delivered in
sterile bags (Tyvek) to the AIV facilities.
Bioburden reduction approach: the preferred
methods for sterilization is Dry Heat Microbial Reduction (DHMR @110°C during 50h) according to Planetary Protection specifications or using H2O2 gas
plasma (Sterrad100s® process) with a medical qualified procedure (SAL 10-6) as it was done for the
Mars96 mission. The process has to be submitted to
the Mission Planetary Protection Officer for approval.
This is a medical qualified procedure (high sterilization margin) which should be qualified on EQM for
compatibility with H/W. The biological level would be
certified through parametric verification and microbiological indicators on FM. Packaging would be done
with double Tyvek® bag and through-feed connectors.
Compatibility tests of H/W samples : tests with
Sterrad 100S® process have been realized (Dec 2008)
at ASP Johnson and Johnson Company (Illkirch,
France facilities). We tested,
- for SEIS-Sphere subsystem, PCB with specific components (large capacitors)

- for SEIS-SP subsystem, harness (copper on Kapton),
connectors and heater (copper on Kapton),
- for SEIS-DPL subsystem, Dyneema ropes (polyethylene) for deployment system
This would permit to identify critical materials.

Mars96 mission heritage (OPTIMISM Seismometer): for Planetary Protection aspects the seismometer
team can benefit of Mars96 heritage in terms of procedures. Specific procedure has been validated using the
Sterrad 100S® process (ASP Johnson and Johnson
medical process). The procedure was used with reduced plasma phase. Sterilized equipments were packaged into two successive similar bags (qualified for the
sterilization method).
ANTISTATIC / ANTIDUST BAG
EXTERNAL STERILE BAG FILM SIDE
TEST CONNECTORS
INTERNAL STERILE BAG FILM SIDE
INTERFACE CONNEXION
SYSTEM
SCREW
FLIGHT
CONNECTORS
INSTRUMENT
METALLIC
PLATE
SCREW
SCREW
SCREW

METALLIC FRAME

INTERNAL STERILE BAG TYVEK SHEET
EXTERNAL STERILE BAG TYVEK SHEET

Identification and description of controlled facilities : Work of integration has to be done in laminar
flow hood within a clean room (ISO7 or better)
As explained in SEIS Planetary Protection plan,
each subsystem would be cleaned, sterilized and packaged at its own level in facilities belonging to each
Institute responsible of sub-system. That means that
we would use facilities on each integration site :
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As it is stated in Russian Federal Space Program, the
priority task for the first mission with lunar rover is the
study of frozen volatiles in the Moon polar regions. The
Moon spin axis is nearly perpendicular to the ecliptic
plane (inclination I=1°32'47″±24″ [1]) so the topographic
depressions near lunar poles, e.g. floors of impact craters,
are permanently shadowed, and on contrary, the topographic highs should be permanently illuminated. Permanently shadowed depressions have a very low-temperature
environment (<90 K [2]) that is a potential reservoir for
accumulation of water ice and ices of other volatiles provided by collisions with the Moon of asteroidal and cometary bodies [3]. Suggestions on lunar ices were recently
strengthened by anomalously low neutron flux (interpreted
as signature of hydrogen) detected in lunar polar regions
by the Lunar Prospector neutron spectrometer [4]. The
popular models of volatile concentration at the permanent
shadowed sites assume presence of small ice particles
overlaying by or mixing with non-icy regolith particles
[e.g., 5]. There is, however, an alternative hypothesis
suggesting that anomalously low neutron flux in polar
areas is due not to presence of hydrogen-containing ices
but to protons of solar wind captured by regolith and accumulated in rather large amounts in these cold places [6].
Landing sites should correspond to the following requirements: 1) they should be in the zone of direct radio
communication from Earth, so on lunar near side; 2) the
landing site should be the 15×30 km ellipse oriented by its
long axis along local meridian; 3) the surface within the
ellipse should be relative smooth with slopes on the base
of a few meters and larger not exceeding 10°-15°; 4) the
landing site should be illuminated either permanently or
during the most part of a lunation; 5) the permanently
shadowed areas, where are expected high volatile abundances, should be close to the boundaries of landing ellipse and they should be accessible for the rover.
Below we describe several landing sites corresponding, fully or partly, to these mentioned requirements. As
sites of the highest priority, we selected one site on the
North Pole and two sites on the South Pole. As back-up
versions, considered if for some reasons mission to polar
regions will be found impossible, we suggest the landing
site in the 90-km crater Copernicus on near side and two
sites in the central part of the South Pole - Aitken (SPA)
basin on far side.
The North Pole: The landing site #1 is at the floor of
the 80-km crater Peary (Fig. 1). The landing ellipse centre
is at 88.1°N, 8.6°W. Degree of illumination of the landing
ellipse, except its southern part, during the summer period,
is within the range of 50-75% [7, 8]. On the area about 5%
of the landing ellipse the illumination is reaching 75-95%
of the time. The illumination in the southern part of ellipse
is less than 50 %. The southern border of the ellipse, is in
the permanently dark area with high volatile abundances
(~1 wt.% of water-equivalent hydrogen abundances) [9].
This area is proposed as the high priority object of the
mission research.
The South Pole: In the South Pole region we suggest
two landing sites: #2 (88.5°S, 297°E), and #3 (87.2°S,

68°E) (Fig. 2). The site #2 is on the rim of crater de Gerlache. Degree of illumination of landing site is high, and
even during the winter period on the highest sites reaches
70% [8] (Fig. 3). The minimum illumination of a site does
not fall below 20%. Permanent shadowed areas are in
small craters to the east from the landing ellipse and on the
floor of de Gerlache Crater to the west from the ellipse
[10].The site #2 is in a zone of the maximum hydrogen
concentration of the South Pole are [11]. Objects of the
study are permanently shadowed areas in small craters to
the east of the landing ellipse.
The site #3 is between the craters Shoemaker and
Faustini (Fig. 2). Degree of illumination of the landing
site, apparently, low and during the winter period varies
within 1-20 % [8]. Permanent shadowed areas are in small
craters to the north from the ellipse and at the floors of
Shoemaker and Faustini craters. The site #3 is also in a
zone of the maximum hydrogen abundances of the South
Pole area [11]. Objects of the study are permanently shadowed areas in small craters to the north from the ellipse
and inside Faustini crater.
Copernicus Crater: The 93-km crater Copernicus is
in the equatorial zone of lunar near side. The landing site
#4 (10°N, 20°20'W) is on the floor of the crater to the
north from its central peaks (Fig. 4). Objects of the are the
foot areas of the crater central peaks.
The South Pole – Aitken basin: Here are suggested
two landing sites: #5 (54°S, 170°12'W) and #6 (58°S,
162°12'W). The site #5 is in the Olivine Hill area (Fig. 5),
which dominates over surrounding area by ~ 750 m. Objects of research are materials of Olivine Hill (olivine gabbro?) [11]. The site #6 is at floor of Bose Crater (Fig. 6).
Objects of research are: central peak (norite?), ejecta from
fresh small crater in the western part of Bose Crater (norite?), and ejecta from a fresh small crater in the northwestern part of Bose Crater rim (gabbro, norite?) [12].
Selection for concrete date of launch: Considering
that mission will be in October 2012, two landing sites
have been selected, both in the South Pole region: #3 (basic), and #2 (back-up). The future analysis of the data
acquired by the Chandrayan-1 Terrain Mapping Camera,
Lunar Laser ranging Instrument and Mini-SAR, which are
expected to be provided by Indian side, as well as analysis
of results of ongoing studies by Lunar Reconnaissance
Orbiter, especially by its collimated Lunar Exploration
Neutron Detector, which should provide the 5 km spatial
resolution, may lead to changes of the site locations and
their priorities.
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Moscow, Nauka. 1980. [2] Vaniman D. et al. (1991) In Lunar
Sourcebook, 27-60. [3] Watson K. et al (1961) J.G.R., 66, 3033.
[4] Feldman W.C. et al. (1998) Science, 281, 1496. [5] Feldman
W.C. et al. (1991), Geophys.Res.Lett., 18(11), 2157. [6] Starukhina L. V., LPSC XXXIX (2008) #1141 [7] Garrick-Bethell I. et
al. (2005) LPSC XXXVI, #2006. [8] Bussey D.B.J. et al. (2004)
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#2297. [10] Margot J.L. et al. (1999) Science, 284, 1658. [11]
Lawrence D.J. et al. (2006) J.G.R., 111(E08001), 1. [12] Pieters
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Figure 1. Topographic map of the North Pole of the Moon ac-

Figure 2. Topographic map of the South Pole of the Moon ac-

cording to the Kaguya mission data [13]. The landing site #1 in
Peary crater is shown by an ellipse of 15×30 km in size.

cording to the Kaguya mision data [13]. The landing site #2 and
#3 are shown by an ellipse of 15×30 km in size. dG – de Gerlache
Crater, Sh - Shoemaker Crater , Fa - Faustini Crater S - Shackleton
Crater.

Figure 3. Quantitative illumination map of the lunar South polar
region during the winter period [8]. The area, for which the data
are available, is outlined by yellow. There are no data around a
duplicating landing site #3. The landing sites are shown by ellipses of 15×30 km in size.

Figure 5. The multispectral image of area of landing site #5 in
the Olivine Hill region within the South Pole-Aitken basin. The
landing site #5 is shown by an ellipse of 15×30 km in size. Height
of Olivine Hill is shown by a dashed line. Image taken by the
Clementine spacecraft.

Figure 4. Copernicus Crater. The landing site #4 is shown by an
ellipse of 15×30 km in size. Image taken by the Lunar Orbiter 4.

Figure 6. The multispectral image of area of of landing site #6 in
the Boos Crater within the South Pole-Aitken basin. The landing
site #5 is shown by an ellipse of 15×30 km in size. Image taken by
the Clementine spacecraft.

REDUCED IRON GRAINS FROM NANO- TO MICRON SIZES IN LUNAR AND MERCURIAN
REGOLITHS: CALCULATION OF SPECTRAL EFFECTS WITH MIE THEORY. L. V. Starukhina and
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can be calculated with Mie theory provided that
complex refractive indices n of Fe0–grains are
known. To avoid resonance effects, size distribution
of ripening grains [6] was taken into account (Fig.1).
1
N/Nmax
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Fig.1. Size distribution of ripening Fe0-grains
according to ripening theory [6].
The spectral model [5] was modified to take
internal scatterers into account. Since the absorption
coefficients α of regolith particles are proportional to
volume fraction c of the embedded Fe0-grains, the
optical density of the soil particles τ = αl ∝ lc, l
being particle size, so reflectance R of a soil and the
shape of spectral curves are controlled by the value
of lc.
Fig.2 shows calculated optical characteristics of
regolith particles with embedded Fe0 as functions of
grain diameter d at different wavelengths λ. At a
given λ, α first grows with d, then decreases (Fig.
2a), because large grains (d >> λ/4π|n|) are opaque
and strong light absorption changes to light scattering (Fig.2b). Such behavior was qualitatively described in [7] and called “overmaturation”. The maxima
on α(d) curves correspond to minima on R(d) curves
(Fig.2c,d) that shift to larger d at longer λ.
Fig.3 shows calculated reflectance spectra of
bright material with embedded Fe0-grains of
different sizes d for all range of lc typical of lunar
soils. The change of spectral shapes with grain size
is the same as observed in experiments [4] (here UV
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Introduction: Studies of lunar soils showed that
space weathering of silicates results in reduction of
iron and formation of metallic iron grains ranging
from nano- (nFe0) to submicron and micron (µFe0)
scale [1]. In immature soils, nFe0 is dispersed in the
100-200 nm-thick rims of regolith particles, typical
diameter of nFe0-grains being 3nm [2]. Mature soils
contain both nFe0 and µFe0 all over the particle
volumes, Fe0 in agglutinitic glasses averaging up to
0.17µm in diameter [3].
µFe0 forms in so called ripening process, when
the larger grains grow at the expense of the smaller
ones. The process occurs at high temperatures, most
quickly in impact melt. Lunar soil particles with
embedded µFe0 were melted for short times and still
contain much nFe0 that is an effective light absorber.
This makes lunar soil particles with µFe0 too dark to
enable µFe0 to control the optical properties of the
Moon. On Mercury, more intensive meteoritic
bombardment may convert nFe0 to µFe0 more
efficiently, enabling µFe0 to become significant for
optical properties of the surface.
Spectral effects of growth of Fe0-grains embedded into transparent powders were studied experimentally in [4]. Laboratory measurements show
variations in reflectance and spectral shapes as a
function of size. However, the size distributions are
difficult to control and they are likely to be bimodal.
Large Fe0-grains formed mostly at the surfaces of
pores that are paths of enhanced diffusion. Thus the
experiments give mostly qualitative information.
In the presents study, spectral effects of Fe0grains in size range from nm to µm are simulated
with Mie theory and modified version of the model
of spectral albedo for regolith-like surfaces [5].
Calculation of optical spectra of powders with
embedded Fe0 grains: Fe0–grains in regolith
particles are known to be spherical. Absorption and
scattering coefficients of particles with such grains
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Fig.2 Grain size dependence of optical properties of regolith particles with embedded Fe0-grains at selected
wavelength λ: absorption coefficient at 0.1 vol.% Fe0 (a), scattering to absorption ratio (b), reflectance at lc =1
(c) and 5 (d) µm·vol.% Fe0.
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Fig.3 Calculated reflectance spectra of Fe2+-free featureless bright material with embedded Fe0-grains of
different sizes; values of lc being 0.1 (a), 1 (b), and 5 (c) µm·vol.% Fe0.
range 0.2-0.3µm is added). Calculations enables us
to determine more exactly the critical sizes d* of
Fe0-grains above which regolith becomes brighter
compared to that with nFe0-grains. For typical l and
c, d*= 30, 40, 100, 250, and 750 nm at λ = 0.2, 0.3,
0.5, 1 and 2 µm, respectively.
In Fig.4 the effect of addition of Fe0 of various
sizes for Fe2+-bearing lunar-like material is presented. As shown, the growth of nFe0 to 0.1µm crucially
changes the spectra in the visible range; and >1µm
grains do not essentially affect the spectra in 0.32µm range.
Implication to spectral variations on Mercury:
We modeled spectral variations on Mercury in the
same way as those for particle size fractions of lunar
soils [5]. Spectrum of mature soil is calculated from
that of immature one by decreasing particle size and
adding Fe0-grains. For lunar spectra, this is possible
by adding nFe0 only [5]. To reproduce the spectra
[10] of dark areas on Mercury starting from those of
overlaying crater rays, presence of µFe0 is required.
Conclusions: Modification of the model of
spectral albedo [5] and Mie theory enabled us:
(1) to determine “overmaturation” sizes of Fe0-

grains embedded into regolith for different
wavelengths,
(2) to estimate µFe0/nFe0 ratio from the optical
spectra of particulate surface,
(3) to find spectral evidence for the dominance of
µFe0 over nFe0 on Mercury.
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References: [1] McKay D. S. et al. In: Lunar
sourcebook. Eds. Heiken G. H. et al. N. Y., 1991,
p.285-356. [2] Keller, L. P., Clemett, S. J. (2001)
Lunar and Planet. Sci. 32th Abstr.#2097. [3] James
C. et al. (2002) Lunar and Planet. Sci. 33th Abstr.
#1827. [4] Noble S. K. et al. (2007) Icarus 192, 629641. [5] Shkuratov Yu. G. and Starukhina L. V.
(1999) Icarus 137, 235-246. [6] Lifshitz I. M. and
Slyozov V. V. (1961). J. Phys. Chem. Solids 19, 3550. [7] Starukhina L. V. and Shkuratov Yu. G.
(2003) Lunar and Planet. Sci. 34th, 2003. Abstr.
#1224. [8] Pieters, C. et al. (1993) J. Geoph. Res. 98,
20817-20824. [9] Warell, J., and D. T. Blewett
(2004). Icarus 168, 257-276. [10] McClintock W. E.
et al., Science 321, 62-65.
0

0

7

0.3

6

6
reflectance

reflectance

0.3
5

0.2

4
3

0.1

0.3

0
7

0.2
5
0.1

2
1
0.5
1
1.5
wavelength, µm

2

1

3
2

0.2

5

4

0.1

4
3

0
0.2 0.4 0.6 0.8 1 1.2 1.4
wavelength, µm

2
0

reflectance

0.4

0

1
0.5
1
1.5
wavelength, µm

2

a
b
Fig.4 Theoretical simulation of adding 0.1 vol.% of
Fe0-grains of different sizes (see Fig. 3 for the legend)
to immature lunar highland (a) and mare (b) soil
particles; spectra of the initial material (0) were
calculated from those of 45-95µm size fractions [8]
at particle sizes l = 22µm.

Fig.5. Simulation of spectrum of a dark area on
Mercury (2) (scaled to Warell spectrum [9] (0) at
0.4µm) starting from spectrum of overlaying bright
ray (1) [10]. For lines (3), (4) only nFe0-grains were
added (c·= 0.5 and 1.2 vol.% Fe0, respectively);
diamonds (5) show the result of addition of both nFe0
(0.4 vol.%) and µFe0 (>1 vol.% of 0.2 to 0.5µm
grains); particle sizes was decreased by 10% for all
model curves.
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Global Venus Dyke Swarm Project [1]: We
are undertaking an effort (1) to produce the first
global map of graben-fissure systems on Venus and
(2) to attempt to determine which systems are underlain by dyke swarms using Magellan synthetic aperture radar (SAR) data at the highest resolution available. Specifically, we are integrating published information with our own detailed mapping (at a scale
of 75m / pixel scale) in order to provide a resource
that will complement existing catalogues of other
tectonic and magmatic features like the distribution
of volcanoes [2], coronae, and wrinkle ridges. This
should result in a more comprehensive understanding of the distribution in time and space of intraplate
magmatism on Venus, and provide insight into
planetary evolution.
Some previous detailed mapping of these features on Venus has been completed and will be included in the project. [3,4,5,6,7,8,9,10,11,12,13]
Selection of Area for Detailed Mapping: The
Ulfrun Regio area (200-240°E, 0-25°N) was selected
for this study due to the abundance of tectonic and
magmatic features, striking a balance within the map
area between less deformed volcanic plains and
highly deformed rift belt terrains. The large number
of major features provides a high number of radiating, circumferential, and linear graben-fissure systems (we have identified more than 100 in the full
study area) and allows for ample study of their characteristics, formation, and interaction with each other
and with other tectonic and magmatic features [14].
Most of the area (the Ulfrun Regio Quadrangle: 210240°E, 0-25°N) is as yet unassigned for mapping by
the NASA/USGS Planetary Mapping Program.
Herein we report on our mapping of the eastern half
of the study area.
Graben-fissure mapping in the Ulfrun Regio
area: Preliminary detailed mapping in a 5x106 km2
area of Venus’s surface, bounded by 220 and 240°E
and 0 and 25°N, reveals numerous long extensional
lineaments (graben, fissures, and related fractures).
These can be grouped into radiating, circumferential, and linear systems (Figures 1 and 2). Forty five
radiating systems have been identified, of which 19
have radii greater than 300 km and 1 has a radius
greater than 1000 km. Eleven linear (straight) systems with a length greater than 100 km have been
distinguished. In addition, 38 circumferential systems, typically associated with coronae, have been
identified. Fifty magmatic centres are identified in
relation to both radiating and circumferential systems.

In Ulfrun Regio, coronae are typically accompanied by both circumferential and radiating grabenfissure systems.
In the case of Pani Corona
(231.5E,19.9N), there appear to be 3 different radiating systems which originate from points on or near
the corona’s rim, as well as a system that radiates
from the corona itself (i.e. converges towards the
centre, but is only seen beyond the corona’s rim).
Implications: Previous reconnaissance mapping
at C1-MIDR scale ( 225 m / pixel) had identified 6
radiating graben-fissure systems in this area (Figure
1), with radii of 150-400 km [8]. Thus our detailed
mapping has greatly increased the number and
mapped extent of radiating graben-fissure systems in
the region.
We are investigating cross-cutting relationships
between different graben-fissure systems in order to
determine the relative ages of their associated volcanic/corona centres. For instance, in Figure 3 we
note that one set of graben (SW-trending) has been
flooded by a lava flow and the other (SSE-trending)
has not, indicating that the magmatic centre associated with the unflooded set of graben must be
younger.
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Figure 1. Schematic of general trends of grabenfissure systems mapped during this study. Red lines
indicate radiating systems; blue lines, circumferential; green lines, linear. Orange dots indicate newly
identified magmatic centres and purple dots indicate
previously identified radiating systems [8].

Figure 3. Cross-cutting relationship between two
graben-fissure sets: Magellan SAR image in a) and
mapped graben and fissures in b). The SSE-trending
set overprints the SW-trending set, and can also be
seen crossing a lava flow (indicated by an arrow)
which appears to have filled the SW-trending set.

Figure 2. Magellan SAR image of the study area;
magmatic centres are indicated as in Figure 1. White
box identifies the area blown up in Figure 3.

TRACE ELEMENT CONTENTS OF SILICATE INCLUSIONS IN THE ELGA (IIE) IRON.

S. N. Teplyakova1, Y.A. Kostitsyn1, M. A. Nazarov1. 1Vernadsky Institute of Geochemistry and Analytical Chemistry,
Russian Academy of Sciences. E-mail: svun2002@mail.ru.

Introduction. Silicate inclusions (SIs) in IIE
irons vary in composition from chondritic SIs in
Netschaevo to highly fractionated silica-, alkali-rich
SIs which are similar to those in the Elga meteorite.
It was suggested that these SIs were formed by mixing of metal and silicate components on a parent
body or in the solar nebula gas [1-5]. Here we report preliminary results on trace element abundances
of four SIs of the Elga (IIE) iron. The SIs were analyzed by ICP-MS (40 μm spots) and INAA methods.
Results: Three SIs which were studied consist of
euhedral and skeletal augite crystals (Wo37-44En44-50;
Cr2O3 1.5 wt%; Fe/Mn=15-31) embedded in a SiO2rich feldspatic (Ab72-92Or7-26 to Ab38-43Or53) glass.
Minor phases of the SIs are pyroxene (Wo1.7En69 to
Wo2.5En77), chromite (TiО2 5.5 wt%), whitlockite, Fapatite, taenite, troilite, kamacite, pentlandite,
schreibersite. The fourth analysed SI is composed
from a SiO2-rich feldspatic (Ab30Or70) glass only.
Based on REE patterns glasses were subdivided
into 3 types (G1, G2, G3). G1 and G2 are from
augite-bearing SIs. G3 is from the glassy inclusions.
Augites and G2 glasses demonstrate negative Eu
anomalies (Fig.1.). Significantly, Eu was not detected in G1 and G3 glasses, i.e., Eu content is
<0.008-0,35 ppm. Augites are enriched in HREEs
over LREEs and have distinctly high Sc and Y contents. The G1 glasses vary in REE from 0,2xCI to
2xCI and show flat patterns. They have high contents of Rb (1-20xCI), Nb (1-30 x CI) and strongly
depleted in Cr (0,0002xCI). These glasses are complementary to pyroxenes in Sc, Ti, Mn, Hf, Th, Zr,
Nb, Rb, Sr, Ba (Fig. 1). Simlar to G1 glasses the G2
ones have a flat REE pattern relatively to CI. In
trace el ement abundances (Sc, Ti, Mn, Hf, Th, Zr,
Nb, Rb, Sr, Ba) the G2 glasses correspond to a mixture of G1 glasses and augites. The G3 glasses are
extremely enriched in Rb (1180xCI), Nb (57xCI), Zr
(24xCI), Ba (7xCI) and show also a flat REE pattern
(8xCI). Bulk trace element contents measured by
INAA in a augite-bearing SI show a prominent negative Eu anomaly and enrichment in LREEs (25xCI)
(blue line Fig. 1.).
Discussion: SIs of Elga are more enriched in K,
Na, Si and Rb, Nb in comparison with those in other
IIE irons. The REE patterns of the Elga SIs indicate
a differentiated precursor which were mixed with the
Elga IIE metal. The prominent negative Eu anomaly
suggests that Ca-plagioclase could be lost during the
precursor formation. Our calculations showed that
the G2 glass composition can be modeled by mixing: 10Px+90G1 (in wt.%) (see orange line on Fig.
1). It suggests that the glasses could be formed during remelting some portions of SIs.

The bulk REE content obtained by INAA is higher
than in augites and glasses and indicate the REE
excess could be related with phosphate presence.

Fig. 1.Trace and REE contents in SIs of Elga meteorite
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(1994) Meteoritics, V. 29. P 200-213. [3] Ruzicka A.
et al. (1999) GCA, 63, 2123-2143. [4] McCoy T.J.
(1995) Meteoritics 30, 542-543. [5] Kurat G. et al.
(2007) MAPS, V. 42. P. 1441-1463.
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Introduction: NASA is pursuing development of
the Constellatoin Program (CxP), to return mankind
to the moon and to establish a sustained human presence on the lunar surface, with the eventual goal of
manned missions to Mars. In conjunction to developing spacecraft and new launch vehicles, NASA
will need to set requirements for enhanced communication and navigation. Currently, CxP requirements
are being developed, focusing on the needs to execute proposed exploration missions. However, scientific goals of CxP will place additional requirements
for data transfer, global positioning and real-time
communication. Here we consider the the driving
requirements for future CxP lunar missions. The
identified requirements, specifically in the area of
communication and navigation, must be met by developing a particular CxP Communication Network
architecture. Architectures to meet this need are
proposed and discussed.
NASA CxP Lunar Mission Profile: NASA’s Constellation Program (CxP) will seek to develop a permanent output on the lunar surface for scientific discovery. The primary goal for returning to the lunar
surface is to broaden the scientific knowledge of the
lunar surface. By establishing a base on the moon,
NASA can pursue scientific activities that increase
humanity’s knowledge of Earth, space, and the history of the universe. The lunar surface is also a
prime location for testing new technology, flight operations, and exploration techniques to reduce risk
and increase productivity on future expeditions to
Mars and beyond.
The CxP architecture consists of two launch vehicles and spacecraft. The Launch vehicles are the
Ares I (for crew transport) and Ares V (for cargo).
The Orion spacecraft, an Apollo-like capsule, will
transport six astronauts to space. Altair is a twostage lunar lander.
The CxP has identified three lunar surface reference missions: Lunar Sortie, Lunar Outpost, and Lunar Cargo. The Lunar Sortie mission is deisnged for
four crew members to operate from the Altair lander
for 7 days, similar to Apollo missions. The Lunar
Outpost mission is the proposed long-duration
(nominal 6 month) mission. The Lunar Cargo mission will deliver habitat and living supplies to
buildup and re-supply of the lunar outpost.
Lunar polar sites are being examined as possible
outpost site; the leading contender is the the Shackleton Crater at the lunar south pole. Low or midlatitude outpost sites are also be considered. The
south polar site, with a notional Outpost buildup
strategy is shown in Figure 1.

Figure 1: Lunar Outpost at Shackleton Crater
Altair Lunar Mission Requirements: CxP requirements for lunar missions and the selection of the
lunar outpost will drive subsequent requirements on
the Altair program. Several areas are directly impacted, most notably communications and positioning.
The nominal Altair mission profile is for the vehicle to enter lunar orbit in a polar inclination. This
orbit will enable Altair to directly land at identified
primary landing sites, specifically at the lunar poles
and/or mid latitudes. Currently, CxP is assessing the
effects of mandating a global access requirement on
the Altair vehicle. This would require the vehicle to
have the ability to access and perform functions at
diverse landing sites across the lunar surface, including the lunar poles.
At a minimum, the CxP program shall have continuous real-time communication with the Orion
spacecraft during landing on the surface. Orion
would maintain real-time communication with mission control (in Houston).
The CxP is currently defining the communication
requirements necessary for the Altair vehicle for a
lunar outpost mission. It is expected that for the CxP
to be successful in its mission for global lunar surface capability that continuous 24/7 communication
must be provided by the CxP communication architecture for ~96% of the lunar surface. Additionally,
it is expected that a CxP communication architecture
must be required to perform continuous real time
navigation and geoposition functions to the crew and
mission command, respectively. This would allow
the crew on the surface to safely and effectively execute any mission activities while mission control
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maintains complete knowledge of the location and
status of any crewmember on a lunar surface extravehicular activity (EVA).
CxP Communication Network Requirements:
In addition to the global access requirement, it is
currently understood that “global access”does not
mean “land in the lunar night”, or dark side of the
moon. Instead, CxP requirements specify that the
Altair vehicle must conduct soritie missions during
daylight. If we are to establish a base on the lunar
surface, presumably the lunar astronauts will explore
the surface and perform scientific missions. To do
that they will need a reliable communication network
and a means to accurately determine their position on
the lunar surface. A system comparable to GPS
would be needed for extended lunar exploration and
also for high-precision scientific experiments.
The requirements of exploration should define
the communications requirements. Exploration of
the back side of the moon. Will a sortie mission to
the dark side need contact to the lunar outpost, or to
mission control through Orion? The current significant interest in the far side of the mood drives a need
for a communications network. Communicating directly to the earth is difficult given visibility and
power requirements; communication from the far
side is impossible.
Will scientists collect samples or place long term
monitoring devices across the lunar surface?
Autonomous data retrieval would enable sensors to
be placed and not collected by astronauts.
The requirements and feasibility of various architectures to meet this requirement are discussed.
Currently, the Constellation program is identifying the lunar surface science goals and objectives for
each mission (sortie, outpost and cargo). A general
overview of the mission goals is defined. Currently,
the CxP has significant interest
Two possible lunar communication network architectures have been identified to achieve the requirements identified above. The first architecture,
adopted as the current standard by the NASA Constellation program, involves placement of multiple
“communication nodes” across the surface. A second alternative concept is the deployment of a lunar
satellite constellation. Architectures of this type
have been proposed throughout lunar exploration
programs, but has not been pursued by any NASA
lunar exploration program. There are perceived
technical challenges. Also such a network requires
large upfront costs.
Lunar Surface Network: NASA has proposed the
creation of an Lunar surface network of communication nodes for lunar surface communication. Current
architechture for this network is through Altair,
Orion and to the International Space Station. The

data will presumably reach the Earth through the
Tracking and Data Relay System (TDRS) satellite
network.
Current CxP high priority landing sites, as identified by the Constellation Program Exploration Systems Architecture Study, do not specify direct communication with NASA mission control. In order to
realize real-time communication during landing, alternative lunar architectures have been designed
which involve the development of a lunar constellation of satellites. This constellation would consist of
lunar orbiting satellites, and satellites orbiting the
moon in a “Halo orbit”. [1] A satellite in a halo orbit
orbits the L2 Earth Moon Lagrange point. These
satellites could relay communications from the lunar
far side and south pole to Earth. They could also be
used to track other lunar missions, and broadcast
navigation signals. Several concepts involving vehicles in halo orbits within a lunar constellation have
been proposed throughout the history of lunar exploration. Farqhuar [2] proposed using halo orbits during the Apollo program.
Carpenter [3] and others have discussed the relative advantages of lunar surface coverage by placing
several satellites in halo orbits when compared to the
number of necessary satellites in low lunar orbits or
communication nodes on the lunar surface. Halo
orbiters have longer communication contacts with the
surface, meaning that there are fewer times when it is
necessary to break contact with one spacecraft to
acquire signal of another. Also, tracking antenna
pointing is easier because of the slower apparent
motion of a halo orbiter when viewed from the lunar
surface. Additionally, halo orbiters are illuminated
by the Sun more than typical low lunar orbiters. A
disadvantage to the halo orbit constellation architecture is that the link distance from the Moon to a halo
orbiter would be larger.
Conclusion: The current development of the NASA
Constellation Program, necessary communication
requirements to meet identified CxP missions, and
identifies and discusses possible architectures for a
lunar communication network. A lunar communication network is required to meet the lunar surface
goals of Constellation, and to enhance the capabilities of the crew over a mission timeline. Two conceptual lunar communication architectures are discussed: a network of surface communication nodes
and a constellation of orbiting spacecraft. While
both of these architectures have inherent advantages
and disadvantages, it is the hope of the community
that each be considered in order to enhance the lunar
science capabilities of the Constellation program.
References: [1] Hill K. (2006) AIAA Astrodynamics Specialist Conference, AIAA 2006-6662.[2]
Farquhar R.W. (1970) NASA Technical Report TR
R-346 [3] Carpenter, J. (2004) AIAA Astrodynamics
Specialist Conference, AIAA 2004-4747

VENUS EXPRESS: THREE YEARS OF OBSERVATIONS. D.V. Titov1 and H. Svedhem2, 1Max Planck
Institute for Solar System Research (titov@mps.mpg.de), 2ESA/ESTEC (Hakan.Svedhem@esa.int).
Introduction: Venus Express is the first European (ESA) mission to the planet Venus. It aims at
the global and long-term remote survey of the atmosphere and the plasma environment and thermal
mapping of the surface from orbit. The spacecraft,
based on the Mars Express bus modified for the
conditions at Venus, provides a versatile platform
for nadir and limb observations as well as solar, stellar, and radio occultation. The payload consists of
seven experiments and includes a powerful suite of
imagers and spectrometers, instruments for in-situ
analysis of the planetary plasma, and a radio science
experiment [1, 2]. Since April 2006 Venus Express
has been performing detailed observations of the
Venus atmosphere providing new and deep insight
in the physics of our mysterious sister-planet and
significantly contributing to the field of comparative
planetology. Here we present the highlights of the
Venus Express atmospheric observations during 3
years of the nominal and extended missions recently
published in the special issue of Journal Geophysical
Research-Planets [3].
Temperature structure: Venus Express uses
three remote sensing techniques for temperature
sounding: thermal emission spectroscopy in 4.3 μm
CO2 band, radio- and stellar occultation [4, 5]. They
cover altitude range from 140 km to 40 km at all
latitudes. From equator to pole the atmospheric temperature increases above 70 km and decreases below
60 km with “cold collar” in between characterized
by deep temperature inversions at the cloud tops
(fig. 1). The atmosphere was found to be convectively unstable within the main cloud deck (50-60
km) and stable above and below this region.

sphere (70-110 km). VIRTIS exploits the potential
of deep atmosphere sounding by mapping the dark
side in spectral transparency “windows” at 0.9-5.0
μm [7]. Figure 2 shows the summary of Venus Express composition investigations.

Figure 2: Summary of the Venus Express composition results[2].

Cloud morphology and dynamics: The imaging experiments VIRTIS and VMC monitor the
cloud morphology in the broad spectral range from
UV to thermal IR thus sounding different altitudes
within the cloud deck (fig. 3) [8, 9]. The observations suggest that convective and eddy processes
dominate in the tropics giving way to non-turbulent
flow at high latitudes. Temperature and dynamic
conditions at the cloud tops were found responsible
for the observed global UV pattern [10]. Mapping
the cloud top altitude discovered global depression
in the polar region [11].
The general circulation has vortex organization
with its “eye” at the pole (fig. 3) [12]. Wind velocities derived at 70-50 km from tracking cloud features are almost constant up to ~50S and quickly
fade out to the pole [13, 14] in general agreement
with the cyclostrophic balance in the middle latitudes [2].

Figure 1: Temperature field from radio-occultation [4].

Atmospheric composition: Venus Express uses
two novel techniques to study the atmospheric composition. SPICAV/SOIR acquires high-resolution
(λ/Δλ~20,000) spectra of the Venus atmosphere in
solar occultation geometry [6], providing vertical
profiles of atmospheric trace gases in the meso-

Figure 3: Composite of the VMC UV image of the day side (grey)
and VIRTIS near-IR image of the night side (red).
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Atmospheric escape: Plasma investigations by
magnetometer and ASPERA experiments indicated
that the ion escape occurs mainly through the plasma
wake [15]. The main escaping ions are O+, H+, and
He+ with H+/O+~2 – stoichiometric ratio of water.
These observations have important implications for
the evolution of the Venus atmosphere and the role
of magnetic field.
Surface investigations: Venus Express studied
the surface by two techniques. Bi-static radar sounding confirmed earlier detection of high dielectric
material (4<ε<25) in the elevated regions of Maxwell Montes [16]. Unfortunately the failure of 13 cm
radio channel in summer of 2007 precluded further
radar investigations. VIRTIS and VMC performed
systematic thermal mapping of the surface in the 1
μm transparency window on the night side. VIRTIS
acquires mosaics of the Southern hemisphere from
apocentre and the ascending branch of the orbit.
VMC takes close-up images of the equatorial region
when the spacecraft is in eclipse. Figures 4 and 5
show examples of the VMC mosaics [17]. The
brightness contrasts in the images are caused by
variations in surface temperature due to topography
and to a lesser extent by emissivity changes. Major
relief features are clearly recognized in the figures,
although spatial resolution is severely degraded to
~50 km at best by scattering in the thick atmosphere.

Figure 5: VMC mosaic of the Beta and Phoebe region and Hinemoa Planitia. Colour dots show landing sites of Venera and
Pioneer Venus descent probes.

Figure 6: VIRTIS map of 1μm flux anomaly. Hatched areas indicate tessera terrains with negative flux anomaly (low emissivity).

Figure 4: VMC mosaic of the rift zone south-west between Ozza
Mons and Atahensik Corona.

Analysis of the VIRTIS data showed that surface
emissivity variations reach about 10% (Fig. 6) [18, 19].
Tesserae were found to have lower emissivity, while
some volcanic edifices and large lava flows in Lada
Terra and Lavinia Planitia showed increased emissivity.
This might indicate a more felsic surface composition
of tesserae highlands and large scale extrusive volcanism of ultramafic composition. Visual inspection of the
VMC images for potential volcanic activity so far has
not revealed any sign of lava flows large and hot
enough to be detected.
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Using small X-ray CT scanner for analysis of extraterrestrial samples. A. Tsapin, Jet Propulsion Laboratory, Cali-

fornia Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109. tsapin@jpl.nasa.gov
We propose to use a small light (2.5 kg with electronics and computer) a high resolution X-ray tomograph for non-destructive 3D imaging of internal
micro-architecture of opaque objects. The tomograph will register maps of density with 10 micron resolution inside of opaque samples (rocks,
ices, soil) with diameter up to 2.5 cm, and as long
as 10-15 cm. Such instrument will be extremely useful for analysis of internal structures of opaque material including cores. Also, it can provide insights on
endolithic (living inside rocks) organisms. On a mission to remote environments on Earth or to a distant
planetary surface, the field/flight versions of our
system will identify samples worthy of further in situ
analysis by more time consuming or destructive
techniques, and select samples for return to Earth.
We will analyze 4 types of samples – rocks
with cryptoendolithic communities from dry deserts
of California and Antarctica; hematite concretions
(from Utah and California deserts) similar to ‘blueberries’ discovered by rovers on Mars; Precambrian fossilized microbes, and Archean, Proterozic,
and Cenozoic stromatolites. The tomograph provides image acquisition with spatial resolution of
10 micrometers and creates 3D density maps of
sample interior. The development of nondestructive survey tools to acquire 3D morphological
maps that can provide the evidence of extant life or
its fossil remnants hidden within opaque matrices
constitutes a core requirement for the astrobiological
exploration of Mars and Europa.
A fundamental goal of the NASA Astrobiology
program roadmap is "Determine whether there is (or
once was) life elsewhere in our solar system, particularly on Mars and Europa." To accomplish this goal
new methods such as the micro-CT must be developed that allow one to look inside enclosed environments, such as a rock, where life (or the residual
signatures of life) can persist despite harsh exterior
conditions. Most notably on Earth, microbial communities living inside of rocks (known as endoliths)
appear to survive such extreme environments as the
cold, dry deserts of Antarctica. Dry Valleys, Antarctica currently serve as “Mars analog” test grounds
for developing geochemical instrumentation and
techniques.
The X-ray tomograph will be able to produce
3D images of the interior of opaque rock, soil and ice
samples, with the goals of identifying:
- which samples are worthy of further in situ
analyses by other more time consuming and destructive techniques;
- which samples are of high potential value for
return to Earth.
The typical scanning time for micro-CT is only a
few minutes for the entire volume.

The ability to "look inside rocks" and identify interior regions capable of supporting life either now
or in the distant past constitutes a core step in the
initial analytical exploration of the geobiochemical
history of a terrestrial planet. Combining rock structural information with knowledge of the elemental
composition of the samples provides a basis for classification and selection in terms of their importance
for Astrobiology. Astrobiological surveys of a planet
require instrumentation capable of recognizing signatures of extant and past life at a variety of scales.
Orbital imaging and spectroscopy give us spatial
resolutions at the meter to kilometer level. PanCam
wide angle and high resolution cameras provide information at centimeter and millimeter scales, respectively. Low magnification microscopes such as
the ExoMars CULPI provide resolutions at fractions
of a millimeter. UV-VIS-NIR epifluorescence microscopic imaging, confocal laser scanning microscopy, and Raman imaging can provide resolutions in
the micrometer to fractions of a micrometer range.
The noninvasive X-ray tomography with a spatial
resolution of 5- to 30- microns fills a much needed
scale between the low resolution survey imaging
systems and the high resolution microscopy tools.
This is particularly important when exploring
endolithic communities or searching for fossil evidence of past life. Microbial biology is almost always "patchy". Microbial communities may thrive in
one small niche, but can be absent within a few millimeters and then reappear in profusion. The patches
are usually organized on a larger scale into layered
deposits such as endolithic assemblages, finely laminated microbial mats, or stromatolites. Both the
patches and the organization of the community can
be identified at proposed spatial resolution. The relatively wide field of view (25 x 25 mm) provides a
much needed survey scale to optimize use of the
submicrometer scale tools. For example, original
density surveys will allow identifying sites likely to
contain either extant life forms or the carbonaceous
remains of organic past organic material.
Even though the resolution of proposed tomography is not enough to image a single microbial cell
(average diameter of microorganism is 1 micron),
but the instrument takes advantage of the fact that
microorganisms tend to create communities, which
can be detected by our instrument.

Formation of oxidants in Martian and lunar regolith. Tribochemical approach. A. Tsapin, Jet Propulsion
laboratory, California Institute of Technology, 4800 Oak Grove Dr., Pasadena, CA 91109. tsapin@jpl.nasa.gov

We propose to study chemical transformations in
systems simulating Martian soil and atmospheric
conditions, induced by a combination of continuous
friction, dryness, and electrization by friction. The
hypothesis behind these studies considers “triboelectro-chemical” processes as one of several factors
determining the evolution and current composition
of Martian atmosphere and soil. These processes
contribute to the surface weathering of soil and impact the kinetics of methane degradation in Martian
atmosphere. It is a common belief that Mars was
initially warmer and wetter during its first billion or
so years of existence, and has remained a dry and
cold place as the atmosphere degraded to its current
state (7 Torr of pressure, with primarily composition
consisting of CO2). Under dry Martian conditions we
can expect that mechanochemical processes (tribochemistry) could play a significant role in shaping
composition of the upper layer of Martian soil. Continuous agitation over geologic time, by impacts,
planet wide dust storms and other atmospheric effects such as dust devils provided a pathway for effective mixing and close contacts between soil particles, resulting in solid-phase and solid-gas heterogeneous reactions that shaped the current composition
of both the soil and atmosphere of the planet. As we
showed in our work on Exobiology project Martian
oxidant, that was awarded in the beginning of 2009,
there is a possibility that mixing iron oxides, which
are ubiquitous on Martian surface, with perchlorate
that was inferred from MECA data during Phoenix
mission in 2008, leads to the formation of higher
oxidation-state of iron, such as ferrate(VI). We previously have shown [1] that the presence of Fe(VI)
in Martian soil can explain the results of Viking mission, and Fe(VI) is one of the most intriguing candidates on the role of Martian oxidants inferred from
experiments during Viking mission.
Besides tribochemical processes the dry and cold
Martian environment is favorable to the appearance
of electrically charged particles. At Martian pressures, the voltage necessary to spark a discharge over
1 mm in Martian atmosphere is on the order of
400V, which corresponds to a net charge on a dust
particle of 40 picoCoulomb (C). The latter value is
easily achieved in triboelectric systems.
We have demonstrated that the issues with the
Phoenix sample delivery system encounter can be
readily explained by clumping of soil particles due to
charge accumulation during sample collection and
delivery by mechanical arm although other possibilities exist, including adhesion due to the presence of
hydrated minerals. Additionally, the identification of
triboelectical discharges in dust devils on Earth, and

the likelihood of these same effects occurring more
frequently, and with higher intensity on Mars, make
chemical and mineralogical evolution due to
trbioelectical discharges a relevant phenomenon to
explore.
Tribochemical and electrochemical processes on
Martian surface may result in the formation of oxidants in Martian soil through high energy electrical
discharge. After these particles are lifted to the atmosphere they can be responsible for oxidation of
any reduced components in Martian atmosphere.
Taken together, tribochemical and electrochemical
processes on Martian surface may result in generating strongly oxidizing and at the same time highly
electrically charged and catalytically active particles
of soil dust that may substantially affect the composition of Martian atmosphere. In this project we will
concentrate on one important example of the evolution of methane as one of essential for Astrobiology
component of Martian atmosphere.
The problem of methane in Martian atmosphere
is long-debated. Recent publications by Mumma et
al. were able to prove that not only there is methane
in Martian atmosphere, but also that the methane
distribution is not spatially and temporarily uniform.
Even more striking was the conclusion that methane
disappeared much faster than any atmospheric models predicted. Instead of commonly expected halflife of methane residence in Martian atmosphere of
the order of 200 to 300 years, Mumma et al. data
imply that methane turnover is much faster, with a
half-life of two orders of magnitude shorter, one to
two years only
We suggest that conditions on Martian surface
are favorable for the formation of oxidants. Under
extremely dry Martian conditions these oxidants can
be lifted into the atmosphere by winds and dust devils. Methane will be efficiently oxidized by such
oxidants. However, we suspect the existence of even
more effective route by which methane conversion
may occur at high rate due to a combination of electrical discharge with solid-phase oxidant in Martian
soil and airborne dust and catalysis by other components of the same soil.
References: [1] Tsapin A. et al. (2000) Icarus
146, 68. (1997) JGR, 90, 1151–1154.

ARE ALL THE METEORITIC NANODIAMONDS PRESOLAR ? Galina K. Ustinova , Institute of
Geochemistry and Analytical Chemistry, Russian Academy of Sciences, Moscow V-334, 119991 Russia;
E-mail: ustinova@dubna.net.ru
Presolar relics: The galactic molecular clouds
are formed under the ejections of the evolving stars
and supernova explosions, and they consist of a
mixture of gas, mainly, molecular hydrogen, and
interstellar dust being a mixture of the matter of
various stellar sources. In particular, the base of the
protosolar matter was that of a giant gas-dust
nebula, which, during ~ 10 My of its existence
before the collapse to protosun, was uniformly
mixed by supersound turbulence with the products
of nucleosynthesis of about ten supernovae [1].
Nevertheless, the protoplanetary nebula was not
uniform in its physical and chemical conditions, so
that the grains of the presolar dust are not
representative samples in the bulk composition of it
[2,3]. Their content in the primitive chondrites is
extremely small: for the most abundant grains of
the presolar diamond it is ~1400 ppm on the
average; for those of silicon carbide (SiC) ~14 ppm,
for those of graphite ~10 ppm, [2]. The supposition
of the presolar nature of these grains is based on the
specific isotopic anomalies, conditioned by the
peculiarities of the isotopic compositions of their
stellar sources. However, there is not still a single
opinion on the origin of the most abundant grains
of presolar diamond in chondrites [4,5, et al.].
Presolar diamond: The median value of the
meteorite diamond size is ~ 3 nm ( that is 10-1000
times less than for other presolar grains), which
does not allow us to study the individual grains and
derive information on the mechanism of their
formation. On the other hand, the laboratory
experiments
on
synthesis
of
artificial
nanodiamonds demonstrate an extremely large
spectrum of the physical and chemical conditions
for realization of this process. Indeed, the synthetic
nanodiamonds are obtained in the processes of
detonation synthesis at high pressure and
temperature (ultradispersed nanodiamond, or UDD),
as well as by low-pressure condensation being
similar to chemical vapor deposition at moderate
temperatures (CVD-techniques which are used for
the epitaxial growth of ultra nanocrystalline
diamond films, or UNCD), as well as by irradiation
of carbonaceous materials with laser, intensive
ultraviolet radiation (UV) or high energy particles
[6]. In view of the variety of the admissible
astrophysical conditions one may anticipate
ubiquitous distributions of nanodiamonds in
cosmos. Thus, the observations of the interstellar
extinction testify to the fact that up to 10% of the
interstellar carbon could be bound up in the
interstellar diamond [7]. Nanodiamonds with the
lognormal size distribution being similar to that for

meteoritic ones are observed in circumstellar disks
in the systems of Herbig emission stars of
HD97048 and Elias 1 [8]. Laboratory experiments
show also that diamond nucleation is possible due
to UV photolysis of the interstellar icy mixtures
(H2O, CO, NH3, and CH4) in the molecular clouds
[9]. A number of mechanisms of the nanodiamond
generation in supernova is proposed: by lowpressure condensation (similar to CVD-process) in
the expanding gas envelopes [10]; by shock
metamorphism of graphite or grains of amorphous
carbon due to high energy collisions of grains in
the interstellar shock waves [11]; by etching
graphite particles with the intensive UV radiation
of the type II supernova (SNII) [12]; by
transformation of the carbon grains under
irradiation with high-energy ions [13]; etc. The
ample opportunities of the nanodiamond synthesis
in cosmos testify to the existence of several
populations of the nanodiamond grains, differing in
their structure conditioned by the mechanism of
their genesis [5], as well as, in their isotopic
composition being an indicator of their
astrophysical sources. In this connection, the
population of nanodiamond grains, containing the
anomalous Xe-HL, the isotopic relations of which
could indicate to the enrichment by the products of
p- and r- processes at the supernova SnII explosion
(whereas the C isotope relations are practically
solar) attracts the greatest attention [10, 14].
Noble gases: The isotopic compositions of
noble gases also can reflect the sources of their
origin. About 4% of individual grains of the main
population of SiC are carriers of the anomalous
component Ne-E(H), consisting practically from
pure 22Ne, which could be produced in the He shell
of the AGB-stars. Rare grains of the presolar
graphite are carriers of the anomalous component
Ne-E(L), consisting also from practically pure 22Ne,
which could be produced by in situ decay of the
radioactive 22Na at the nova explosions [14]. The
anomalous Xe-HL component (as well as He-HL,
Ne-HL, Ar-HL and Kr-HL), side by side with the
noble gases of the solar compositions, is observed
only in the nanodiamond grains, pointing out to
their origin at the supernova explosions [10, 14].
The main problem consists in the following
question: how were the gases embedded into the
presolar grains? The natural processes –
capture/trapping and implantation – are constrained
with the generation mechanisms of the presolar
grains themselves. Since the Xe-HL component is
observed only in the meteoritic nanodiamonds and
it is absent in the other presolar relics, it is natural
to suppose that this component was formed under

the same conditions, in which the nanodiamond
was synthesized. The most consistent mechanism
of that process is the formation and capture of the
anomalous Xe-HL component simultaneously with
the nanodiamond synthesis in the conditions of the
shock wave propagation from the supernova
explosions [15]. The synthesis of a nanodiamond
and its enrichment with Xe-HL are possible in the
extreme PT-conditions at the prefront of the shock
wave, as well as by nucleation in the range of
rarefaction behind the front of the shock wave, as
well as by irradiation of carbonaceous grains with
high-energy particles. The anomalous isotopic
composition of the Xe-HL is conditioned by
amplifying the rigidity of the energy spectrum of
nuclear active particles and enrichment of the
spectrum with heavier ions under their acceleration
in shock waves [16].
The following question is of equal importance
as well: how could the noble gases be preserved in
the presolar grains that survived in the extreme PTconditions of collapse of the protosolar nebulae
into the protosun? It was shown earlier [17] by
studying the genesis of the anomalous Ne-E
components that the observable content ranges of
Ne-E(H) in SiC (2060-35800) 10-8 cc/g and NeE(L) in graphite spherules (4240-14000) 10-8 cc/g
in the Murchison chondrite [18, 19], most likely,
were formed by nuclear-active particles accelerated
at the front of the giant shock wave from the
explosion of the last supernova. The presolar grains
had to lose inevitably the thermonuclear and
radiogenic 22Ne of all the previous generations, as
well as 21Ne of the presolar irradiation of those
grains, because the temperatures of some local
processes in the collapsing protosolar nebula could
exceed 1500-2000 K [20]. Analogously, one may
expect that the presolar nanodiamond also lost,
probably, the noble gases of all the previous
generations, and the observable nanodiamond
population containing the anomalous Xe-HL
component had to be generated during the
propagation of the giant shock wave from the last
supernova explosion [15]. According to the data of
[16], the last supernova before the formation of the
solar system was a carbon detonation supernova
(SnI). It is shown in [21] that there were
appreciably more SnI formation at the time of the
Solar system formation than today and that the
conditions at origin of SnI in the binary carbon star
system could be considered as the most favorable
ones for synthesis of nanodiamonds with the almost
solar isotopic composition. However, the r-process
is absent in the SnI explosion, so that Xe-H could
be formed only at the front of the SnI explosive
shock wave from the ambient Xe isotopes in the
collapsing protosolar nebula, which had been
synthesized in the earlier SnII explosions. This

conception is in accordance with the results of the
interplanetary dust study [22] showing that the
nanodiamonds are absent in the dust of comets
or/and their abundance decreases with the increase
of the heliocentric distance. Such a picture is also
in accordance with the observations of
nanodiamonds in the vicinity of some evolving
stars with accreting discs [8]. On the whole, it
allows us to get associated with [22] and question
whether all the nanodiamond grains are presolar.
Summary: The protosolar nebula contained
nanodiamonds and Xe isotopes generated in several
SnII explosions. At the last SnI explosion before
the Solar system formation, all the grains had lost
their noble gases of previous generation. In the
conditions of the SnI explosive shock wave
propagation, the newly generated nanodiamonds
captured the Xe isotopes produced by the shock
wave accelerated nuclear-active particles of very
hard energy spectrum (spectral index γ ~ 1) and, in
addition, some heaviest Xe isotopes, with which
the front of the explosive shock wave was enriched
in comparison with the surrounding medium.
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ASTROBLEMES: THE RATE OF DISCOVERY, SPACE-TIME DISTRIBUTION AND AN EXAMPLE
OF THE SIGNIFICANCE FOR ARCHAEOLOGY. A.A.Valter, Institute of Applied Phys. Acad. of Sci. of
Ukraine. Malyshko str., 3, apt.449, Kiev-02192, Ukrain; avalter@iop.kiev.ua
About 46 years ago R.Dietz coined a new,
somewhat poetical term ‘astrobleme” (star wound).
As the conditions on the Earth surface cause the
craters to lose soon their original form, this name
seems quite appropriate for the Earth impact
structures. In accordance with the semantics of the
word it can be applied to every kind of cosmic
projectile impact on the Earth surface.
The investigation of astroblemes is important
from the standpoint of acquiring new data on
regional and global geological history, better
understanding of the nature of the shock wave
action on various natural materials as well as
estimation of the meteorite flux onto the Earth.
The investigation of an astrobleme starts with
its discovery. In [1] it was shown that at that time the
number of astroblemes discovered grew as N = e
2,83+0,12t
………(1) where N is the number of
astroblemes found, t is the time in years since 1960,
when the shock metamorphic features of minerals
were acknowledged as the evidence of shockmeteoritic origin.
This rate of discovering astroblemes could not
be maintained for very long. One can see in fig.1 that
since ~ 1990 it has been on the obvious decline.
As long as the rate of the astroblemes
discovery is higher than the rate of their formation,
the relation (1) takes the form
Ndis= Nhole - В еxpat ………(2),
where Ndis is the number of astroblemes
discovered; Nhole is the total number of astroblemes
whose traces can be found; В and a are the
coefficients.

Fig.1.The dynamics of discovery of astroblemes and
meteoritic craters.
1 – by B.French,1964; 2 –R.M.Millman, 19716]; 3–
Valter and Riabenko,1977; 4 –V.I.Feldman,
1987,1993; 5 –Earth Impact Database, University of
New
Brunswick,
Canada,
2008;
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S.A.Vishnevsky,2008.
I –early period before the discovery of shock
metamorphic features; II – growth, mainly by

Canadian shield astroblemes (P.B.Robertson,
R.A.F.Grieve at al).; III – growth, mainly by the
astroblemes of USSR (V.L.Masaitis et al); IV –
growth, mainly by the astroblemes of North Europe,
Africa, Australia and South America.
By our estimation, the most probable number
of known astroblemes on the Earth is now 178. The
small craters in the groups were not considered
individually; only the dimensions of the largest one
were indicated. The initial distribution of the
meteoritic craters satisfies the relation ND =NDo×Dh
(3) where NDo and ND are the numbers of craters
with diameters Do and D, respectively, (D > Do). The
value of h varies, as reported by different authors, in
the range 2,05÷2,4. Probably, 2.3 would be the
best[2,3].
The number of astroblemes formed on the
Earth surface during the geological history (~3,6 ·109
years) cannot be determined with sufficient
accuracy.
Using earlier estimates [2] of the quantity of
astroblemes formed during the last 500 million years
on plain dry land, and extending this data to the
whole dry land area and entire geological history,
one can obtain 6.5·105 for craters with D>1 km and
1.7·107 for craters with D>100 m.
More or less reliable estimates of the reserve
of astroblemes to be discovered are only possible for
some stable regions on the Earth surface.
The successful discovery of astroblemes also
depends on whether the regions of interest are well
studied, i.e.on the causes of social nature. The
number of astroblemes is related to the preserved
condition of relatively small and young structures.
Out of 178 astroblemes included in this paper,
128 are of Cenozoic age (less than 65 million years)
(fig.2), of which 35 ages are less than 1 million years
(table 1).

Fig.2. The integral curve of the age
distribution for the known astroblemes. Ordinate:
cumulative number of astroblemes; abscissa:
astrobleme age; circles: data recalculated from [6]
and corrected.

The curve in fig.2 can be described by the
equation
у=178ехр(-0,013t)(4),
where у is the number of astroblemes of age
older than t (in millions of years). This shape of
curve (4) is mainly determined by the progressive
destruction of small astroblemes with time.

raw-materials and products spreading and thus, the
commercial connections in Ukraine at that time [7].
In ancient drops we found a product from deer horn
(fig.3) which was very much like similar artefacts
digged out in old Russian town of Voin (X1-XIII
Century AD) – now under water level in the mouth
of Sula river.

Table 1
Age and size distributions for astroblemes
younger than 1 million years (according to [4, 5]
with minor corrections)
Age,
The
Min.
Max.
years
number diameter
diameter
20 ÷ 104
10
10m
300 m
Sterlytamak Macha
104÷105

19

105÷106

7

157 m
Henbury
24m
Dalgaranga

1,8км
Lonar
1х4,5км
Rio de Cuarto
14км
Zamanshin

From Table1 one can see a log-exponential
decrease in number of the preserved astroblemes
with time and linear dependence of the maximum
diameter on the age.
The average density of the known astroblemes
on continents is (km-2): Africa – 6.5·10-7; Asia3.5·10-7; Australia-3.4·10-6; North America-2.3·10-6;
South America-4,4·10-7; Europe-5,3·10-6 . This
difference could be due to the differing depth of the
geological studies. Thus, the astroblemes density for
the best studied continents is 3,25·10-6км-2 while for
those worst studied is 4,6·10-7, and the reserve of
astroblemes which are relatively easy to discover can
be roughly estimated as ~ 290.
As regards the smallest and the youngest
astroblemes, the desire to search for them is a major
impetus to their discovery. The highest density of
small astroblemes among countries is found in
Estonia (1.3 ·10-4 km-2 ), which is apparently due to a
great interest in meteorite craters in this country.
This value is close to the astronomical estimates [ 3
, 4 ] for small meteorite craters (30 – 100 m) formed
on the Earth surface during the last 50 thousand
years.
So, the reserve of small craters which are easy
to discover can be estimated as N>103 .
The Ilintsy astrobleme in Ukraine is a good
example to illustrate the significance of such
structures for archaeology. Since the 3-d century
AD, for about one thousand years, suevites from
Illintsy outcrops have been worked out for producing
hand millstones. . Because of the unique nature of
this material it was possible to determine the areas of

Fig.3. The product from the deer bone found
in the ancient drop of the Illintsi suevite output
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ABSOLUTE PHOTOMETRY OF THE MOON IN WIDE PHASE ANGLE RANGE. Yu. I. Velikodsky,
N. V. Opanasenko, L. A. Akimov, V. V. Korokhin, Yu. G. Shkuratov, and V. G. Kaydash, Institute of Astronomy, Kharkiv National University, 35 Sumskaya Street, Kharkiv, 61022, Ukraine, dslpp@astron.kharkov.ua.
Introduction: The purpose of this work is to obtain the absolute value of lunar albedo and study the
phase dependence of lunar brightness. This information is very important for calibration of new
Chandrayaan-1 and LRO data and finally to determine the composition and structure of the lunar regolith. Moreover, the new photometric system gives an
opportunity to use the Moon as a photometrical
standard for observations of planets and the Earth’s
surface from space.
Observations: In 2006 we carried out a twomonths series of quasi-simultaneous imaging photometric observations of the Moon and the Sun at a 15cm refractor – the guide of the Kharkov 50-cm telescope at Maidanak Observatory (Uzbekistan) [1].
During 42 observational dates we have acquired with
a Canon EOS 300D camera about 20,000 images of
the Sun and the Moon in 3 spectral bands ("R": 0.61
µm, "G": 0.53 µm, "B": 0.47 µm) in a wide range of
phase angles (1.6–168°) and zenith distances. Observations 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 equal.
The day observations in the filter "R" have been processed in [1], and here we have processed the night
observations in the filter "R".
Absolute calibration: For absolute calibration
the brightnesses of solar and lunar surfaces have
been converted into the same photometric system
that allows us to calculate the lunar albedo. Procedure of this calibration has been described in [1]. As a
piece of the calibration we have taken into account
the extinction in the atmosphere that weakens the
brightness of celestial bodies (see below).
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 [2]. The albedo known as the normal
albedo is A(0,0,0). To describe the phase dependence, it is convenient to use the so-called equigonal
albedo A(α)=A(α,α/2,α/2) [3]. The albedo A(α,i,ε)
can be calculated from the ratio of lunar and solar
brightnesses [1].
Atmospheric extinction. Unfortunately, we could
not observe star standards for calculating the night
atmospheric transparency, because the mosaic polarimetry at the main telescope focus took all the rest
of observational time. Therefore, we used overnight
observations of the Moon (a detail in Sinus Medii)
to obtain the coefficient of transparency. If the
zenith distance changes, the phase angle and brightness of the Moon changes as well. Thus, a reliable

simultaneous obtaining of the transparency coefficient and the phase slope from one-night lunar survey without observation of standard stars is practically impossible. Therefore, we apply the following
method of sequential approximations: (1) to obtain
the coefficient of transparency with an approximate
phase slope for each night; (2) to calculate albedo
for each night (and phase angle); (3) to build a phase
dependence using all phases; (4) to obtaine the
phase slope for each night; and then repeat the procedure from the beginning until convergence is
reached.
Processing. We have processed in such a manner
the data obtained at moonrise and moonset (at large
zenith distances) and then using the average coefficient of transparency for a night, we have calculated
albedo using lunar images registered near culmination, where transparency errors have minimal effect.
Results: Using this algorithm we have mapped
the albedo A(α,i,ε) for the visible and illuminated
portion of the lunar surface at phase angles from
1.6° to 73°. The albedo A(α,i,ε) can be converted to
the equigonal or normal albedo using lunar photometric function [3,4]. On the other hand, analysis of
our albedo maps allows study of the photometric
function with higher accuracy.
Phase dependence. Examples of phase dependences of the equigonal albedo of lunar areas are
shown in Fig. 1 (closed symbols). The phase dependence has a steep and narrow opposition peak at
phase angles <5°. We note that fitting the curve with
this peak with one (or a combination of two) exponent was not successful, because of the strong nonlinearity of the phase function at small phase angles.
Moreover, the slope of this peak is determined not
reliably form albedo data only. Therefore the approximation was performed simultaneously for
phase dependences of albedo and phase slope (bold
curves in Figs. 1 and 2, respectively) using a model
phase function that is a combination of 3 exponents

f (α ) = m1e − µ 1α + m2 e − µ 2α + m3 e − µ 3α . For this
approximation we obtained the phase slope at small
phase angles using images acquired near two oppositions at phase angles 2–3°. During these series the
direction “sub-observer point – subsolar point”
changed up to perpendicular one. This permits us to
separate the phase angle trend of brightness over the
lunar disk and albedo variations over it. This method
yields the relative phase slope that can be expressed
by the logarithmic derivative of phase function
−f′(α)/f(α). Four values of the phase slope obtained
for narrow phase angle ranges are presented in Fig.
2. Note that the values of phase slope are obtained
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Conclusions: Our new albedo turns out about
20% higher, than that in the most previous photometric systems (Gehrels 1963/64 system and Clementine data reveal questionably extremal albedo).
Relative accuracy of our data is higher; their standard deviation from the phase curve is 2% against 5%
and 10%, respectively, for Gehrels’ and WildeyPohn’s observations. Our phase curves show good
argeement with Gehrels’ and Wildey-Pohn’s ones.
This study was supported by CRDF grant UKP22897-KK-07.
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Table 1
Photometric system
Ratio to our albedo
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0.66
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Fig.1. Phase dependence of albedo of lunar areas.
Crosses, open symbols, and thin line (see panel a)
are data of other authors.
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Phase slope

for the “average” Moon, but have a good agreement
with relative position of points on the phase dependence of all studied lunar areas (Fig. 1).
Albedo of the Moon. Albedo maps for different
phase angles allow us to build a new photometric
system and calibrate existing data of lunar photometry. We have compared our maps for filter "R"
with other existing photometric systems (with taking
into account wavelength difference): (1) SytinskayaSharonov’s system [5] that was used for absolute
calibration of Akimiov’s photometric catalog [6];
(2) Wildey-Pohn’s system [7]; (3) two systems of
Gehrels [8]: 1956/57 and 1963/64; (4) Clementine
UVVIS camera data that have been calibrated using
laboratory measurements of lunar samples [9].
Fig. 1 shows albedo differences between photometric systems for several lunar areas. Average ratios of albedo in old photometric systems to our albedo are presented in Table 1. The ratio for Sytinskaya-Sharonov’s system changes from 0.71 at
α=10° to 0.78 at α=40°. The ratio for Clementine
has been obtained for α=30°; it is significant as has
been earlier noted [10]. The ratios for other photometric systems obtained in a wide range of phase
angles and have no notable phase dependence.

Approximation

7
6

Observ ations

5
4
3
2
1
0
0

1

2

3

4

5

6

7

8

9

10

Phase angle, deg

11

12

Fig.2. Phase slope −f′(α)/f(α).

13

14

15

SELECTION OF CANDIDATE TARGET AREAS ON GANYMEDE AND CALLISTO FOR
GEOLOGIC INVESTIGATIONS IN A FUTURE MISSION TO JUPITER. R. J. Wagner1, K. Stephan1, H.
Hussmann1, T. Roatsch1, R. Jaumann1, G. Neukum2, N. Schmedemann2 and U. Wolf2, 1DLR, Inst. of Planetary
Research, Rutherfordstrasse 2, D-12489 Berlin, Germany, email: roland.wagner@dlr.de, 2Inst. of Geosciences,
Freie Universität Berlin, Germany.
Introduction. The surfaces of the two largest
Galilean satellites of Jupiter, Ganymede and Callisto,
were investigated by the cameras aboard several
spacecraft, including Pioneer 10 and 11 (1973/74)
[1], Voyager 1 and 2 (1979) [2], and the Galileo
orbiter (1995 – 2003) [3]. Ganymede and Callisto
are comparable in size (diameters 5268 km and 4816
km respectively) but are significantly different in
surface geology. Both satellites show old, dark,
densely cratered plains formed early in their histories
[2][3][4][5][6][7]. In addition, two thirds of
Ganymede’s surface area are characterized by bright
terrains created by extensive tectonism at later times
[4]. Minor tectonism occured on Callisto [5].
Imaging of the surfaces of Ganymede and Callisto
are incomplete at regional (about 200 m/pxl) and
high resolution scale (100 – 10 m/pxl). Due to
technical problems, Galileo could only image a small
number of areas on each satellite at these scales
[4][5]. Also, Galileo could not provide the lower
resolution context for higher resolution observations
in many cases. A future mission to Jupiter is
necessary to complete imaging both at regional and
high resolution and also to include stereo imaging of
the Galilean satellites.
Plans for a future mission to Jupiter by
NASA/ESA. NASA and ESA are currently planning
a joint mission to Jupiter and its satellites termed
EJSM (Europa Jupiter System Mission). The mission
consists of two spacecraft in Jupiter orbit that will
finally go into orbit about Europa (JEO led by
NASA) and Ganymede (JGO led by ESA),
respectively. Several cameras including highresolution imagers will be implemented on these
spacecraft. For the Ganymede orbiter (JGO), a
sequence of 19 flybys at Callisto is planned.
Target area selection. We identify, suggest and
select potential imaging target areas by general
geologic topics rather than by a specific location
because JGO flyby geometries are not yet known.
The areas we suggest for further consideration in
future imaging plans are grouped into five classes
focused on: (1) impact forms, (2) erosion and
degradation features, (3) tectonic forms, (4)
cryovolcanic features, and (5) impact crater sizefrequency distributions, especially at smaller (subkilometer) crater sizes. Measuring the superimposed
crater distribution is generally used in relative and,
by application of cratering chronology models
[6][7], absolute chronology in order to date the ages
of impact features, or ages of resurfacing events by
erosion, tectonism, or cryovolcanism. Crater size-

frequency distributions are also instrumental in the
derivation of potential impactor families in the
Jovian system [6][7].
Candidate target areas
Impact structures: Of all planetary satellites,
Ganymede and Callisto exhibit the widest range in
impact crater morphologies [8]. The Galileo SSI
camera could image only a small number of their
impact structures, including central pit and dome
craters, palimpsests, and penepalimpsests. Ray
craters which are the stratigraphically youngest
impact features on both satellites could not be
targeted by Galileo SSI. These craters, especially the
dark ray craters unique to Ganymede should be
considered as primary imaging targets (Fig. 1).
These craters could not be dated because of the low
resolution of Voyager images. The origin of dark
rays, whether due to target material properties or
impactor contamination and the reason why these
features are only found on Ganymede is poorly
understood [9][10][11].
Erosion and degradation features. Landforms on
Ganymede and Callisto, such as e.g. impact
structures or tectonic features, are subject to erosion
and degradation [4][5]. Both satellites, however,
show significantly different forms of degradation.
Callisto’s surface is heavily degraded by sublimation
of volatiles [5], involving a high abundance in CO2,
and a globally abundant lag of dark, smooth material
was created. It is not known if this layer formed
early in Callisto’s history or at much later times
[5][12]. Such widespread degradation is not found
on Ganymede, neither in dark nor in bright terrains
[4][5][12]. An important tool in deriving the erosion
and degradation history of Ganymede and Callisto is
the crater size-frequency measurement of small
craters superimposed on larger craters or impact
structures in various preservation states.
Tectonic
structures
and
cryovolcanism.
Ganymede’s bright terrain was believed to originate
from cryovolcanism associated with tectonism [e.g.,
2] but Galileo SSI has verified that tectonic
resurfacing was the dominant process in these
regions [4]. Tectonic features on Ganymede are not
restricted to bright terrain but occur in dark terrain
also [4]. Emphasis should be placed on imaging the
dark/bright terrain boundaries in order to examine
the transformation of dark into bright terrain, and on
high and highest-resolution imaging of Ganymede’s
tectonized regions. An important issue is the
comparison of tectonic features on Ganymede with
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Callisto’s “tectonism”. The dark densely cratered
plains on Callisto do show some tectonism
(lineaments, joints and fractures) but this is in no
way comparable to Ganymede’s heavily modified
regions [4][5]. More importantly, Callisto’s tectonic
features provided zones of weakness along which
erosion and degradation acted most effectively,
eventually creating numerous bright icy massifs or
knobs [5][12].
Acknowledgment: This work has been partly
supported by DLR and the Helmholtz Alliance
‘Planetary Evolution and Life’.
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Figure 1: Candidate target areas: bright and dark ray
craters on Ganymede west of Marius Regio. Mosaic
of Voyager 2 images, centered at latitude 8° N,
longitude 226° W.
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Introduction: It is widely accepted that the moon
formed as a result of a Mars-sized body striking the
Earth. In the process of formation, highly volatile elements were supposedly lost due to extremely high temperatures [1]. However, through the analysis of volcanic
glass beads brought back from the Apollo missions it has
recently been proven that the moon retained some volatile elements, e.g. hydrogen [2]. The glass beads were
formed during fire fountaining events [3], in which the
magma droplets were quenched extremely quickly upon
eruption. In the Apollo 17 glasses, there is a visible difference in the color of the beads depending on the cooling rate. Those beads that were quenched quickly appear
glassy and orange, while beads that cooled more slowly
appear black, due to ilmenite crystal formation [1].
There should be a strong correlation between the optical
density of the eruption plume and the number of glassy
versus black beads. If the plume is optically dense, beads
in the center of a hot gas cloud will have a longer time to
cool, giving time for olivine and ilmenite crystals to
form [4]. Those magma droplets in the center of an optically dense eruption are therefore more likely to be
black, while droplets on the fringes of a gas plume are
quenched quickly and form the orange glass. Due to the
rapid cooling time of the orange glass, complete degassing would not have been able to take place, leaving
volatile elements trapped within the beads.
Future Analysis: Using samples 74220, 15426,
and 14259 from the Apollo missions, we will analyze
the glass beads for volatile content using the secondary ion mass spectrometry (SIMS) technique at the
Carnegie Institution for Science. Of particular interest
are several individual olivine crystals with melt inclusions that we have obtained from sample 74220.
These melt inclusions represent the primitive magma
composition, since they would have undergone very
little degassing, if any, during the eruption. Also of
interest are the very large glassy beads from sample
74220, and the red, yellow-brown, and green beads
from 15426. Both the olivine with melt inclusions and
the specified sample beads from 74220 and 15426
will be of significant value when we use the SIMS to
analyze them, as they could possibly reveal more
about the initial lunar volatile content.
Sample 74220 formation: We have observed several unique shapes from the Apollo 17 beads, ranging
from spheres and teardrop shapes to flat- looking
beads with a shape like a button. It has been suggested that the elongated beads could be the result of
either crystals altering the shape of the bead, or the
bead shape influencing the way the crystals grew [5].

We propose that rotation could have been another
deciding factor determining bead shape. There is a
striking similarity between the bead formations that
we are seeing from 74220 and a theoretical mathematical model of the shape of a liquid droplet while
rotating in flight [6]. Displayed in Fig. 1 are examples
of the various shapes seen in sample 74220. The order
of the shapes represents the progression we think the
magma goes through as a result of rotation and turbulence before the beads cool. There were proportionally many more elongated beads, which may be a
result of faster cooling times due to the thinner
“neck” of the bead.
Implications: Once the analysis of the chosen
bead and olivine samples from all three missions is
complete, new constraints can be put on the initial
lunar volatile content. Since to date only one analysis
of an olivine melt inclusion has been done, the results
from the 74220 olivine grains will be particularly
enlightening. The effect of rotation on the shape of
magma droplets during free flight may help in understanding the mechanics of fire fountain eruptions, and
will provide very useful information for future modeling.
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Fig. 1. The progression magma droplets go through during
flight. Starting as spheres (A), droplets are deformed through
turbulence and rotation, and may also be affected by crystal
growth [5]. As a result, the magma droplets are stretched (C,
D) and eventually break into two separate beads. If it cools
slowly, a bead may form a sphere once again, or it may form a
teardrop shape (D) if cooled quickly.
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Fig. 2. Shapes calculated by [6], all of which seem to accurately
represent the formations seen in the Apollo 17 sample. Interestingly, the majority of the elongated, teardrop, and button
shaped beads do not show any signs of ilmenite crystallization.
This represents a very specific location and condition in the
eruption plume where these shapes occur. The magma droplets
have to be hot and malleable enough for the rotation to change
their shapes, while they must also be able to cool rapidly thereafter to prevent ilmenite crystallization. These important new
factors will be incorporated into an improved version of the
lunar pyroclast eruption model of [7]. A (top) and B (bot-

tom) are representations of the formations liquid drops
will make while rotating in free flight.
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Introduction: It is widely accepted that the moon
formed as a result of a Mars-sized body striking the
Earth. In the process of formation, highly volatile elements were supposedly lost due to extremely high temperatures [1]. However, through the analysis of volcanic
glass beads brought back from the Apollo missions it has
recently been proven that the moon retained some volatile elements, e.g. hydrogen [2]. The glass beads were
formed during fire fountaining events [3], in which the
magma droplets were quenched extremely quickly upon
eruption. In the Apollo 17 glasses, there is a visible difference in the color of the beads depending on the cooling rate. Those beads that were quenched quickly appear
glassy and orange, while beads that cooled more slowly
appear black, due to ilmenite crystal formation [1].
There should be a strong correlation between the optical
density of the eruption plume and the number of glassy
versus black beads. If the plume is optically dense, beads
in the center of a hot gas cloud will have a longer time to
cool, giving time for olivine and ilmenite crystals to
form [4]. Those magma droplets in the center of an optically dense eruption are therefore more likely to be
black, while droplets on the fringes of a gas plume are
quenched quickly and form the orange glass. Due to the
rapid cooling time of the orange glass, complete degassing would not have been able to take place, leaving
volatile elements trapped within the beads.
Future Analysis: Using samples 74220, 15426,
and 14259 from the Apollo missions, we will analyze
the glass beads for volatile content using the secondary ion mass spectrometry (SIMS) technique at the
Carnegie Institution for Science. Of particular interest
are several individual olivine crystals with melt inclusions that we have obtained from sample 74220.
These melt inclusions represent the primitive magma
composition, since they would have undergone very
little degassing, if any, during the eruption. Also of
interest are the very large glassy beads from sample
74220, and the red, yellow-brown, and green beads
from 15426. Both the olivine with melt inclusions and
the specified sample beads from 74220 and 15426
will be of significant value when we use the SIMS to
analyze them, as they could possibly reveal more
about the initial lunar volatile content.
Sample 74220 formation: We have observed several unique shapes from the Apollo 17 beads, ranging
from spheres and teardrop shapes to flat- looking
beads with a shape like a button. It has been suggested that the elongated beads could be the result of
either crystals altering the shape of the bead, or the
bead shape influencing the way the crystals grew [5].

We propose that rotation could have been another
deciding factor determining bead shape. There is a
striking similarity between the bead formations that
we are seeing from 74220 and a theoretical mathematical model of the shape of a liquid droplet while
rotating in flight [6]. Displayed in Fig. 1 are examples
of the various shapes seen in sample 74220. The order
of the shapes represents the progression we think the
magma goes through as a result of rotation and turbulence before the beads cool. There were proportionally many more elongated beads, which may be a
result of faster cooling times due to the thinner
“neck” of the bead.
Implications: Once the analysis of the chosen
bead and olivine samples from all three missions is
complete, new constraints can be put on the initial
lunar volatile content. Since to date only one analysis
of an olivine melt inclusion has been done, the results
from the 74220 olivine grains will be particularly
enlightening. The effect of rotation on the shape of
magma droplets during free flight may help in understanding the mechanics of fire fountain eruptions, and
will provide very useful information for future modeling.
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Fig. 2. Shapes calculated by [6], all of which seem to accurately
represent the formations seen in the Apollo 17 sample. Interestingly, the majority of the elongated, teardrop, and button
shaped beads do not show any signs of ilmenite crystallization.
This represents a very specific location and condition in the
eruption plume where these shapes occur. The magma droplets
have to be hot and malleable enough for the rotation to change
their shapes, while they must also be able to cool rapidly thereafter to prevent ilmenite crystallization. These important new
factors will be incorporated into an improved version of the
lunar pyroclast eruption model of [7]. A (top) and B (bot-

tom) are representations of the formations liquid drops
will make while rotating in free flight.
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Introduction: Near-infrared observations from the
SELENE Spectral Profiler (SP) have been used to
identify iron-bearing crystalline plagioclase in the central peaks of several large highland craters [1]. Recent
image-cube data from the Chandrayaan-1 Moon Mineralogy Mapper (M3) acquired across the Orientale Basin have also been used to identify iron-bearing crystalline plagioclase [2]. These observations are significant because they validate the near-infrared identification of plagioclase on the Moon.
Shocked plagioclase had been previously inferred
from a lack of Fe2+ absorptions [3-5] in near-infrared
measurements of high albedo locations as plagioclase
can become sufficiently disordered with shock to lose
its absorption bands [6]. The identification of ironbearing crystalline plagioclase in the near-infrared
comes from a broad absorption band at ~ 1.3 μm due
to electronic transitions of Fe2+. Near-infrared laboratory studies of this feature have suggested its band
depth and center position may vary with Fe and An
content respectively [7-9].
DIVINER: The upcoming Diviner Lunar Radiometer Experiment (DLRE) on the Lunar Reconnaissance Orbiter (LRO) will provide the first global coverage maps of thermal-infrared derived compositions
on the Moon. Extensive thermal-infrared laboratory
studies of plagioclase minerals and plagioclase-rich
rocks indicate that both plagioclase abundances and
compositions can be determined by linear deconvolution of mixed spectra [10-11]. However, Diviner has
only three mineralogy spectral channels centered at
7.8, 8.2, and 8.6μm, so it is important to investigate the
applicability of Diviner data for plagioclase composition studies.
In this study, we review thermal-infrared laboratory spectra of mineral endmembers, a mineral mixture,
Apollo highlands, and Apollo mare soil samples convolved to Diviner spectral bands [12] and focus on the
ability of Diviner data to distinguish plagioclase compositions.
Samples and Methods: Laboratory emissivity
spectra of < 25 μm and > 90 μm grain size fractions of
plagioclase, low- and high-Ca pyroxenes, olivine, and
ilmenite used in this work are from the Berlin emissivity database (BED) [13]. A 50/50 wt% mineral

mixture of endmembers anorthite and olivine is also
examined.
Lunar soil samples are characterized by the Lunar
Soil Characterization Consortium (LSCC) [14-15].
Apollo mare soil samples chosen for this study include
10084, 12001, 12030, 15041, 15071, 71061, 71501,
70181, and 79221 [14] and Apollo 16 highlands soil
samples include 61141, 61221, 62331, 64801, 67471,
and 67481 [15]. Apollo lunar soils are plotted in Figure 1 on a plagioclase-orthopyroxene-clinopyroxene
ternary diagram [16]. Brown University’s RELAB
FTIR spectrometer was used to measure thermalinfrared spectra of each lunar soil sample for the 10 –
20 μm grain size fraction [17]. Thermal-infrared
RELAB spectra are converted to emissivity using the
approximation to Kirchoff’s relation E=1-R. All thermal-infrared spectra are convolved to Diviner’s three
spectral bands using ENVI’s spectral resampling tool.
The Diviner spectral bands were chosen specifically to measure the location of the Christiansen Feature
(CF). The CF is an emission maximum, or reflectance
minimum, first described as an indicator of compositions by [18]. The CF shift to shorter wavelengths for
particulate materials in a vacuum environment is well
constrained [19-20]. In this study, we calculate band
ratios for each spectrum, assume that the CF shift applied to each spectral band is the same, and apply the
ratios to accurately identify lunar compositions.

Figure 1. Highland soils are classified as anorthosite
and mare as gabbro. It is important to note that anorthosite soils are not pure plagioclase, but contain small
abundances of mixed pyroxenes (~ 4-10 total vol. %).

Thermal-Infrared Data: Recent work by [12]
explored how to use Diviner band ratios for distinguishing fine-grained (< 25 μm) minerals, mineral
mixtures and lunar soil samples. Figure 2 shows the
7.8/8.6 versus 8.6/8.2 Diviner band ratios for plagioclase, orthopyroxene, clinopyroxene, olivine, ilmenite, a
50/50 wt% plagioclase-olivine mixture, and lunar soil
spectra [12]. Each mineral group is clearly distinguished using the 8.6/8.2 ratio with plagioclase plotting in the upper left (CF at shorter wavelengths) and
olivine plotting in the lower right (CF at longer wavelengths). Mixture endmembers anorthite and olivine
plot within their respective mineral groups, however
the 50/50 mixture is indistinguishable from orthopyroxene and clinopyroxene. Work by [12] demonstrated that integrating Diviner thermal-infrared data with
near-infrared spectral parameters (e.g. spectral curvature, integrated band depth, and band depth position)
resolves these mineral mixture uncertainties. The
Apollo highlands spectra plot closer to the plagioclase
mineral group compared to Apollo mare spectra, consistent with its classification of anorthosite.

Figure 2. Simple band ratios 7.8/8.6 and 8.6/8.6 plotted against one another for individual minerals, a mixture of minerals, and lunar soils.
Plagioclase Focused Studies: The regions where
crystalline plagioclase have been identified with SP
and M3 data are ideal locations on the Moon for Diviner data analysis. We now investigate the utility of Diviner data to distinguish different plagioclase compositions. It should be noted that this analysis is only applicable to the pure plagioclase regions on the Moon.
Figure 3 (top) shows a 7.8/8.6 ratio versus 7.8/8.2
ratio for coarse- (> 90 μm) and fine-grained (< 25 μm)
plagioclase endmembers. The coarse- and fine-grained
fields are distinguished due to the unique position and
shape of the CF for each mineral composition. The
middle and bottom sections of Figure 3 separate the
coarse- and fine-grained fields to maximize the differences between each plagioclase composition. The
7.8/8.6 ratio versus 7.8/8.2 ratio clearly sets apart the
plagioclase series with the Ca-rich anorthite plotting

on the left and the Na-rich albite and oligoclase plotting on the right for both particle sizes. Intermediate
compositions plot in the middle.
While it is not possible to determine the An # with
these ratios, it is possible to distinguish Ca-rich, intermediate, and Na-rich compositions. This will be significant for constraining plagioclase compositions in
the feldspathic highlands, specifically the distributions
of ferroan anorthosite and alkali-suite materials.

Figure 3. Simple band ratios 7.8/8.6 and 7.8/8.2 plotted against one another for plagioclase minerals.
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Introduction: Warren [1] has reported about
composition of HASP glasses and condensates which
were identified in Apollo 14 regolith breccias 14076.
Condensates were discovered in the form of small
(<10 µm) spherules and aggregates and were named GASP (Gas-Accociated Spheroidal Precipitate)
condensates. GASP condensates were separated into
Fe-rich FeGASP and Si-rich SiGASP condensates. We
have compared composition of HASP and GASP
particles with experimental data of Markova et al. [2]
on experimental evaporation of aluminum-rich basalt
68415,40 delivered by Apollo-16 and calculations of
residua melt and complementary vapor compositions at
different temperatures. The aim of our investigation
was to evaluate temperatures and mass losses which
are related to the origin of HASP glasses and GASP
condensates.
Experiment: The sample of aluminum-rich basalt
68415,40 (starting composition (wt.%): SiO2 45.5;
TiO2 0.3; Al2O3 28.7; FeO 4.3; MgO 4.4; CaO 16.4;
Na2O 0.4 K2O < 0.1) was evaporated using effusive
Knudsen technique with mass-spectrometric analysis
of the vapor phase [3]. Experimental setup permitted to
measure equilibrium temperature and partial pressure
of vapor components over melts in the range of
temperature up to ~2600оС. Peculiarity of the method
was the possibility of simultaneous measurement of
ion current intensities of the sample and of a standard
sample in the same chamber. Temperature of
evaporation was measured by pyrometer with accuracy
of ± 1оC. Evaporation was performed in a tungsten
effusive cell. The sample with a mass of 15 g was
placed in Re-cap to reduce direct interaction between
the melt and tungsten. Evaporation from a Re-cap
sufficiently inhibits reductive action of tungsten.
Experiment was performed with stepped increase of
temperature on ~50оC. The duration of each step was
~15 min what was necessary to gain all the massspectrum range. Stepped heating in experiment
permitted to keep molecular outflow regime at given
sample mass and optimally decrease duration of the
experiment. All the duration of the experiment started
at Т~900оС and to the total sample evaporation was 57 hours. Measured partial pressure of components
permitted to calculate their velocities of evaporation
based on Hertz-Knudsen formula. Velocities of
evaporation permitted to calculate chemical
composition of residua melts and corresponding vapor
at different temperatures and mass loss rates.
Composition of residua melts was calculated at all time

and temperature intervals until its total escape from the
Knudsen cell. Elements masses in the melt residua at
each temperature step were recalculated to oxide forms
and adjusted to 100%. Chemical composition of the
vapor was defined as the difference between starting
sample and actual residua melt composition. It was
also recalculated to oxides form and adjusted to 100%.
Experimental results: Fig. 1 shows chemical
composition of residua melt vs. temperature and Fig. 2
shows composition vs. temperature of complementary
vapor. Experimental data reveals that the main
components of the residua melts were SiO2, Al2O3 and
CaO, and the main components of the vapor were FeO
and SiO2. It is worth to note that the increase of SiO2
in the vapor goes only up to T~1855oC and than it
steadily decreases due to its loss from the system and
enrichment of the vapor with Al2O3 and CaO.
Discussion: Experimental compositions of the
residua melts and complementary vapor were
compared with compositions of HASP glasses and
GASP [1] particles, which originated during
vaporization-condensation process in impact-produced
plumes on the Moon. Temperature of HASP formation
was evaluated as >1600oC with respective mass loss
about one forth to one third of starting mass [1].
Compositional trends of melts and vapor on Al2O3SiO2 and FeO-SiO2 diagrams respectively are
informative for evaluation of temperature and mass
loss of evaporating material. Fig. 3 shows the sequence
of experimental data with defined temperature of
evaporation and mass losses. Black circles shows
compositions of HASP glasses which have good
coincidence with experimental compositional trend.
All HASP glasses correspond to temperatures in the
range ~1750-18700С and mass loss in the range ~2050%. The dispersion in HASP glasses composition is a
result of individual thermal trend of each particle
caused by temporal and spatial unhomogeneity of
temperature in impact-generated vapor plume.
Fig. 4 shows composition of vapor in the
experiment with related temperatures and mass losses
and composition of FeGASP and SiGASP particles.
Condensation from FeO and SiO2 rich vapor was
considered [1] to be the most efficient at late stages of
expansion of a vapor cloud when evaporation was
terminated by cooling. Condensation of FeGASP
particles according to Fig. 4 occurred at temperatures
in the range ~1860-16500С. Higher enriched in iron
FeGASPs were formed at lower condensation
temperatures. SiGASP particles have compositions
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Introduction. The chemical composition of lunar
rocks became known in detail after delivery to Earth of
samples from selected areas of the lunar surface. But
in order to provide characteristics not only of
individual sites, but also the global data, need to use
the remote spectral methods.Chemical elements such
as Si, O, Fe, Ti, Al, Ca and Mg are essential elements
in the composition of lunar rocks. Often element
contents are converted into the contents of the
corresponding oxides, for example, SiO2, FeO, TiO2,
Al2O3, CaO and MgO.Information about the content
and distribution of these and other elements on the
lunar surface was obtained by methods of remote
spectroscopy, optical, neutron, gamma and X-ray
filming.The spatial resolution of available data varies
but, nevertheless, their comparison and joint use is
possible.Processing of data sent from aboard the
spacecraft «Lunar-Prospector», gives results of global
studies of chemical composition of the lunar
surface.These results were obtained using airborne
gamma-ray spectrometer and alpha particle
spectrometer.In particular, more accurately able to
determine the content of iron (Fe) and titanium (Ti) in
the frozen lava of volcanic melts. Their concentration
was different for different parts of the surface
morphology.
Interpretation. Expeditions of American astronauts to
the Moon (1969-1972 gg.) --landing of the Soviet
automatic lunar stations «Luna-16, -20 and -24»
(1970-1976 gg.) delivered to the ground lunar soil these remarkable experiments have led to the
emergence of new science - Moon mineralogy.[2] On
the content of radioactive isotopes was established by
the age of lunar rocks. The oldest of them, the study
found uranium-lead method, formed 4.46 billion years
ago. Similar results gave the use of strontium method.
But almost is the same (4.6 billion years old) age of the
oldest Earth rocks and meteorites. So, it was then,
about 4,5 billion years ago formed the solar system,
including Earth, Moon, and the body fragments that
arrive to us in the form of meteorites. [3] Analysis of
lunar minerals will help to understand that ,what are
the differences between continents and seas on the
moon. It was found that the sea covered with volcanic
rocks, mainly basalts. [4] They have a round shape,
smooth surface, the relative youth, which speaks not
only radioactive analysis, but also a relatively small
number of craters formed by impacts of large
meteorites. All the shows ,the «Mare» - the result of
immense outpourings of lava from the bowels of the
Moon, caused by small asteroids’ impacts on the
surface. [5] Radioactive analysis showed that most of
the mare (Mare Vaporum, Mare Serenitatis, Mare
Tranquillitatis, Oceanus Procellarum) formed 4 billion
years ago. Several younger Imbrium: since its

inception was 3.87 billion years. Probably, in this
period the moon fell out the remnants of the swarm of
bodies, from which formed the Earth and Moon. [6]
After processing the spacecraft «Lunar Prospector»,
«Apollo» and «Luna», received a general map of the
distribution of iron (Fig.1). The content of iron in the
sea surface of the Moon is much larger than in other
parts of the lunar surface. For a detailed analysis of the
dependence of the iron content of the absolute age of
rocks we have compiled a detailed catalog of samples
of various breeds, delivered to Earth. After processing
the data [1],get a correlation between iron abundances
and rocks of lunar surface:

T

,
This correlation is a characteristic of marine volcanic
basalt lavas, which are melting from the bowels of the
Moon (absolute age) refers to the different epochs of
the evolution of the lunar sphere and its surface. From
the scheme in (Fig.2), it follows that the basaltic lava,
had come to the fore in the later period, most enriched
in iron. At the same time, the early melt basalts had a
low content of iron.Assuming a general model of the
structure of the lunar globe, according to which the
iron content approaching the center grows, we
conclude that later melts of basaltic lava reaches the
surface from the deeper horizons of the lunar interior.
This assumption can be verified on the basis of
detailed analysis of the regional distribution of iron
when compared with age formations.

Fig.2
Melting depths and their differentiation occurred in the
interior of the Moon at an early stage of evolution.
Field of basalts with a low content of titanium is at
depths of 200-400 km. This process can explain the
reason , different content of iron and titanium at
different depths [7]. This happened during the
formation of basalt seas of the moon as a result of

entering the surface melts from the lunar mantle
3.9-3.15 billion years ago.If we generalize the results
of the study to compare the absolute age of the basalt
rocks and iron content in these rocks, and take into
account the above results for the three-dimensional
terrain models, we can construct a generalized model
of the underlying sources of basaltic lavas of different
content. In the initial period of the evolution of the
moon as a cosmic body to the surface leaving melts of
basaltic lavas of the upper layers of the lunar mantle
with low iron content - about 10%. This period of
history of the Moon refers to the era of 3,9 - 4,0 billion
years old. In the middle period of the evolution of the
moon on the surface of basaltic lava came out with
iron content of 15 - 20%. This epoch according to Fig.
2. lasted for 3,5 - 3,8 billion let.V later period of the
lunar maria were formed lavas with an iron content of
17 - 22% of the deep horizons of the mantle. This
happened during the 3,1 - 3,3 billion let.V result of our
work, we have opened outlets of basaltic lavas of the
deepest layers of the mantle with iron content up to
25% (see diagram on Fig.3). Probably, these melts are
aged less than 2 billion years.
Conclusion: The basis for studying the lunar surface
and the composition of the soil is study the optical
characteristics of the moon by the spectral data of its
telescopic and space research methods remotely,
optical, neutron, gamma and X-ray spectroscopy, etc.
The richest information we receive with the help of
artificial satellites of the moon, as the example of
research on board the spacecraft «Chang'e-1». The
content of iron in the regolith can be cosmogonic
indicator of the evolution of the Moon, as shown
above. On the surface of the moon, the rocks with a
predominance of iron (eg, ilmenite basalt) are
concentrated in the lunar maria (their area is about
17% of the surface of the Moon [8]). Age of rocks is
inversely proportional to the iron content. The model
underlying sources of iron-bearing rocks of the Moon
has a cosmogonic significance, since through their

contents, we can know their age and build a model of
evolution of the subsurface of the Moon.
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CHARACTERISTICS OF THE SMALL-SCALE ROUGHNESS IN THE PROPOSED LANDING
SITES ON VENUS, E.V. Zabalueva, M.A. Ivanov, and A.T. Basilevsky, Vernadsky Inst., RAS, Moscow.
Introduction: Despite the similarity in the mass,
size, and bulk density between Venus and Earth, the
surface environments on Venus are very different from
those on our planet. The reasons for these differences
are still mysterious and require more data for
understanding. The key type of data in this problem is
the one that provides the ground truth by the mean of
landers. That is why the now formulating concepts of
the future exploration of Venus (e.g., Venera-D)
include landers. Landing on any planetary body faces
the problem of safety. In order to assess the suitability
of potential landing sites to the safety requirements, the
small-scale roughness of the surface (centimetersmeters) has to be estimated.
Results: Recently, several potential landing sites on
Venus have been proposed [1]. These sites have been
selected to sample a variety of terrain types and include
(Fig. 1): (1) tessera (t, 9 sites), shield plains (psh, 2
sites), lobate plains (pl, 3 sites), and regional plains
(pwr, 2 sites). In order to acquire estimates of the
surface roughness in these areas, we have used he
global RMS-mosaic (from GSDR volume by
MIT/JPL/UCLA), gridded and resampled to the
resolution ~4.6 km/px. A box 2x2o was chosen to
surround the center of each site and the RMS data were
collected in this area. Each box contains about 2100
pixels of the global mosaic. Table 1 summarizes the
results. The mean values of the RMS slopes for the
selected landing sites vary from 1.2o (lobate plains,
Mylitta Fluctus) to 5.6o (tessera terrain, near crater
Frida) and approximately correspond to such terrestrial
landforms as gently undulating plains (Fig. 2, RMS is
~2.7o) and rolling hills (Fig. 3, RMS is ~6.5o) [2].
Caveats and Conclusions: Three considerations
should be kept in mind interpreting the RMS values for
the selected landing sites. (1) The RMS slope is not an

exact estimate of the roughness of the surface at the
centimeters-meters bases. Instead, it gives the most
probable value in a distribution of slopes based on a
chosen model of radar return. Thus, within an area that
is characterized by a specific value of RMS, the slopes
vary and may reach high values. The probability of
encountering of steeper slopes, however, becomes
larger as the RMS increases. (2) The reported RMS data
for Venus were collected from the map with the
resolution ~4.6 km/px and, thus, characterize the
regional situation. There is the possibility to encounter
high slopes (up to vertical) at local scales. For example,
the regional plains surrounding the Venera-9 landing
site have rather low RMS value (a few degrees). The
landing happened, however, on a rocky talus on the
~30o steep slope of a fault which cut the relatively
smooth plain. (3) The distribution of slopes on Earth is
strongly depends on maturity of a landform and, on the
average, the fresh surfaces possess the higher RMS
values. The virtual lack of erosion on Venus suggests
that the majority of surfaces there should be considered
as fresh ones by the Earth' standards. This situation also
favors the presence of higher slopes at the scale of a
lander.
Even if the local slopes within the selected areas may
be high, the average values of the RMS slopes there do
not approach the higher values that characterize some
terrestrial landforms such as high sand dunes (RMS =
~16.5o) or eroded sandstones (RMS = ~16.5o) [2]. This
suggests that a careful photogeologic analysis of the
proposed regions [1] will result in selection of a number
of areas where the relatively safe landing is expected.
References: 1) Basilevsky, A.T., et al., PSS, 55,
2097–2112, 2007; 2) McCollom, T. M. and B.M.
Jakosky, JGR, 98, 1173-1184, 1993.

Fig. 1: Location of the proposed landing sites. Numbers in the figure correspond to numbers in Table 1

Fig. 2 and 3: examples of terrestrial landscapes where the RMS slopes have been measured

Table 1. RMS values for the proposed landing sites on Venus

Site

Lat.

1) Khatun
2) Tseraskaya
3) Merian

40.3
34.5
28.6

4) Frida
5) Roptuna

68.2
62.2

6) Magnani

58.6

7) Carter
8) deBeausoleil

5.3
-5.0

9) Whiting

6.1

10) Vellamo Planitia 43.0
11) Sedna Planitia
43.5
12) Sekmet Mons
13) Sapas Mons
14) Mylitta Fluctus

47.0
8.0
-55.0

15) Zhibek Planitia
16) Sedna Planitia

-33.0
42.5

RMS values:
Lon. MEAN, deg Min, deg Max, deg
Tellus Tessera
87.2
3.7
76.3
4.1
78.2
3.3
Fortuna Tessera
55.6
5.6
38.9
3.6
Clotho Tessera
337.2
3.5
Ovda Tessera
67.3
4.0
102.8
5.0
Thetis Tessera
128.0
3.3
Shield plains
131.0
2.6
333.5
3.1
Lobate plains
242.5
3.1
187.0
3.4
353.5
1.2
Regional plains
170.0
2.1
342.5
2.2

0.5
0.7
0.6

9.8
10.1
9.8

2.7
1.0

10.1
9.2

0.4

10.4

0.6
0.6

10.1
11.5

0.4

11.9

0.8
1.0

9.7
5.4

1.1
0.5
0.4

11.6
10.4
5.3

0.6
0.8

3.5
3.2

EFFECTS OF SECOND APPROXIMATION FOR FIGURES AND GRAVITATIONAL MOMENTS
OF JUPITER’S SATELLITES IO AND EUROPA. V. N. Zharkov, Schmidt Institute of Physics of the
Earth, Russian Academy of sciences, 123495 Moscow, B.Gruzinskaya, 10, zharkov@ifz.ru

The gravitational moments ( J 2 and C 22 ) of
Io and Europa were first determined in [1, 2] as a
result of the successful Galileo space mission.
These data were refined in the review [3] and are
given in Table 1 (the data are used as boundary
condition). Two types of trial three-layer models
have been constructed for the satellites Io and
Europa. In the models of the first (type Io1 and
E1), the cores are assumed to consists of the
eutectic Fe-FeS melt with the densities ρ1=5.15 g
cm-3 (Io1) and 5.2 g cm-3 (E1). In the models of the
second type (Io3 and E3), the cores consist of FeS
with an admixture of nickel and have the density
ρ1=4.6 g cm-3. The approach used here differs from
that used previously both in chosen model chemical
composition of these satellites and in boundary
conditions imposed on the models. The parameters
of the models are collected in Table 2 and Table 3.
The theory set out in [4] allows all three principal,
nondimensional moments of inertia normalized to

in theory to the terms of the first order in small
parameter α (3). In theory, we have the terms of the
second order in α [4]

C 22 =

1
16
5
k 2α − (1 − h2 )h2α 2
4
21
16

J 2 10
16 h2
(3 − h2 )α ]
= [1 +
C 22
21 k 2
3

Io, the ratio s1/R≈432x10-5. Consequently, α1 is of
the order of α2. If satellite is in state of
hydrostatical equilibrium, then all odd gravitational
moments
S3m = 0 , (m=1, 2, 3)

(see Table 2 and Table 3).The most important
question to be answered by modeling the internal
structure of the Galilean satellites is that of the
condensate composition at the formation epoch of
Jupiter’s system. In first approximation among the
satellite’s gravitational moments of the second
degree and the second order, only J 2 and C 22 are

and only

C 22 =

B−A 1
3
= αk 2 , C 22 = J 2
2
4
10
4ms1

(1)

(2)

3

ω 2 s13
M ⎛s ⎞
α = ⎜ 1⎟ =
m ⎝R⎠
Gm

(3)

Here, α is the small parameter of the figure theory,
M and m are the masses of Jupiter and the satellite,
respectively, G is the gravitational constant, s1 is
the mean radius of the satellite; C is the polar
moment of inertia; A and B are the equatorial
principal moments of inertia; k 2 is the Love tidal
number of the second degree; and R is the orbital
radius. The number k2 or h2=1+ k2 that is used as
the constraint in modeling the Galilean satellite can
be determined from formula (2), which is derived

(6)

1
1
C 31 = − α 1 k 3 = − α 1 (h3 − 1) ,
4
4
and

C 33 =

nonzero, while C 22 = S 21 = S 22 = 0.

C − 1 / 2( A + B) 5
= αk 2
6
ms12

(5)

The third spherical function W3 in the tidal
potential is proportional to α 1 ≡ α ( s1 / R ) . For

ms12 to be calculated for the constructed models

J2 =

(4)

1
1
α 1 k 3 = α 1 (h3 − 1)
24
24

(7)

Table 1. Observational data and model parameters
for Io and Europa ( a - orbital radius, τ - period)
Parameter
a , 103km

a / RJ

τ

, days
r0, km
m, 1023 g
ρ0, g cm-3
q0, cm s-2
α , 10-5
v 2 k ,km s-1
J 2 , 10-6
C22, 10-6

C / ms12
Gm, km3c-

2

k2

Io, J1
421.6
6.0275
1.769
1821.6 ± 0.5
893.19~893.2
3.5275 ± 0.0029
179
171.37
2.55
1859.5 ± 2.7
558.8 ± 0.8
0.37824 ± 0.0002
2
5959.91 ± 0.02
1.3043 ± 0.0019

Europa,J2
670.9
9.592
3.551
1565.0 ± 8.0
480.0
2.989 ± 0.046
131
50.19
2.02
435.5 ± 8.2
131.5 ± 2.5
0.346 ± 0.005
3202.72 ± 0.0
2
1.048 ± 0.020

Table 2. Parameters of the three-layer models for
Io
Parameter
s1 ,km
ρ0, g cm-3
Core density ρ1, g cm3
Mantle density ρ2, g
cm3
Crust density ρ3, g cm3
Core radius s c , km
Mantle radius s m , km
k2
Core mass mc , wt %

A
B
C

h3

Io1
1821.6
3.5275
5.15
3.35
2.7
903.16
1781.6
1.3032
17.8
0.376877
4
0.378366
7
0.379483
6
1.59777

Io3
1821.6
3.5275
4.6
3.32
2.7
1053.29
1781.6
1.3053
25.2
0.377097
7
0.378589
0.379707
4
1.5946

have equilibrium figures. The same relation for the
third spherical function is

C 31 / C 33 = −6 .

(9)

If it turns out that relations (9) and (8) hold for Io,
then this will imply that Io is in a more “detailed”
hydrostatic equilibrium than can be judged from
the fulfillment of relation (2) alone. Values of
number h3 may be found in Table 2. For Europa,
the considered effect is approximately a factor of 3
smaller, which roughly corresponds to a ratio of the
small parameters for the satellites under
consideration, α Io / α Europa ∼3.4. Our theory
allows the parameters of the figure (snm) and the
forth-order gravitational moments that differ from
zero to be calculated [4]. For the homogeneous
model, their values are:

885 2
75 2
α ,
s 42 = −
α ,
224
224
15 2
885 2
s 44 =
α ,
J4 = −
α ,
896
224
75 2
15 2
C 42 = −
α , C 44 =
α .
224
896

s4 =

Table 3. Parameters of the three-layer models for
Europa
Parameter
s1 , km
ρ0, g cm-3
Core density ρ1, g cm3
Mantle density ρ2, g
cm3
Crust density ρ3, g cm3
Core radius s c ,km
Mantle radius s m , km
k2
Core mass mc , wt %

A
B
C

E1
1565.0
2.989
5.2
3.31
1.05
701.5
1442.23
1.043767
17
0.345767
7
0.346146
0.346407
6

E3
1565.0
2.989
4.6
3.30
1.05
806.7
1442.23
1.050487
5
22.82
0.346659
2
0.347010
7
0.347274
3

are nonzero

J3 = 0

and

C 32 =0

(8)

In the first nonvanishing approximation of the
theory of figure, we have relation (2) that was used
to judge whether the Galilean satellites of Jupiter
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