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Program
Sunday, May 21, 2006
FLUXES IN THE SOLAR SYSTEM
9:00 a.m. Berkner Room
Chair:

W. McKinnon

9:00 a.m.

Ivanov B. A. * [INVITED]
Cratering Rate Comparisons Between Terrestrial Planets [#6013]

9:30 a.m.

Bottke W. F. * Morbidelli A. [INVITED]
The Asteroid and Comet Impact Flux in the Terrestrial Planet Region:
A Brief History of the Last 4.6 Gy [#6019]

10:00 a.m. Levison H. * [INVITED]
The Early Dynamical Evolution of the Outer Solar System: A Nice Story
10:30 a.m. Discussion
11:00 a.m. Break
11:15 a.m. Swindle T. D. * Kring D. A. [INVITED]
Evidence for, and Significance of, the Inner Solar System Cataclysm [#6015]
11:35 a.m. Bogard D. D. *
Bombardment History of the Moon: What We Think We Know and
What We Don’t Know [#6001]
12:05 p.m. Discussion
12:30 – 1:30 p.m.

Lunch at LPI
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Sunday, May 21, 2006
ON THE ROCKS!
1:30 p.m. Berkner Room
Chair:

T. D. Swindle

1:30 p.m.

Nyquist L. E. * [INVITED]
Martian Meteorite Ages and Implications for Martian Cratering History [#6010]

2:00 p.m.

Albarede F. * Bouvier A. Blichert-Toft J.
These Good Old Shergottites [#6003]

2:30 p.m.

Discussion

Vervoort J. D. [INVITED]

3:00 p.m. Break
3:15 p.m.

Anderson F. S. * Whitaker T. Miller G. Young D. Mahoney J. Norman M.
Pilger E. French G.
A Laser RIMS Instrument to Date Igneous Rocks Using Rb-Sr and
Measure Elemental Chemistry [#6032]

3:35 p.m.

Kalchgruber R. * McKeever S. W. S. Blair M. W. Deo S. Reust D. K.
Gupta S. Strecker B. N.
Development of an In Situ Luminescence Dating Device for Dating of
Geomorphological Features on Mars [#6004]

3:55 p.m.

Wright S. P. * Wyatt M. B. Christensen P. R.
An Orbital Search for Bounce Rock-like Thermal Emission Spectra and Implications for
Calibrating Crater Counts with Shergottite Ages [#6027]

4:15 p.m.

Discussion

5:00 – 7:00 p.m.

Reception
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Monday, May 22, 2006
KRATER KRONOLOGY
9:00 a.m. Berkner Room
Chair:

P. Schenk

9:00 a.m.

Hartmann W. K. * [INVITED]
Utilizing Martian Craters to Derive Chronologic Information [#6011]

9:30 a.m.

McEwen A. S. * [INVITED]
Cratering Age Considerations for Young Terranes in the Inner Solar System [#6030]

10:00 a.m. Neukum G. * Werner S. C. Ivanov B. A. [INVITED]
The Characteristics of the Impact Crater Production Size-Frequency Distributions on the
Solar System Planetary Bodies, Their Relationships to Asteroidal and Cometary Impacts, and
the Question of Secondary-Cratering Contributions [#6005]
10:30 a.m. Discussion
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Monday, May 22, 2006
POSTER SESSION
11:15 a.m. Great Room
Abramenko O. N. Isaev V. S. Komarov I. A.
Martian Cryogenic Conditions [#6009]
Heggy E. Paillou P.
Counting and Exploring Small-Buried Craters in the Sahara Using Radar Sounding and
Imaging Radar: Lessons to be Learned for the Martian Case [#6033]
Le Feuvre M. Wieczorek M. A.
The Asymmetric Cratering History of the Moon and Terrestrial Planets [#6006]
Matney M. J.
The Effects of Gravitational Focusing on Relative Cratering Rates of
Solar System Objects [#6022]
Powell T. J.

Pre-Apollo Mare Dating Revisited: Can a Past Paradigm Provide Clues to
Current Planetary Surface Dating? [#6007]

van Gasselt S. Werner S. C. Neukum G.
XCage: An Analysis Toolkit for the Evaluation of Crater Size Frequency Distributions
and Age Determinations [#6017]
12:00 – 1:30 p.m.

Lunch
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Monday, May 22, 2006
SECONDARY REDUX
1:30 p.m. Berkner Room
Chair:

J. Plescia

1:30 p.m.

Ivanov B. A. *
Notes About Secondary Crater SFD [#6018]

1:50 p.m.

Barlow N. G. *
The Production Rate and Distribution of Secondary Craters on Mars [#6016]

2:10 p.m.

Werner S. C. * Ivanov B. A. Neukum G.
Mars: Secondary Cratering — Implications for Age Determination [#6008]

2:30 p.m. Break
2:45 p.m.

Quantin C. Mangold N. Hartmann W. * Allemand P.
Density of Small Impact Craters on Mars: Dominated by Secondaries or
Secondary and Primary Mixing? [#6025]

3:05 p.m.

Bierhaus E. B. *
Crater Signal-to-Noise: Extracting Europa’s Small Primary Crater Population, and
What that Means for the Outer Solar System Small Projectile Population [#6028]

3:25 p.m.

Discussion

4:00 p.m. Adjourn for the Day
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Tuesday, May 23, 2006
DEGRADING AND OTHER ISSUES
9:30 a.m. Berkner Room
Chair:

E. Turtle

9:30 a.m.

Schultz P. H. *
Uncovering Mars [#6024]

9:50 a.m.

Tanaka K. L. * Skinner J. A. Jr. Barlow N. G.
How Geology Affects Crater Size-Frequency Distributions and Determination of the Crater
Production Function for Craters >5 km in Diameter on Mars [#6014]

10:10 a.m. Thomson B. J. *
Surface Age Conundrum in the Northern Plains of Mars: Ground Truth at the
Viking 2 Lander Site [#6021]
10:30 a.m. Young D. A. * Hansen V. L.
The Case of the Disappearing Contact: Stratigraphic Bias in Planetary Mapping [#6020]
10:50 a.m. Break
11:05 a.m. Castillo J. C. * Matson D. L. Fortney J. Johnson T. V.
The Role of Giant Planet’s Luminosity on Satellites’ Surface Evolution [#6026]
11:25 a.m. Matson D. L. * Castillo J. C. Johnson T. V. Lunine J. I.
Iapetus and Enceladus: First Contributions of High-Precision Geophysical Modeling to
Solar System Chronometry and Chronology [#6023]
11:45 p.m. Discussion
12:15 p.m. Panel Discussion: Synthesis and Recommendations for Planetary Chronology
1:15 p.m. Meeting Adjourns
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MARTIAN CRYOGENIC CONDITIONS. O. N. Abramenko 1, V. S. Isaev2, I. A. Komarov 3,
(1vdgolden@mail.ru, 2 tpomed@rambler.ru, 3 ilya_komarov@mail.ru Laboratory of comparative planetology, Geological department, Moscow State University).
Introduction: The adopted ideas about thickness of Martian permafrost [2,5] in a view of the latest
data [7, 8, 9, 10] are generalized and corrected. In our
opinion, the thickness of Martian permafrost could
change from 1500 m in equatorial regions to 3500 m in
high latitudes areas. The average thickness is close
2300 m. This statement based on following conceptions: 1) Presence in Martian permafrost of highmineralized solutions; 2) Influence of pressure of overlying rock layers on temperature of the beginning of
freezing of water Н2О; 3) the thermal resistance of the
surface layer of strongly dried up reglith. Application
of a crater method allows to estimate the position of
the top border of ice-content. The bottom of the permafrost is defined on the base of our calculation,
which has taken into account of above-mentioned corrections. This size is much less as was estimated earlier
[2,5].
Analyses of the Martian average atmosphere
temperatures and their amplitudes, temperature conditions on a surface (mid-annual, daily average and seasonal average temperatures and their amplitudes), albedo and the thermal inertia values, defining thermophysical and optical properties of rocks, which are
characterizing by temporary and spatial variability and
have latitude distribution and altitude variability allows to zone a surface of Mars. This analysis is based
on the data of “The Mars Climate Database”[3, 4].
The information about the properties of rock of
the Martian upper layer received by a number of remote methods from orbital space vehicle and directly
by Martian landed devices [7, 8, 9, 10]. It let us to
make a conclusion about structure of upper layer. We
divides this layer on two differ stratums. The first one
is the fine, dust, loose sediments, characterized by high
porosity and low heat conductivity, with high value of
albedo, and it have andesite composition. The second
one is from the medium size coarse-grained, dense,
consolidated sediments to the bedrocks, characterized
by low porosity and high heat conductivity, with low
value of albedo, and it have basalt composition. Our
math modeling [6] shows, that the first layer, presented
by the dry regolith, which possess greater thermal resistance, essentially reduces influence of temperature
fluctuations on the surface and decrease the thickness
of the layer of zero annual amplitudes. Our results
have satisfactory convergence with analogues calculation [1].
Carrying out of experiment of research of some
thermo-physical and mechanical properties of terres-

trial sample-analogues in a wide range of negative
temperatures (up to -120 оС) allows us to analyze and
to interpret the rocks of the sub-surface layer of
Mars.In the result we present our model of frost rock
distribution (fig. 1):
Where first layer is dry dust-like regolith; second layer is the stratum with cryohydrates (cryohydrate is mechanical conglomerates of ice with solid salt
phases injections), 217 K isotherm is a starting temperature of cryohydrate formation; Third layer is the

stratum with pure ice content. Forth layer is a strata of
cooled rocks where 258 K isotherm is the temperature
of freezing start, due by a rock salinity as well hydrostatic pressure of upper rock layers. And fifth layer is a
strata of the thawed grounds with the temperature up
273 K.
This work is supported by fund of RFFI (# 04-0565110).
References: [1] Clifford S.M, Bartels C.J., Rubenstein
E.F. (1987) The Mars Thermal Model “Marstherm”,
LPI. [2] Clifford S. M. and Parker T. J. (2001) Icarus,
154, 40-78. [3] Forget F. et al. (1999), JGR, 104,
24155-24176. [4] www.lmd.jussieu.fr/mars.html. [5]
Kuzmin R.O. (1983) Cryolithosphere of Mars,
Science, Moscow.
[6] Pustovoyt G.P. (2005)
Proceedings of
III conference “Geocryology in
Russia”.[7] Bandfield J.L. et all. (2000), Science, 287,
1626-1630. [8] Boynton, W. V. et al. (2002), Science,
297, 75-78. [9] Christensen P.R. et al. (2003), Science,
300, 2056-2060. [10] Feldman, W.C. et al. (2002),
Science, 297, 82-84.
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THESE GOOD OLD SHERGOTTITES. F. Albarède1, A. Bouvier1,2, J. Blichert-Toft1, and J. D. Vervoort3.
1
Ecole Normale Supérieure, 69007 Lyon, France (albarede@ens-lyon.fr), 2University of Arizona, Dept of Geosciences, Tucson, AZ 85721, USA, 3Washington State University, Dept of Geology, Pullman, WA 99164, USA.

Introduction: It has long been recognized that a
young (<1 Ga) age of Martian meteorites raises a series of issues spilling over into the fundamental understanding of the geodynamics of Mars. Early interpretations (e.g., [1, 2]) actually did accept that some shergottites may be fairly old and that the ubiquitous 180
Ma age [3] was related to impacts [4]. It was also recognized that ages based on cratering are odd and need
special treatment to be reconciled with multiple rounds
of ejection of ca. 180 Ma old material [5,6]. The worst
conundrum, however, remains the existence of anomalies from extinct radioactive nuclides in SNCs (182W
and 142Nd, [7]), which, if a model of young ages is
adopted, has to imply very sluggish mantle convection
or no convection at all. The latest results from our
group re-emphasized the existence of old ages and
demonstrated that a statistically significant Pb-Pb
isochron at 4.0 Ga is obtained for Zagami, Shergotty,
Los Angeles, and EETA 79001[8]. Although this PbPb age is borne out by an independent study on Zagami [9], its significance and the conclusions we arrived at have recently been challenged both in print [9]
and in abstracts [10].
Why the U-Pb Concordia should not be used in
this context: All groups concur that sample leaching is
necessary to remove the worst of terrestrial contamination. It has long been recognized, however, that although leaching procedures do not fractionate isotopic
proportions to detectable extents, they do fractionate
elemental ratios, in particular the U/Pb ratio. This can
be seen in all U-Pb studies on shergottites and the reason for this, which has been discussed at length [1], is
that phosphates are very easily removed upon acid
leaching, however mild. Concordia arrays on Zagami
and Shergotty such as those obtained by Chen and
Wasserburg [1] and Borg et al. ([9], Fig. 5) run within
errors through the origin. Assumption of an alignment
therefore means that, once a “primordial” lead component has been removed, the 207Pb*/206Pb* ratios are
constant and the spread of U/Pb ratios caused by the
aggressive leaching procedure increases the visual
feeling of a good alignment (for a similar reason,
40
Ar/36Ar vs 39Ar/36Ar isochrons have now fallen into
oblivion). For Zagami, this issue is clearly demonstrated by the inconsistent patterns displayed in the
paired 235U/204Pb vs 207Pb/204Pb and 238U/204Pb vs
206
Pb/204Pb isochron diagrams ([9], Fig. 4).

Evidence for recent addition of non-magmatic
Pb to shergottites: Blichert-Toft et al. [11] made the
critical observation that, once corrected to 180 Ma, all
the shergottites show an excellent mixing curve (hyperbola) between their 238U/204Pb ratios (µ) and P contents. The low-µ component corresponds to the wellcharacterized Martian mantle. In contrast, the high-µ
component has a high P content, information which in
itself discounts terrestrial contamination, and a low
Mg#. Observations in the Gusev crater [12] have demonstrated the strong correlation between P and S: our
observation should be seen as nothing less than the
hallmark of low- to medium-temperature water circulation in shergottites.
Rb-Sr, Sm-Nd, and Lu-Hf vs Pb-Pb ages in
shergottites: The first six elements behave mildly to
very incompatibly during magmatic processes and
therefore tend to not be hosted by silicates, but rather
by inclusions and interstitial phases. This is a very
general observation [13], so much so that it caused the
virtual abandonment of lithophile chronometers for
terrestrial plutonic rocks. Although the prime repository of these elements in shergottites is phosphate,
which accounts for most of the REE budget [14], inclusions of melts, fluids, and tiny accessory phases
may also carry their share of these chronometers. At
first glance, the situation may appear to be similar for
the U-Pb chronometer with a large fraction of young
lead being removed upon leaching of shergottites
[1,2]. However, plagioclase is known in every geological environment for containing abundant Pb and
shergottite maskelynite is no exception. Resistance of
feldspar-hosted Pb to weathering has been known for
decades [15]. Once shergottite samples have been
leached, their maskelynite still contains substantial
quantities of Pb that were incorporated when the
magmatic plagioclase precursor formed. As in terrestrial plagioclase, enough U was incorporated at the
same time to cause variation in Pb isotope composition
over Martian history, thereby producing our Pb-Pb
isochron alignments. Analytical work on terrestrial
gabbroic rocks similar to shergottites demonstrates the
reliability of the Pb-Pb chronometer [16].
Terrestrial contamination: Although this point
was addressed by [8], the publication in the mean time
of new results on Zagami [9] provides a different perspective. The question discussed by the latter group, as
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well as by [17], is whether the samples may have been
contaminated by either terrestrial or Martian Pb. Τhe
µ-P mixing hyperbola discussed above is already a
very strong argument against this possibility. Second,
Zagami is a fall and different splits were analyzed multiple times by different groups using different techniques [1, 8, 9, 17] and they all give very consistent
results. Another fall, Shergotty, and two finds, Los
Angeles and EETA 79001, also fall on the Zagami
isochron. Because shergottites, and in particular maskelynite, are relatively rich in Pb, it was pointed out
by Jagoutz [17] that if terrestrial contamination had
taken place it would have had to have been massive,
and to such a degree as to render this explanation improbable.
Martian contamination: Borg et al. [9] suggested
that shergottites may have incorporated Pb from the
Martian soil during impact. Rao et al. [18] found excesses of SO3, K2O, and Na2O in maskelynite from
EETA 79001, which they assumed corresponded to a
“soil” component introduced during impact. We propose an alternative interpretation. First, the mineralogy
of shergottites does not indicate that these rocks could
have been sitting at a near enough subsurface level for
an impact to have mixed them up with a soil component. Second, soils are most commonly enriched in the
immobile element Ti, whereas maskelynite from
EETA 79001 actually shows a striking 50 percent TiO2
deficit with respect to the host rock. We prefer to interpret Rao et al.’s [18] observations as indicating that
shergottites were hypabyssal plutonic rocks exposed to
pervasive percolation by solutions rich in sulfate. The
K/Na ratios of the observed excesses are high (>3),
which, by comparison with terrestrial geothermal
fields, indicates that these fluids were rather hot
(~300°C). As discussed by Bouvier et al. [8], the effects of such percolation events may not be more readily detectable by mineralogical observations than what
is the case for terrestrial plutonic equivalents.
A statistical caveat: With few exceptions, if any,
work before [8] were incapable of producing isochrons
that could pass statistical tests, regardless of the technique employed. MSWD values are conspicuouly
missing from the relevant literature and scores of perfectly valid data points have been routinely disregarded to the effect of improving alignments. Applying this criterion in a terrestrial equivalent would immediately raise suspicion as to whether the core assumptions of the isochron model were fulfilled. This
point in itself would be enough to wonder whether the
young ages represent emplacement ages.

9

Conclusions: Further scrutiny of mineralogical,
chemical, and isotopic data on shergottites reinforces
our confidence in the 4.0 Ga age of the Pb-Pb isochron
of shergottites and in our belief that it represents the
age of their emplacement. As previous authors wrote
20 years ago, we consider that the ~180 Ma ages “do
not represent an endogenic igneous event” [1] but
rather a point in time at which they “suffered partial
homogeneization of their [chronometric] systems” [2].
We now believe that the 4.0 Ga shergottite age is
probably the best guess for the age of cratered terranes
and that young ‘ages’ are related to recent dry-outs of
the local Martian surface.
References: [1] Chen J. H. and Wasserburg G. J.
(1986) GCA, 50, 955-968 [2] Jagoutz E. and Wänke
H. (1986) GCA, 50, 939-953 [3] Nyquist L. E. et al.
(2001) Space Sci. Rev., 96, 105-164. [4] Bogard D. D.
et al. (1979) GCA, 43, 1047-1055 [5] Nyquist L. E. et
al. (1998) JGR, 103, 31445-31455 [6] Hartmann W.
K. and Berma, D.C. (2000) JGR, 105, 15011-15025
[7] Foley C. N. et al. (2005) GCA, 69, 4557-4571.
[8] Bouvier A. et al. (2005) EPSL, 240, 221-233 [9]
Borg L. E. et al. (2005) GCA, 69, 5819-5830 [10]
Nyquist L. E. et al. (2006) LPS XXXVII, Abstract
#1723 [11] Blichert-Toft J. et al. (1999) EPSL, 173,
25-39 [12] Gellert R. et al. (2004) Science, 305, 829832 [13] Zindler A. G. and Jagoutz E. (1987) GCA,
52, 319-333 [14] Wadhwa M. et al. (1994) GCA, 58,
4213-4229 [15] Patterson C. and Tatsumoto M.
(1964) GCA, 28, 1-22 [16] Manhes G. et al. (1980)
EPSL, 47, 370-382 [17] Jagoutz E. et al. (2006) LPS
XXXVII, Abstract #1577 [18] Rao M. N. et al. (1999)
GRL, 26, 3265-3268.
.
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THE PRODUCTION RATE AND DISTRIBUTION OF SECONDARY CRATERS ON MARS. N. G. Barlow, Dept. Physics and Astronomy, Northern Arizona University, Flagstaff, AZ
86011-6010
Nadine.Barlow@nau.edu.
Introduction: The contribution of secondaries to
the cratering record and their effects on the resulting
surface age estimates is an area of considerable debate
at the present time [1-3]. Two related questions arise
from this debate: (1) Is secondary crater production
the same on the Moon and other bodies, and (2) how
does terrain affect the production of secondary craters?
If secondary crater production is statistically identical
on the Moon and other bodies, then extrapolation of
the lunar crater chronology curve, even at small crater
diameters, will provide accurate age estimates. But if
they are different, large variations in age estimates will
occur since the lunar information will not be directly
applicable to the other bodies. Similarly, if the rate of
secondary crater production varies with terrain, a single lunar chronology curve will not provide accurate
age estimates for all terrains. The study reported here
addresses these two questions specifically for Martian
impact craters.
Secondary Crater Production Rate: While distant secondaries can be difficult to distinguish from
small primary craters [4], secondary crater chains close
to the primary crater can be easily identified by their
clustering, radial distribution from the crater, elongated planform, and shallow depth/diameter ratios [5].
The material forming secondary craters originates from
the spallation zone during the early stages of primary
crater formation [5], prior to the creation of any layered ejecta blanket as indicated by the lack of primary
crater-derived secondaries superposed on the layered
ejecta blanket. We assume that the amount of material
producing distant secondaries is proportional to the
amount forming the secondary crater chains immediately adjacent to the primary crater. Thus, we can estimate whether distant secondary production on Mars
is greater than, less than, or equal to the distant secondary crater production rate on the Moon by analyzing
the size-frequency distributions of the nearby secondary crater chains.
We utilized Mars Global Surveyor (MGS) Mars
Orbiter Camera (MOC) and Mars Odyssey Thermal
Emission Imaging System (THEMIS) high-resolution
imagery to identify martian impact craters with obvious secondary crater chains. We identified 6 craters
with secondary crater chains on surfaces interpreted to
consist of lava flows and 6 craters on heavily cratered
uplands units. We measured the diameters of all secondary craters around each primary crater out to a distance of 6 crater radii. We binned the information into

√2 diameter bins and computed relative crater sizefrequency distribution curves for the secondaries
around each primary crater from the data [6].
We then estimated the approximate energy of the
impact creating the primary crater using the relationship between crater diameter and impact energy (equation 7.8.4 in [5]), assuming a projectile density of 2500
kg m-3, a target density of 3000 kg m-3 for the lava
flows and 2000 kg m-3 for heavily cratered uplands,
and impact angle of 45°. We used an average impact
velocity of 9.6 km s-1, typical of asteroid impacts on
Mars. After determining the approximate impact energy for each of the 12 craters on Mars, we estimated
the crater diameter that a similar energy impact would
create on the Moon (assuming an average impact velocity of 16.1 km s-1). Lunar craters of these sizes
which displayed secondary crater chains were identified using Lunar Orbiter and Clementine imagery. We
measured the diameters of those secondary craters,
computed the crater size-frequency distribution curves,
and compared the results to the corresponding Martian
crater.
An example of our resulting plots is shown in Figure 1. In all cases, the size-frequency distribution
curve of the Martian secondary craters was statistically
higher than the lunar secondary crater curve by about a
factor of two. This implies that the secondary crater
production rate on Mars is approximately twice as high
as it is on the Moon. Thus, extrapolation of the lunar
crater chronology curve to Mars for small craters must
take into consideration that the secondary crater production rate does not appear to be the same on the two
bodies.
Terrain Effects on Secondary Crater Production: Secondary crater chains typically extend radially
outward from the primary crater in a non-uniform pattern. This can result in two regions of the same geologic unit having quite different crater densities. In the
course of our study on the production rate of secondary craters (see above section), we noticed that craters
displaying secondary crater chains varied in diameter
in a consistent manner as a function of terrain. Craters
on young, Amazonian-aged units showed secondary
crater chains when the primary crater was as small as
10-km-diameter, but craters on Hesperian-aged units
had to be at least 19 km in diameter before showing
secondaries. Craters on heavily cratered (Noachian)
surfaces did not show secondary craters below a di-
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References: [1] Neukum G. et al. (2004), Nature, 432,
971-979. [2] Hartmann, W. K. (2005), Icarus, 174, 294-320.
[3] McEwen A. S. and Bierhaus E. B. (2006,) Annual Rev.
Earth Planet. Sci, 34. [4] McEwen A. S. et al. (2005),
Icarus, 176, 351-381. [5] Melosh H. J. (1989), Impact Cratering: A Geologic Process, Oxford Univ. Press, 245 pp. [6]
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ameter of ~45 km. All of these craters with secondary
crater chains are young based on morphologic indicators, thus the variation in secondary occurrance with
crater size must be a function of the terrain (Figure 2).
This dependence of secondary crater production
with crater size as a function of terrain age likely results from variations in regolith thickness. As noted
previously, the high-speed material forming secondary
craters comes from the thin spallation zone near the
surface—the thickness of this zone scales as ½ of the
projectile diameter close to the primary crater and thins
out with increasing distance [5]. The ejected material
remains coherent enough to strike the surface with
enough energy to produce secondary craters only when
the spallation zone contains bedrock or large rocks.
Martian regolith is produced by a variety of geologic processes but ejecta from impact craters is a major contributor. Since cratering rates (as well as rates
of other geologic processes) were higher in the past,
older surfaces have thicker regolith than younger areas. The thick regolith in heavily cratered regions also
likely contains substantial amounts of interstitial ice
from previous wetter episodes in the planet’s history.
This thick, ice-rich regolith is structurally weak and
thus the spallation zone associated with smaller craters
cannot extend through this weak zone to the stronger
bedrock underlying the regolith. Only craters >~45
km can reach the coherent underlying bedrock and
produce secondary craters. Younger terrains, however, have very little regolith, allowing the spallation
zone of smaller craters to easily access the coherent
layer. These results may help to explain why most of
the martian meteorites have young formation ages [7].
Conclusions: The results of this study suggest that
secondary crater production rates are higher on Mars
than on the Moon, and thus determination of surface
ages based on extrapolation of the lunar age-crater
density curves must be used with caution for small
crater analysis. The production of secondary craters is
also affected by terrain age, with smaller craters able
to produce secondary craters on younger surfaces than
on older geologic units. These results provide additional arguments as to why surface age estimates based
on small crater statistics need to be viewed with caution.
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Figure 1: Comparison of the crater size-frequency distribution curves of secondary craters surrounding an unnamed
Martian crater located at 23°N 207°E and the lunar crater
Lambert. The higher position of the Martian secondary crater curve indicates it has a higher crater density.

Figure 2: Examples of similar-sized craters on young plains
and heavily cratered highlands units. (a) This 28-kmdiameter fresh crater on young Amazonian-aged units
(23.2°N 207.8°E) displays secondary crater chains beyond
its layered ejecta blanket (THEMIS I01990002). (b) This
25-km-diameter fresh crater on Noachian-aged terrain (5.1°S
53.0°W) does not show obvious secondary craters beyond
the distal edge of its layered ejecta blanket (THEMIS
I01446006)
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Crater Signal-to-Noise: Extracting Europa’s Small Primary Crater Population, and What That Means for
the Outer Solar System Small Projectile Population.
E.B. Bierhaus1, 1Lockheed Martin (edward.b.bierhaus@lmco.com).
Summary: Removing the extensive secondary
crater population from measurements of Europa’s
small craters provides an estimate of the sizefrequency distribution (SFD) of the small primary crater population, which reflects the SFD of the small
body flux through the Jovian system. A non-linear,
least-squares power-law fit to the spatially random
small crater population estimates b≤2, where b is the
power-law index for the differential distribution
dN=kD-bdD (dN is the number of craters within the
size range of D to D+dD). The exact value is not well
constrained due to scatter in the data. This number is
markedly more shallow than the known and estimated
SFD for asteroid small bodies [1], which are the dominant impactors in the inner solar system. This supports
dynamical arguments that the impacting populations
between the inner- and outer solar system are fundamentally different populations, and constrains the SFD
of the small body projectiles in the outer solar system.
Introduction: Impact craters are proxies for surface age, but the correlation between crater density and
age can be confused by other processes, including secondary craters (small craters formed by the ejecta
launched from a primary impact). Analysis of Europa’s small crater population demonstrates that at
least 95% [2] are secondaries. To truly understand the
small primary crater SFD, and the corresponding projectile SFD, one must remove the contribution of secondaries to the crater SFD.
One can also address the “forward” problem of determining the impact flux by directly observing (via
ground- or orbital-based platforms) the projectile
population. However, the combination of small sizes,
dark objects, and large distances means that directly
observing sub-km scale objects in the outer solar system is currently not feasible, so our best means to infer
the small projectile population is to examine the craters
they make on outer solar system objects.
Voyager images of jovian and saturnian satellites
revealed crater populations that are similar in spirit to
those in the inner solar system [3], which led to speculation that the same impacting population (e.g. asteroids) formed craters throughout the solar system [4].
However, the development of new dynamical models
[5,6] and image data from Galileo suggest that the impact populations are, in fact, different between the inner- and outer-solar system.
The data presented here attempt to extract the small
the primary crater population from the “noisy” Europa

data, and estimate the corresponding SFD of the impacting flux.
Maximum Secondary Diameter: The youthful
average age and sparse large crater population on Europa make it easy to set a relatively robust threshold
diameter above which all craters are primaries. The
largest primary crater generates the largest secondary,
which will appear in the near-field surrounding the
primary. Tyre is the largest primary crater (~44 km)
on Europa; Tyre's largest near-field secondary is 2.75
km. All craters larger than this, and not part of an adjacent secondary field of an as-yet-unexamined primary crater, are primaries. This might be an overestimate; Figure 1 shows that the maximum secondary
diameter decreases with increasing distance from the
parent primary. The most distant near-field secondary
crater visible in the E14TYREHR01 mosaic is 1.23 km
diameter, which appears 14.3 Tyre radii away (315
km) from the impact center (Figure 1). To be conservative, I assume that all craters > 1.5 km diameter are
primary.

Figure 1: As the largest primary crater on Europa,
Tyre generates the largest secondaries. This plot
shows the diameters of the near-field Tyre secondaries. Because of the fall-off in size as a function of
range, the max diameter for distant secondaries is
likely < 1.5 km, meaning any crater greater than
this size is a primary.
Poltorary Secondaries: There is a growing understanding that numerous distant secondaries and
planetary meteorites (e.g. chunks of Mars and the
Moon landing on Earth) imply that large impacts eject
mass to speeds greater than escape velocity. In multibody systems, e.g. the Galilean satellites in orbit
around Jupiter, the ejected material may become dynamically involved with the system. Research into
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ejecta that escapes from Ganymede [7] shows that
most of the ejecta re-impacts Ganymede after a time of
days to thousands of years, but some material makes
its way to other objects in the system; notably, 10% of
the model ejecta from Ganymede hit Europa. Thus
ejecta from large craters on Ganymede and Callisto
may be responsible for some (small) percentage of the
small craters.
Because Europa’s average age is so young (of order 60 Myr [4]), only the most recent large impacts on
Callisto and Ganymede could contribute to small craters on Europa. Although the relative contribution is
not known, it is likely low relative to the secondaries
formed via ballistic fallback of ejecta from Europa’s
primary craters. Nevertheless, the poltrary secondaries
are another contributor to the non-primary, spatially
random small craters.
Europa’s primary craters: Measurements of
large primary craters [8, and data here] show that b~2
for diameters larger than a few km. Estimating the
small primary craters requires removing the severe
contamination from secondaries. As such, I’ve currently only been able to set upper bounds on the possible SFD for the small primary craters.

Figure 2: R-plot of Europa craters, including spatially random small craters. The spatially random
craters demonstrate a markedly different shape
than the other data, and thus likely still contain
significant contamination from secondaries. Thus
they represent an upper-limit on the small primary
SFD.

15

Figure 2 shows the definitive and possible primary
crater population on Europa. There is considerable
scatter at diameters below a few km. The E15 data
suffer contamination from a primary just to the west of
the mosaic. Analysis of the spatially random data from
the high-res mosaics shows that b for the spatially random data mimic the b-value for the highly clustered
craters (e.g secondaries) of the same mosaic. The failure of b to converge to a consistent value (the data
shown in Figure 2 are the combined data for the spatially random measurements) suggests that even the
spatially random data contain numerous secondaries.
Other scatter in the 1-2 km range may result from differences in relative surface age between the regions
measured. The E19and I25 data represent a “resolution bridge” between the regional-res and high-res
mosaics, and thus serve as a useful gauge of the primary crater SFD. Those data demonstrate a slope
comparable to, or perhaps even more shallow than, the
larger craters.
“Splitting the difference” between the unclustered
small craters and small craters seen in the E19/I25 data
suggests that the b of the small primary craters could
be ~3; this is an upper limit. Given significant contamination by secondaries (both Europan and poltorary), and estimating using the E19/I25 data, b ≤ 2.
References: [1] Bottke et al. (2005) Icarus, 179,
63–94. [2] Bierhaus et al. (2005) Nature, 437, 11251127. [3] Neukum et al. (2005) LPSC XXXVI, abstract
no. 2034. [4] Plescia et al. (1982) Nature, 295, 285290. [5] Levison et al. (2000) Icarus, 143, 415–420.
[6] Zahnle et al. (2003) Icarus, 163, 263-289. [7] Alvarellos et al. (2002) Icarus, 160, 108-123. [8] Schenk
et al. (2004). In Jupiter, Bagenal, Dowling, McKinnon
eds, 427-456.
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Bombardment History of the Moon: What We Think We Know and What We Don’t Know
Donald Bogard, ARES-KR, NASA-JSC, Houston, TX 77058 (donald.d.bogard@nasa.gov)
Summary. The absolute impact history of
the moon and inner solar system can in principle
be derived from the statistics of radiometric ages
of shock-heated planetary samples (lunar or
meteoritic), from the formation ages of specific
impact craters on the moon or Earth; and from
age-dating samples representing geologic surface
units on the moon (or Mars) for which crater
densities have been determined. This impact
history, however, is still poorly defined.
The heavily cratered surface of the moon is a
testimony to the importance of impact events in
the evolution of terrestrial planets and satellites.
Lunar impacts range in scale from an early
intense flux of large objects that defined the
surface geology of the moon, down to recent,
smaller impacts that continually generate and
rework the lunar regolith. Densities of larger
craters on lunar surface units of dated age define
a projectile flux over time that serves as the basis
for estimating surface ages on other solid bodies,
particularly Mars. The lunar cratering history
may address aspects of Earth’s evolution, such as
the possible role of early intense impacts on the
atmosphere and early life and possible periodicity
in large impact events in the more recent past.
But, much about the lunar impact history remains
unknown..
On Earth approximately 172 impact craters
up to ~300 km in diameter and up to ~2 Gyr in
age are recognized (1). Although these data
suggest greater relative numbers of younger
craters, possibly suggesting a recent increase in
projectile flux, both the diameters and especially
the ages of most terrestrial crates are so poorly
known that the differential terrestrial impact flux
over time is uncertain.
For the moon, densities of craters on some
mare surfaces and crater ejecta deposits, for
which we have measured or estimated formation
ages, suggest an approximately constant lunar
impact rate of larger projectiles over the past ~3.5
Gyr. However, the data are cumulative in nature
and limited. Questions exist as to how accurately
dated samples correlate with surfaces having
measured crater densities. Studies of ages of
many tiny impact-melt beads from Apollos 12

and 14 soils show a decrease in the number of
beads with age from ~4 Gyr ago to ~0.4 Gyr ago,
followed by a significant increase in beads with
age <0.4 Gyr (2). These authors concluded that
the projectile flux had decreased over time,
followed by a significant flux increase more
recently. However, this data set has also been
interpreted to represent variable rates of impact
melt production as a function of regolith maturity
(3). In another study, measured ages of 21 small
impact melt clasts in four lunar meteorites from
the lunar highlands suggested four to six impact
events over the period ~2.5-4.0 Gyr ago (4).
Clearly considerable uncertainty exists in the
projectile flux over the past ~3.5 Gyr and whether
this flux has been approximately constant or
exhibited appreciable shorter-term variations.
A few dated lunar surfaces older than 3.5 Gyr
imply a much higher impactor flux in the earliest
lunar history, although we have no direct data
prior to ~4 Gyr ago. Dating of returned lunar
samples have yielded approximate formation ages
of a few major lunar basins, e.g., Imbrium at
~3.85 Gyr and Serenitatis at ~3.87 Gyr. These
ages and three additional observations support the
idea of a period ~3.8-4.0 Gyr ago when the
projectile flux was much higher than either before
or after this time. These are: 1) the observation
that radiometric ages of many lunar highland
rocks were reset in the time period of ~3.8-4.1
Gyr ago; 2) the argument that the mass accreted
to the moon by basin-forming projectiles ~3.8-4.0
Gyr ago was too large to extrapolate back into
earlier lunar history; and 3) the observation that
eucrite meteorites, thought to derive from the
~550 km diameter asteroid, Vesta, show a
distribution of K-Ar ages that resembles the
distribution of ages of lunar highland rocks. This
proposed period of enhanced flux has been called
the impact cataclysm or sometimes the heavy late
bombardment (5, 6). On the other hand, some
workers have argued that this period of a higher
impact rate was the tail end of a much higher
projectile flux remaining from lunar formation,
which continually reset the ages of lunar highland
rocks over the period of ~4.4-3.9 Gyr ago (7).
These two impact models represent end-member
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concepts of the projectile flux in the first ~0.8
Gyr of lunar history, and as the time period of an
enhanced cataclysm flux becomes longer, the two
models tend to merge. Thus, dating the formation
ages of the oldest lunar basins and large farside
craters, i.e. knowledge of the impact rate in the
period 3.9-4.4 Gyr ago, is key to understanding
the early bombardment history.
The moon is not the only planetary body to
yield data relevant to the early projectile flux in
the solar system. Basaltic eucritic meteorites are
thought to derive from the large (~550 km)
asteroid Vesta. Most eucrites are breccias formed
and heated by impact and give Ar-Ar ages
ranging over ~3.5-4.1 Gyr (8). Thus the inferred
impact history of Vesta appears to be consistent
with the lunar chronological data. The eucrite
data indicate that an enhanced “cataclysmic”
bombardment was not limited to orbital distances
near the Earth-moon system, but was longer in
time than suggested by the lunar data. Among
eucrites, the general lack of reset Ar-Ar ages in
the time period of 4.1-4.4 Gyr and the existence
of older ages by other radiometric techniques
suggests that the projectile flux at Vesta in this
time period was relatively low, possibly
inconsistent with the Hartmann (7) flux model.
The source and compositions of the early
projectiles remain largely unknown.
This
ignorance extrapolates to early Mars and the
Earth, not only for the effects of impactors on
crustal characteristics, but also on atmospheric
evolution and possibly early life. Were these
objects residues from feeding zones during planet
formation, possibly implying significant spatial
variations? Were impactors scattered objects
from the asteroid belt, implying affinities with
meteorites? Were they Kuiper belt objects,
scattered as the orbits of the outer planets
migrated, thus suggesting that they may have
been volatile rich and contributed significantly to
volatiles on Earth and Mars?
Improving our knowledge of the projectile
flux over time requires additional data of three
types.
One is examining the statistics of
radiometric ages of individual planetary samples
(lunar or meteoritic) that have been significantly
heated by impacts; a second is dating the
formation time of specific impact craters on the
moon or Earth; and the third is age-dating
samples from surfaces on the moon (or Mars) for
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which crater densities have been determined. In
addition, there is the uncertainty of possible
spatial differences in projectile fluxes among
planetary bodies. For the early lunar period
determining the impact history is even more
difficult because surface crater densities are often
saturated, craters are degraded, and ejecta from
such impacts has been heavily reworked,
disturbing the chronology.
Important new
information about the early flux could be gained
by dating specific large basins such as South
Pole-Aitken, the largest and oldest on the moon,
and large craters from the far-side northern
highlands, which represents the oldest crust least
affected by large near-side basins. Correlating
rock ages with chemical type may also be
informative. Acquiring the optimum samples for
dating is key, but will not be easy.
Possible shorter-term variations in projectile
flux over time could be addressed by determining
formation times of many (e.g., ~100) lunar craters
of small to intermediate size with ages ≤1 Gyr.
Such age determinations can be made by
radiometric dating of strongly heated or melted
ejecta or by determination of near-surface
exposure times to cosmic rays, but both methods
probably require sample return to Earth. Both
methods also require that we definitely associate
rocks with a specific crater, which will require
that each crater be examined in some detail, either
robotically or by humans.
References:
(1) www.unb.ca/passc/Impact
Database; (2) Culler T. et al.(2000) Science 287,
1785; Levine J. et al. (2005) GRL 32, L15201; (3)
Horz F. (2000) Science 288, 2095a; (4) Cohen B.
et al. (2005) MAPS 40, 755; (5) Tera F. et al.,
(1974) EPSL 22, 1; (6) Ryder G. (2002) JGR
107#E4, 1583; (7) Hartmann W. (2003) MAPS
38, 579; (8) Bogard D. (1995) MAPS 30, 244.
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THE ASTEROID AND COMET IMPACT FLUX IN THE TERRESTRIAL PLANET REGION: A BRIEF
HISTORY OF THE LAST 4.6 GY. W. F. Bottke1 & A. Morbidelli2. 1Southwest Research Institute, 1050 Walnut
St, Suite 400, Boulder, CO 80302, USA (bottke@boulder.swri.edu). 2Obs. de la Côte d'Azur, B.P. 4229, 06034 Nice
Cedex 4, France
Introduction. Asteroids and comets have been
bombarding the terrestrial planets since they formed
almost 4.6 Ga. The impact flux over Solar System
history, however, has seen considerable variation and is
directly tied to the events that drove the planets to their
current orbital configuration. To make sense of this
history, we have divided the impact history of the
terrestrial planet region into 3 broad stages: (i) the postplanet formation era (4.6-4.0 Ga), the late heavy
bombardment (LHB) era (4.0-3.8 Ga), and (iii) the
current era (3.8 Ga-today). Each is discussed below.
Stage 1. The post-planet formation era (4.6-4.0 Ga).
We assume this stage starts after the Moon-forming
impact (i.e., ~30 My after the formation of the first
solids). Little is known about the impact flux that
occurred during this time in Solar System history.
Existing planetary formation models, while providing
many useful insights, have yet to reproduce the orbital
distribution of the planets [e.g., 1]. These ambiguities
have led to two plausible impact scenarios for this era:
(a) a large swarm of planetesimals survived planet
formation and proceeded to steadily pummel the
terrestrial planets for 500-600 My; the heavily-cratered
lunar highlands were presumably produced by these
putative impactors, and (b) few planetesimals survived
accretion, such the impact flux on the terrestrial planets
was limited for 500-600 My (e.g., [2]). Note that nearly
all current crater-age chronologies assume scenario (a) is
valid [3]. Using numerical simulations, we find that the
post-accretion planetesimal population decays too
rapidly to explain the formation of the lunar basins (e.g.,
at least 12 lunar impactors with masses 2 1019g and 2
with masses 21019g; [4]) over a timespan of 80-300 My
near 4.1-3.8 Ga (Fig. 1). These results, when combined
with evidence of limited impacts during this epoch from
terrestrial zircons [5], imply that the terrestrial impact
flux during this stage was surprisingly low.
Stage 2. The LHB era (4.0-3.8 Ga). Recent numerical
modeling work of the primordial evolution of the Solar
System supports the view that the LHB is an impact
spike [6, 7]. According to [6], the giant planets initially
had orbits that were circular and much closer to each
other (5 < a < 15 AU). In particular, the ratio of orbital
periods of Saturn and Jupiter was smaller than 2, while it
is almost 2.5 at present. This crowded region was
surrounded by a massive disk of planetesimals of about
35 Earth masses; this was the forerunner of the current
Kuiper belt and scattered disk. Dynamical interactions of
the planets with this disk caused a slow increase of the

Fig. 1. The number of lunar impacts per My produced by a postplanet formation population (PPP). Lunar constraints indicate
two D > 80 km basin-forming impactors either struck between
4.21-3.82 Ga or 3.90-3.82 Ga. For the PPP to produce these
impactors, it would need to have at least 1-10 Earth masses of
material, exceeding Solar Nebula estimates

orbital separation of planets. After 500-600 My, the ratio
of orbital periods of Saturn and Jupiter became exactly
equal to 2. This orbital resonance excited the
eccentricities of these two planets which, in turn,
destabilized the planetary system as a whole. The
planetary orbits became chaotic and started to approach
each other, which produced a short phase of encounters.
Consequently, Uranus and Neptune were scattered
outward into the disk, which destabilized it and abruptly
increased the migration rates of the planets.
During this fast migration phase, the eccentricities and
inclinations of the planets decreased via dynamical
friction exerted by the planetesimals, allowing the
planetary system to stabilize on their current orbits. At
the same time, a huge flux of planetesimals reached the
orbits or the terrestrial planets, from both the asteroid
belt and the original trans-Neptunian disk [7].
Simulations show that  1022g of planetesimals hit the
Moon during a ~100-200 My interval. This "terminal
bombardment" is consistent with the magnitude and
duration of the LHB inferred from lunar craters [4, 7].
Interestingly, this model is consistent with additional
lunar crater studies that argued that (i) asteroids
dominated the LHB, (ii) asteroids were ejected from the
asteroid belt by a size-independent process (presumably
a resonance sweeping due to the migration of Jupiter and
Saturn) and (iii) the total asteroid mass was insufficient
to cause such a migration [8]. Moreover, the wave-like
shape of the main belt size distribution at this time [9]
matches the shape of the crater size distribution found on
the lunar highlands.
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Stage 3. The current era (3.8 Ga-today). The impact
flux on the terrestrial planets over the last several Gy has
been dominated by asteroids driven out of the main belt
through a combination of collisions, non- gravitational
(Yarkovsky) thermal drift forces, and resonances (e.g.,
[10]). These bodies provide more than 90% of the nearEarth object (NEO) and Mars-crossing asteroid
populations located at a < 7.4 AU [11]. The rest come
from Jupiter-family comets, who likely account for less
than 10% of the remaining population. Long-period and
Halley-type comets were not explicitly accounted for by
[11], but we estimate their contribution to the impact
flux to be 4-5% of the total crater rate on Earth (which
may increase by a factor of ~3 during putative comet
showers).
Evidence from the lunar and terrestrial crater record
suggests that the impact flux from this population has
been relatively constant (within a factor of 2) from 0.50.8 to 3 Ga [e.g., 12]. This result is readily explained
using asteroid collisional evolution and delivery models
[9]; they show that the main belt population has reached
a quasi-steady state, with collisional breakup events both
eliminating existing bodies and producing new
fragments. The asteroids reaching the planet-crossing
region are the end-products of a collisional cascade.
This explains why the NEO size distribution is a near
reflection of the main belt's wavy-shaped size
distribution (Fig. 2; see also [13]). Short-term deviations
in this population may be caused by stochastic break up
events. It is plausible that the formation of the Flora
family 500 My ago [14] increased the NEO flux by a
factor of 2 or so.
So far, little evidence has been found in main belt and
planet-crossing asteroid observational/modeling work
for a population of bodies capable of explaining the
steep size distribution of sub-km craters observed on the
Moon and Mars (e.g., differential power law index -4.8)
[15]. For example, as described by [16], crater saturation
models used to analyze the crater histories of Gaspra,
Ida, Mathilde, and Eros yield results that are most
consistent with a time-averaged population that has
differential power law indices of qa = -3.5 for D < 0.2
km and qb = -2.6 for 0.2 km < D < several km (Fig. 2).
Based on this, we believe the most plausible explanation
for these craters is that they are secondary impacts
generated by ejecta from large craters.
Using a debiased model of the orbit, size and spectral
type distribution of the NEO and Mars-crossing asteroid
populations [11, 17], we estimated the impact flux on
each terrestrial planet. Note that our NEO orbit and size
distribution was calibrated using NEO observations of
the Spacewatch and LINEAR surveys. Our model
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Fig. 2. The present-day main belt and NEA populations based
on our model runs (solid lines). The shape of the NEA
population is a reflection of the main belt, where Yarkovsky
thermal drag causes D < 40 km asteroids to drift into
resonances that in turn deliver them to the NEA population.

predicts the collision of an NEO with absolute
magnitude H < 18 with the Earth every 0.51 My, with a
mean weighted impact velocity of 20.2 km/s. For
comparison, the corresponding impact intervals and
velocities are: 3.24 My and 42.2 km/s for Mercury, 0.51
My and 24.8 km/s for Venus and 1.1 My and 9.94 km/s
for Mars. We can use these values to compute the
frequency of collisions as a function of impact energy on
the terrestrial planets. When convolved with standard
crater formation scaling laws [18], our model predicts
the formation of ~310-14 craters of 4 km in diameter per
square kilometer per year on the Moon. This figure
compares well with the estimate obtained from crater
counting on lunar terrains with known ages.
References: [1] Petit, J. M. et al. (2001) Icarus 153, 338;
[2] Hartmann, W.K. et al. (2000) Origin of Earth &
Moon (U. Arizona Press), 493. [3] Neukum, G. &
Ivanov, B.A. (1994) Hazards from Comets & Asteroids
(U. Arizona. Press), 359; [4] Levison, H. et al. (2001)
Icarus 151, 286. [5] Trail, D. et al. (2006) LPSC 37,
2139. [6] Tsiganis, K. et al. (2005) Nature 435, 459. [7]
Gomes, R. et al. (2005) Nature 435, 466. [8] Strom, R. et
al. (2005) Science 309, 1847. [9] Bottke, W.F. et al.
(2005) Icarus 179, 63; [10] Bottke, W.F. et al. (2006)
Ann Rev. Earth Planet. Sci., in press; [11] Bottke et al.
(2002), Icarus 156, 399. [12] McEwen et al. (1997) JGR
102, 9231; [13] Brown, P. et al. (2002) Nature 420, 294;
[14] Nesvorny, D. et al. (2002) Icarus 157, 155; [15]
Ivanov, B.A. Asteroids III (U. Arizona. Press), 89; [16]
Bottke, W. F. et al. (2006) LPSC 37, 1349. [17]
Morbidelli, A. et al. (2002) Icarus 158, 139. [18]
Melosh, J. (1989) Impact Cratering: A Geologic Process
(Oxford Press.).
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THE ROLE OF GIANT PLANET’S LUMINOSITY ON SATELLITES’ SURFACE EVOLUTION. J. C. Castillo1, D. L. Matson1, J. Fortney2, and T. V. Johnson1, 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove Drive, 91109 Pasadena, CA, USA (Julie.C.Castillo@Jpl.Nasa.Gov), 2NASA Ames Research
Center, Planetary Systems Branch, M/S 245-3, Moffett Field, CA 94035.
Introduction: We investigate the effect of giant
planet’s luminosity on the subsurface evolution of its
satellites. We focus on some Saturnian medium-sized
satellites that are characterized by the absence of longterm heat sources likely to play a significant role in
endogenic activity.
Approach: In the early history Saturn’s luminosity
determines the surface temperatures of the satellites.
This has consequences on properties of the mechanical
lithosphere, with implications for geological activity
and crater relaxation. This can also have consequences
for the onset of convection. The surface temperature
increase results in an inverted temperature profile that
is not conducive to convection. Parameters involved in
the modeling are: Saturn’s luminosity (see [1]), the
initial temperature of the satellites, the time of residence of the satellites in the Saturnian subnebula, the
mode of heat transfer from Saturn to the satellites’
surfaces, the satellites’ albedos, etc. Surface temperatures are expected to decrease linearly as a function of
distance to Saturn. This effect is moderated by the way
heat is transferred from Saturn to the satellites (see [2]
for a review).
We argue that there should be a link between a
satellite’s distance to its planet and its surface age.
Satellites closer to their planets should be more affected by luminosity variations which affect geological
features. The influence of Saturn’s luminosity can be
important for the inner satellites out to and including
Tethys, and become negligible for more distant satellites. Thus, Iapetus, the farthest regular satellite of Saturn, should be the least affected by Saturn’s luminosity
variations.
At the opposite extreme, Mimas being very close
to Saturn, should show some expression of Saturn’s
luminosity (after dissipation of the subnebula, while
the planet’s luminosity is high). The only constraint
available for Mimas’ early surface temperatures is that
they must be less than the ice sublimation temperature,
i.e., 200 K for the conditions in Saturn’s nebula (see
also [2]). We model Mimas’ thermal evolution for several cases. Mimas is formed and then resides in the
subnebula for 10 My. The subnebula then dissipates
and we consider two maximum surface temperatures:
90 K and 190 K. In the latter case, we assume that
there is a linear decrease of this temperature over a few
hundred million years. The initial porosity profile is
assumed, using laboratory measurements as a guide
[e.g., 3]. For Mimas, a 150-km thick layer with poros-

ity larger than 0.2 is at the surface. We compute the
evolution of porosity as described in [4]. We also consider the presence of absence of short-lived radiogenic
species (SLRS) following the model proposed by [5]
for Iapetus, i.e., a formation time of ~2.5 My after the
formation of Calcium-Aluminum Inclusions. Results
are presented in Figure 1.
The first major difference between the different
cases is the evolution of porosity. Models of Mimas in
which the surface temperature is 90 K keep a thick
high-porosity outer layer over the long run. Models in
which surface temperature reaches 190 K lose most of
their porosity. We note that if the body is made of pure
water, a similar decrease in the porosity occurs if the
surface temperature is larger than 160 K. This threshold temperature can be even less if the ice is rich in
ammonia and other contaminants. While Saturn’s cooling time scale is not well constrained, the time scale
for porosity to decrease, once the temperature gets
above the ice creep temperature is less than one hundred million years.
The other major difference between the cases is the
capacity of the mechanical listhosphere to record and
support geological features over the long run. Depending on whether or not the body is highly porous [6],
and the maximum internal temperature reached inside
the satellite due to radionuclide heating, conditions are
suitable for crater relaxation and even reset of the surface a few hundred years after formation.
Conclusion: We expect to derive constraints on
some of the parameters involved in the modeling, especially Saturn’s luminosity, by comparing crater
morphology, distribution, etc. as a function of distance
to the planet (e.g., as an extreme, Mimas vs. Iapetus).
Different time scales need to be considered for better
characterizing these processes: time scale for endogenic activity to start and become significant, time
of residence in the subnebula, Saturn’s cooling, bombardment history, crater relaxation time-scale, as well
as despinning.
Acknowledgements: This work was carried out by the Jet
Propulsion Laboratory, California Institute of Technology,
under NASA contract.
References: [1] Fortney J. and W. Hubbard (2003) Icarus
164, 228-243. [2] Ellsworth K. and G. Schubert (1983)
Icarus 54, 490-510. [3] Durham et al. (2005) GRL 32,
L18202. [4] Leliwa-Kopystynski J. and K. Kossacki (1995)
PSS 43, 851-861. [5] Castillo J. et al. (2005) BAAS 37,
39.04. [6] Arakawa M. et al. (2002) Icarus 158, 516-531.
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Figure 1. Temperature and porosity evolution models for Mimas. (a,b) Models with no short-lived radiogenic species; (c,
d) Models with short-lived radiogenic species for a formation time of 2.5 My after CAIs. For each category, we consider
two cases for the upper boundary conditions: (a, c) the maximum surface temperature Te = 90 K (assumes that Saturn’s
luminosity is low); (b, d) Te = 190 K (upper bound, slightly lower than ice sublimation temperature). In both cases, the
maximum surface temperature is reached at ~10 My after satellite’s formation, after dissipation of the Saturnian subnebula.
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UTILIZING MARTIAN CRATERS TO DERIVE CHRONOLOGIC INFORMATION. W. K. Hartmann,
Planetary Science Institute, 1700 E. Ft. Lowell Rd., Ste 106, Tucson, AZ 85719-2395 USA, hartmann@psi.edu .
Various criticisms have been aimed at cratering
chronology studies in general, including mine. Many
of the critiques misstate the methods and/or do not
apply to my isochron system. The technique appears
more reliable than many critics imply.
Malin and Edgett [1] stated that “...it is impossible
to date Martian surfaces from impact craters...given the
problems of burial and exhumation,” and that [2] a
Mars with young volcanism “is not the planet we think
we see....” This ignores that the present techniques
not only made a correct pre-Apollo 1965 prediction of
“about 3.6" Gy [3] for typical lunar mare ages, but also
correctly predicted from Mariner 9 data in the 1970s
that widespread areas of Martian lavas are only a few
hundred My old [4,5]. This was confirmed in the
1980s-2000s by basaltic Martian meteorites (MMs)
from all but one of 5 to 9 MM source regions on Mars.
This critique does not suggest any alternative
chronology, nor does it note that the technique can be
used to give rough dates for exhumation or erosion
events, from the numbers of fresh craters on relevant
surfaces [6]. It was for this just reason that, building
on work of Öpik [7], I defined “crater retention ages”
(CREs) in 1966, to distinguish between actual age of
rock unit formation and the survival or retention time
of craters of specified size on such a surface, under the
influences of erosion, exhumation, deposition, etc. [8]
McEwen et al. [9,10], Bierhaus [11], Chapman
[12], and McEwen and Bierhaus [13] (usually in their
first few sentences) have all stated that crater count
methods depend on an assumption that small craters
are primary impact craters, suggesting that any failure
of this assumption destroys the whole method. In firstorder terms this is incorrect as applied to my method
(there are second-order issues, e.g., treatment of impact
velocity, which vary with ratio of secondary/primary
origin). As stated in my lunar papers, “I have
avoided, so far as possible, dividing craters by
supposed modes of origin...” (1967 [14]), and “The
craters smaller than 2.8 km diameter...are probably a
mixture of primary, secondary, and endogenic craters”
(1970 [15]).
During the 1960s Ranger program, I determined
the size-frequency distribution (SFD) of the total mix
of all apparently randomly-scattered impact craters in
lunar maria (excluding obvious clusters of
secondaries). McEwen and Bierhaus [13] describe a
“40-year controversy” during which Shoemaker’s
theory of secondaries was allegedly abandoned by
most workers, who assumed small craters were

primaries. However, precisely because of the concerns
about the numbers and clustering of secondaries, as
stated in my papers, I limited dating procedures to
craters of D ≥2 km [15,16].
When Mars Global
Surveyor pioneered studies of Martian crater SFDs
down to D = 10 m, our first team paper on this subject
[17] (Hartmann et al., including McEwen) stated
“...our procedure is to count all craters but avoid areas
with obvious clusters of small secondary ejecta
craters.” Contrary to repeated assertions, our method
was to count the total of primaries + distant or “field”
secondaries, and is not limited by assuming “primaries
only.”
An example of compounded misinterpretation
comes from [10], where the authors read numbers from
my isochrons and interpret them as primary craters,
then stating that the “HPF” (Hartmann production
function) has a “disparity” of a factor “>2000".
Inconsistent with this comment, they then make a new
estimate of the age of Athabasca Vallis (“between 1.5
and 200 My”) that is virtually identical to that
published three years earlier by Berman and Hartmann
[18], but not referenced (“a few megayears or less” to
“≤200 Myr”). Nonetheless, the statement that our
“production function” “overpredict(s)” primary crater
densities is repeated in [13], in spite of the fact that
our isochrons do not attempt to predict primary crater
densities, and (correctly interpreted) are consistent
with their interpretations.
References [10] and [11] emphasize that since
distant secondaries are statistically clustered in time
and (to lesser extent) space, they can carry no useful
chronologic information. Three lines of evidence are
more positive. First, the statistics cited in [10, Table
3], indicate that after about 10-20 My, a Zunil-sized
crater will broadcast small distant secondaries over
most of Mars; my isochron for 10-20 My, instead of
being off by ~2000, roughly matches their predicted
SFD (which, incidentally, is too steep). Their data
and my data agree that surfaces with virtually no 20-m
craters are probably < few My old, and surfaces
saturated with such craters are probably ≥100 My old
(see Fig. 1).
Second, Malin and Edgett
(www.msss.com) proposed detection of a new small
crater on Mars since the Viking period and calculated a
crater production rate at 25 m ≤ D ≤ 100 m; that rate
matches my isochrons within a factor of about 4 (see
Fig. 1). Third, small, young lava flows [6] and
landslides [19] nearly always show lower small-crater
densities than underlying units, proving that small-
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crater densities do retain chronologic information and
are not dominated by random clustering.
Plescia, in 2005 [20], argued that few if any sites
on Mars show the predicted size distributions or
isochron shapes. However, his comparison was with
my 1999 “first iteration” of the isochrons. My “2004
iteration” [6] shows a much better fit between the
isochron shapes and SFDs on young, pristine plains of
Mars.
In summary, our current isochron system, while
subject to improvement, may be stronger than
portrayed. It has predicted ages that match MM ages;
fits observed SFDs in pristine areas; matches
predictions of the McEwen et al Zunil work; matches
Malin-Edgett production rates for very small craters,
and fits observations on small stratigraphic units such
as landslides.
References: [1] Malin M. C. and Edgett K. S.
(2003) Science, 302, 1931-1934. [2] Malin M C. and
Edgett K. S. (2001) J. Geophys. Res., 106, 23-,42923,570. Hartmann W. K. (1965) Icarus, 4, 157-15. [3]
Hartmann W. K. (1965) Icarus, 4, 157-165. [4]
Hartmann W. K. (1973) J. Geophys. Res., 78, 40964116. [5] Hartmann W. K. (1978) Geophys. Res. Lett.,
5, 450-452. [6] Hartmann W. K. (2005) Icarus, 174,
294-320. [7] Öpik E. J. (1965) Science, 153, 255. [8]
Hartmann W. K. (1966) Icarus, 5, 565-576. [9]
McEwen A. S. et al. (2003) Proc. Lunar Planet. Sci.
Conf., 34, #2040. [10] McEwen A. S. et al. (2005)
Icarus, 176, 351-381. [11] Bierhaus E. B. et al. (2005)
Nature, 437, 1125-1127. [12] Chapman C. R. (2004)
2nd Conf. on Early Mars, #8028. [13] McEwen A. S.
and Bierhaus E. B. (2006) Ann. Rev. Earth Planet. Sci.,
in press. [14] Hartmann W. K. (1967) Comm. Lunar
Planet. Lab., 6, 31-38. [15] Hartmann W. K. (1970)
Icarus, 12, 131-133. [16] Hartmann W. K. et al. (1981)
In Basaltic Volcanism on the Terrestrial Planets, pp.
1050-1127. [17] Hartmann W. K. (1999) Nature, 397,
586-589. [18] Berman D. C. and Hartmann W. K.
(2002) Icarus, 159, 1-17. [19] Quantin C. et al. (2004)
Icarus, 172, 555-572. [20] Plescia J. B. (2005) LPS
XXXVI, #2171.
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Figure 1. Progress in studies of small craters: two new
approaches to understanding accumulation of very
small craters, plotted on my latest ("2004") isochron
iterations [6]. First, the two upper curves show
estimates of the total accumulation of secondaries from
ten Zunil-sized craters over ~10 My (open circles), and
from 100 Zunil-sized craters of ~100 My (solid
circles), all based on data in Table 3 of McEwen et al.
[10]. The inference is that predicted numbers of
secondaries after some tens or 100 My begin to
approach the craters numbers actually observed (see
text), and that small craters do contain chronologic
information. Second, the tick marks in lower left show
the estimate of 20-100 m crater production by Malin
(www.msss.com), distributed into our diameter bins.
Again, the estimate is close to our isochron for 100
years (see text).
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COUNTING AND EXPLORING SMALL-BURIED CRATERS IN THE SAHARA USING RADAR
SOUNDING AND IMAGING RADAR: LESSONS TO BE LEARNED FOR THE MARTIAN CASE. E.
Heggy 1 and P. Paillou2; Lunar and Planetary Institute, Houston, 77058-1113, TX, USA, (heggy@lpi.usraedu).
2
Observatoire de Bordeaux, Floirac, 33270, France.
We report results from a field survey performed on a
recently discovered potential impact field in the southwestern Egyptian desert, using a 270 MHz GroundPenetrating Radar (GPR) and Spot 4 orbital images
(Fig. 1), with the main goal of counting and exploring
small-buried impacts in Mars-analog terrains. This hyperarid region has significant similarities to the Martian
heavily eroded mid-latitude cratered terrains in terms of
crater density, size, and geomorphology. Profiles across
small-buried craters (~20 to 60 m) revealed a coherent
sequence of tilted layers constituting the cratonic infill
resulting from aeolian deposits. In the intercrater areas
the radargram revealed a poorly defined subsurface
stratigraphy and the presence of shallow structural elements associated with potential evidences of the consequences of the shock effects, i.e., faulting, fractures, and
chaotic bedrock. On high resolution orbital images
(~5m/pixel) several crater-free areas was found to contain a significant number of small-buried craters that
have been resolved by the GPR (figure 2). Small buried
craters were found to be a large portion of the total
population of the field impacts. In the light of those
results we discuss the potential analogy with the martian case where small-buried impacts may also be dust
covered but can be resolved similarly from radar observation on ongoing and future radar experiments on
Mars.

chaotic materials that may dominate the Martian shallow subsurface in the first tens of meters, even in areas
originally assumed to be crater-free and favorable for
shallow probing. We hypothesize that such layers may
significantly impact the ability of subsurface geophysical methods as GPR to penetrate the subsurface and
distinguish the potential presence of deeper stratigraphy.

Introduction: Mars exhibits heavily cratered terrains in its southern hemisphere and potentially buried
craters in its northern hemisphere, Its shallow subsurface is therefore likely fractured and brecciated, and
heterogeneities caused by the impacts are more probably still present. Such context is very challenging for
both deep and shallow radar sounding as volume and
multiple scattering could dominate the attenuation in the
backscattered signal [1]. While the resolution of Mars
Orbital Camera (MOC) images and Mars Orbiter Laser
Altimeter (MOLA) data permits the identification of
larger craters and hence estimation of the potential radar
clutter [2], a significant number of smaller craters,
likely to be covered by the Martian superficial dust
layer, may remain below the detection capability of the
ongoing missions. Furthermore, high densities of small
kilometer-sized craters are likely to cover a large portion of the Martian surface [3]. Such crater population
may be associated with consistent heterogeneities and
fractures to a depth and horizontal extent on the order of
the craters diameters, producing a layer of fractured and

(GKCF), recently discovered in the southwestern Egyptian desert

Fig 1: Spot 4 image (~15x15 km) of the Gilf Kebir Crater Field
(from: Heggy and Paillou, 2006).

In the other hand if scattering losses can be
constrained from the on going radar experiments on
Mars this can provide a new insight to estimate the
population of small-buried impacts on significant portions of the Northern planes where the surface is considered to be relatively smooth at the MARSIS and
SHARAD wavelengths and hence scattering will be
mainly related to subsurface heterogeneities that can be
partially correlated to small impacts.
In order to address those issues, field studies are essential. The Gilf Kebir Crater Field (GKCF, in figure
1), recently discovered in the southwestern Egyptian
desert [4], provides an optimal analog site to study the
contrast between the numbers of observed and buried
impacts in arid terrains with extensive Aeolian deposits,
such is the case for Mars. The site is hyperarid with no
measurable annual precipitation, no vegetation cover,
and no significant presence of brines or clays represent-
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ing optimal conditions for conducting radar-sounding
experiments.
GPR Survey Setup and Results: Radar soundings
were performed using pulse repetition GPR. The system
was operated with a monostatic shielded antenna configuration with a central frequency of 270 MHz and a 3
dB frequency band from ~ 220 to 320 MHz. This frequency band was selected in order to provide the best
compromise between penetration depth and vertical
resolution. We profiled four small-buried craters (fig
2a) where we crossed the investigated structures in orthogonal directions in 30-meters-long profiles. The survey also covered an intercrater area with 900-m-long
profiles in order to evaluate the horizontal extension of
subsurface fractures and Grady-Kipp fragments away
from the craters. Our profiles (fig. 2b) confirmed the
morphology of small-buried craters partially outcropping at the surface, as shown in Figure 3a.

Fig.2: (a) Small-buried crater in GKCF, (b) 270 MHz profile
across the buried crater, (c) interpreted model of a simple crater.

On the 30-m-long radar transect crossing the
GKCF28 crater (fig. 2a); we can clearly distinguish the
crater curvature, with its nearly flat bottom (due to the
presence of breccias) being located 4 m deep (fig 2b),
about one-tenth its diameter. This typical ratio has been
observed on all four of the small craters covered by the
GPR study. Figure 2b shows layered deposits (in yellow) in the crater filling. They are horizontal on the left,
progressively being tilted to the right, due to deposition
of the aeolian material in the downwind direction. A
predominant feature on the radargram near the bottom
of the crater is the fractured and brecciated bedrock that
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diffuses and scatters the radar signal, giving rise to the
purple hyperbolic-like forms observed at 6 m depth.
The sounded structures match closely the geomorphology of a simple crater as shown in Figure 1c. All four
GPR profiles obtained for the buried craters revealed
the same subsurface morphology: a perturbed hemispherical structure buried under sediments. Figure 1c
presents the interpretation of the crater structure inferred from the GPR data. In the flat intercrater area, the
900-m-long profile showed shallow structural elements
associated with potential evidences of the consequences
of the shock effects in the bedrock, i.e., faulting, fractures, and chaotic bedrock. While orbital and field observations in the intercrater area showed a very smooth
surface, radargrams showed that there was a significant
lack of stratigraphy in the first 10 m of the subsurface
over the entire study area.
Implications for counting and exploring craters
on Mars: Our results suggest two major implications:
The first is the ability of GPR and orbital radar to identify small-buried craters, as they play a fundamental
role in dating surfaces and determining the environmental and chronological evolution of Mars [5]. The
270 MHz GPR successfully probed the structural elements for the buried craters to a depth of more than 10
m and allowed resolving of the layering sequence constituting the crater filling. Both tasks can be easily
achieved from a rover-mounted GPR. Therefore the
lithology of the deposits that fill the craters can provide
information about the climatic evolution of the study
area. Tilted layering in the fill could be interpreted, as
aeolian sediments while parallel layers, if observed, can
be associated with a fluvial filling process. Such sedimentation is already observed in high-resolution MOC
images in several mid-latitude Martian craters as previously mentioned for the impact crater (located at 0.9°S,
346.2°W) in the northwestern Schiaparelli Basin [6],
which exhibits a clear view of layered, sedimentary
deposit. The second interesting observation we made in
the GKCF is the significant difference between the
number of surface outcropping craters and buried craters identified using GPR profiles: In such an arid environment, wind erosion and sand deposits tend to cover
the exposed crater rims and bury them under the surface, both of which processes are representative of the
Martian environment.
References: [1] Grimm et al., 2005, Planetary Radar
Workshop, abstract no.6025 [2] Orosei et al., 2003, JGR,
pp. GDS 4-1. [3] Plaut, 2000, LPSC #31, abstract no
2060. [4] Paillou et al., 2004, C. R. Acad. Sci. Paris,
Geoscience, 336, 1491. [5] Plescia, 2005, LPSC #34,
abstract no.2171. [6] Crane and Albin; 2002. DPS
Meeting #34, Vol. 34, p.866.
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CRATERING RATE COMPARISONS BETWEEN TERRESTRIAL PLANETS. B. A. Ivanov, Institute for
Dynamics of Geospheres, RAS, 119334, Moscow, Russia, baivanov@idg.chph.ras.ru, ivanov@lpl.arizona.edu.
Introduction: Chronological comparisons between surfaces of terrestrial planetary bodies from
impact crater counting depend on our knowledge if
projectile sources, mechanical properties of rocks, and
impact scaling laws. The discussion of these factors is
presented below.
General procedure for comparison of a cratering
rate in different planets has been presented elsewhere[1,2]. The most universal (however, very model
dependent) approach to calibrate the crater chronology
for a planet is to compare crater formation rate with
the lunar one. This approach [2,3] includes the consequent estimates of: (1) lunar impact velocity distribution; (2) projectile population SFD from the lunar cratering records; (3) impact probability and impact velocity distribution in a target planet; (4) calculation of
a crater SFD on the target planet using the lunarderived projectile SFD. Each of these steps needs a
permanent update to constraint better currently available models.
Projectile family includes asteroids and comets,
or, more exactly, small bodies in asteroid-like (ALO)
and cometary-like (CLO) orbits. CLO bodies are affected mainly by Jupiter, while ALO bodies evolve
due to orbital resonances and near fly by to terrestrial
planets. The question of an (extinct?) projectile family
operated during the late-heavy bombardment period is
still open [4-6]. One can only assumes that LHB projectiles were collisionally evolved [3]. Depending on
orbital parameters LHB projectiles could have larger
impact velocities [7]. The estimates for the current
impact rate on Earth are shown in Fig. 1.
Mechanical rock properties are known only for
Earth and partially for the moon. For other planet we
can only make plausible assumption.
Scaling laws for impact cratering: Despite decades of investigations we still have a number of open
questions. One of problems is the porosity/friction
problem imbedded in the accepted now dual approach
to scale impact craters in “porous” and “non-porous”
rocks. Recent modeling demonstrate that porosity and
friction should be decoupled [8]. Fig. 2 illustrates the
influence of the assumed scaling law to the problem of
Earth/moon cratering rate comparison. If upper lunar
crust possesses an appreciate porosity, the standard
procedure of lunar data translation to Mercury and
Mars should be reiterated to take into account the possible difference in upper crust porosity.
Projectile flux vs. distance to Sun: There are two
approaches currently in use: (i) direct numerical mod-

eling of small body evolution (e.g. [9,10]), and (ii)
“astorb.dat” database usage to establish relative number of planetary crossers [2,11]. The second approach
is now quickly updating due to huge finding rate of
small bodies. Fig. 3 presented the number of known
small bodies in asteroid-like orbits, sorted by absolute
magnitude and perihelia distances. N(q, <15.5) looks
pretty close to be complete. However, the N(1,
15.5)~30 is not very representative to compare directly
cratering rates on the moon and Earth (situation with
Mercury is even worse). Hence, a lot of model
assumptions are needed to make interplanetary impact
rate comparisons.
At the current level of model accuracy one can
make preliminary estimates of the “bolide ratio” on
terrestrial planets. Table 1 gives an example of Rbolide ratio derived from orbital data for small bodies
with H<17. For Mercury R-bolide estimates differs
factor of 2 from direct numerical simulation results
[10]. For Mars R-bolide estimates are in the range of 3
to 3.5 updating the value of 2 in [2]. The next problem
is the conversion of R-bolide values into cratering
rates.
Conclusion: The knowledge of small body population in Solar system is growing up. However uncertainties in relative cratering rates on terrestrial planets
are not yet much smaller than in pioneer papers in
1970s-1980s. More work should be done.
References: [1] Hartmann, W. K. (1977) Icarus
31.260-276. [2] Ivanov, B. A. (2001) in Chronology and
Evolution of Mars, 87-104. [3] Ivanov, B. A., et al. (2001) in
Collisional processes in the solar system, 1-34. [4] Hartmann, W. K., et al. (2000) in Origin of the earth and moon, .
Tucson: University of Arizona Press., p.493-512, 493-512.
[5] Gomes, R., et al. (2005) Science 435.466-469. [6] Tsiganis, K., et al. (2005) Science 435.459-461. [7] Morbidelli,
A., et al. (2001) Meteoritics and Planetary Science 36.371380. [8] Wünnemann, K., et al. (2006) Icarus 180.514-527.
[9] Gladman, B., et al. (2000) Icarus 146.176-189. [10]
Marchi, S., et al. (2005) Astronomy and Astrophysics
431.1123-1127. [11] Shoemaker, E. M. and Wolfe, R. F.
(1982) in Satellites of Jupiter, 277-339. [12] Brown, P., et al.
(2002) Nature 420.294-296. [13] Halliday, I., et al. (1996)
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(2000) Mon. Not. Roy. Astron. Soc. 317.429-437. [18] Ivezic,
Z., et al. (2001) Astronomical Journal 122.2749-2784. [19]
Jedicke, R., et al. (2002) in Asteroids III, 71-87.
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for crater with diameters D>10 km. Production of small crater in regolith (D<300 m) is fitted well with the “porous
rock” scaling law. In the intermediate size range “nonporous” scaling law results in the order of magnitude overestimate of the crater production rate near D~ 1km. The data
reconciliation is possible under assumption that upper lunar
crust is porous enough in the upper ~1 km layer. See text for
discussion.

Fig. 1. Probability estimates compendium for impacts over

the total Earth’s surface for small bodies larger than DP. Data
for bolides and fireballs (DP<10m) are taken from [12,13],
observed large NEA are from “astorb.dat” file (October
2005), estimates for small NEA are derived from model corrected to the observational completeness [14-16]. Thick pink
segment “From cratering” is for [17] data on terrestrial cratering rate in the last 100 Ma converted to DP for average
impact velocity. Main belt SFD estimates (plotted here in the
arbitrary vertical position) are from [18] in the form of twosegment power law (A) with exponent index –1.3 and –1.7
proposed in [18]., and from [19] (curve B). The latter is
scaled to the NEA probability curve for comparison, showing the similarity of SFD of NEA and Main Belt asteroids
with limits of available data and models at to H<18 (curve
B*).

Fig. 2. SFD comparison of the modern Earth/moon projectiles with lunar production functions (NPF and HPF) in the
form of the cumulative number of craters, accumulated at the
lunar surface per 1 Ga, with different scaling laws. Usage of
the “non-porous” scaling law gives a good corresponding

Fig. 3. The cumulative number of small bodies in asteroidlike orbits for various limiting magnitudes having osculating
perihelia smaller than q. The N(15.5) is scaled for comparison to other curves as blue lines for smaller H and as red
curves to larger H. Near to Martian orbit (designated by vertical lines for the current e and for e=0.05), the N(q) behavior is very similar for H< 12, 13 and 15.5, a sign of essentially complete body searching. For smaller bodies (H<17
and 18) the deficit of observed bodies in comparison to
H<15.5 is obvious. One should note that even for q=1
(Earth/moon system) N(18) known today is estimated as
undercounted by 30 to 50%.
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NOTES ABOUT SECONDARY CRATER SFD. B. A. Ivanov, Institute for Dynamics of Geospheres, RAS,
119334, Moscow, Russia, baivanov@idg.chph.ras.ru, ivanov@lpl.arizona.edu.
Introduction: Recent finding of definite remote
secondary crater fields on Mars and Europa [1,2] revitalized the old discussion about the proportion of secondary and primary impact craters in crater counts
used to date planetary surfaces. The existence of
“background” secondary craters is out of doubt as we
have lunar and Martian meteorites: if an impact produce sizable escaping ejecta fragments, the appreciate
amount of fragments with sub-escape velocity should
create globally scattered secondary craters. Concerning
to crater dating technique one should discuss several
topics such as (i) are background secondary craters
(BSC) included in published crater counts? (ii) is visibility of BSC the same on different planets? (iii) what
is the size distribution (SFD) for background secondary craters from a single primary crater? (iv) what is
cumulative BSC SFD from a set of primary craters?
The discussion of these issues will be extended, and
here some preliminary notes are presented.
Earth-moon comparison: The inspection of
available data on current impact rate in the Earth-moon
system resulted in the conclusion that observed bolide
flux is well fitted to the measured cratering rate on the
moon for the last 100 Ma after Tycho formation [3],
assuming most of counted craters are primaries. At
least in this age range the crater dating technique looks
safe.
“Close” secondaries and boulders: The widely
used idea is that secondary craters has a very steep
slope SFD: in cumulative form N~D-m, and n is in the
range of 4 to 5 (in contrast to n~3 for primary craters).
Similar steep slope is assumed for boulders ejected
from small craters and landed without a visible crater
formation. If one use non-power law to fit the data the
picture looks more interesting. Tentatively I use here
so called Weibull SFD, widely used for fragmentation
description. In R-plot it has a form:
(1)
R = A (x/x*)n-1 exp(-(x/x*)n)
where A is a coefficient, and x* expresses the “characteristic size” in a population of fragments or craters.
Boulders around a small lunar crater counted in [4]
are well fitted with Eq. 1 and snows deficit of small
objects in respect to a steep power-law SFD (Fig.1).
Close (or recognizable) lunar secondary craters are
shown with Eq. 1 fitting in Fig. 2. Again, there is a
tendency to have not so steep SFD for smaller sizes.
Note that for basin secondaries [5] counted in distances to 1800 km ejection velocities are of the order
of 1 to 1.5 km s-1.

Close and remote secondary craters on Mars are
shown in Fig. 3 including the key case of Zunil. As
McEwen’s numerical data for SFD of secondaries are
unavailable to date, I use HRSC crater count on the
area ~300 km West of Zunil (corresponding ejection/landing velocity of about 1 km/s). It is interesting
that craters, created around much larger Lyot crater in
the same velocity range also may be described in
Weibull form. One can note that secondary SFD measured in the HRSC image is mostly bracketed by 1 Ma
and 10 Ma model isochrones, and 10 to 100 m secondary crater diameter range where the secondary SFD
goes above the 1 Ma isochrones.
Discussion: The re-processing of the published
data on SFD of secondary craters and large ejected
blocks demonstrates that available data on close and
remote secondary crater fields may be fitted with a
standard for fragmentation problems Weibull statistics,
which restrict the size range of really steep SFD
behavior. If so (should be confirmed with more data as
soon as possible), the summation of small secondary
craters from many primaries would be follow the
steepness of the primary crater curve. It means that
large craters and basins in summa so not make small
crater SFD dramatically different from the primary
crater SFD.
Secondary crater fields for a single “contaminating” event have SFD visibly different from the primary
production function typically assumed for Mars and
the moon. In this case there are many ways to recognize clusters of secondary craters.
More work should be done to clarify the real level
of inaccuracy of surface dating due to existence of
“background” secondary craters.

References:
[1] Bierhaus, E. B., et al. (2005) Nature 437.1125-1127.
[2] McEwen, A. S., et al. (2005) Icarus 176.351-381.
[3] Ivanov, B. A. (2006) LPSC 37th.#1262. [4] Bart, G. D.
and Melosh, H. J. (2005) in LPSC 36th, 2022. [5] Wilhelms,
D. E., et al. (1978) Proc. of Lunar and Planet. Sci. Conf. 9th.
NY, Pergamon Press.3735-3762. [6] Block, K. M. and Barlow, N. G. (2005) in LPSC 36th, 1816. [7] Settle, M., et al.
(1979) Moon and Planets 20.281-300. [8] Asphaug, E.
(1997) Meteoritics and Planetary Science 32.965-980. [9]
Werner, S. C., et al. (2006) in LPSC 37th, #1595. [10]
Ivanov, B. A. (2001) in Chronology and Evolution of Mars,
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data for Lyot are Vickery’s counts cited in [8], HRSC data
for Zunil are counted by Werner, Neukum and the HRSC
team [9], close Zunil secondaries are counted by the author.
Characteristic size of craters in Weibull fit is shown in km.
For Zunil two model isochrones for 1 Ma and 10 Ma are
plotted after [10].

Fig. 1. R-plot for boulders counted in [4] with Weibull (Eq.
1) and power-law (m=4) fits. An undercount looks possible
below 2 m size.

Fig. 4. The Weibull fit and Zunil HRSC data overlapped to
the R-plot for secondary craters on Europa [11]. Seems that
there is no reliable data for craters below ~100 m, and this
prevents to see if the descending R-plot branch exists for icy
satellite’s secondary crater fields.

Fig. 2. R-plot for lunar secondary craters counted in [5-7]
with corresponding Weibull fit with an assumed n=2. The
characteristic size of secondary craters, D*, vary from 13-18
km for basins to 70 m for secondaries 17-19 km apart of a
small (D=4.9 km) primary craters. Undercount of craters is
inevitable somewhere left of R-curve maximum.

Fig. 3. R-plot for close and remote Martian secondary craters. Counts for 20 to 30 km in diameter craters are from [6],
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DEVELOPMENT OF AN
IN SITU LUMINESCENCE DATING DEVICE FOR DATING OF
GEOMORPHOLOGICAL FEATURES ON MARS. Regina Kalchgruber1*, S.W.S. McKeever1, M.W. Blair3, S.
Deo1, D.K. Reust2, S. Gupta2 and B.N. Strecker2, 1Oklahoma State University, Department of Physics, 145 Physical
Sciences II, Stillwater, OK 74078, USA, 2Nomadics Inc., 1024 S. Innovation Way, Stillwater, OK 74074, USA,
3
Los Alamos National Laboratory, Earth and Environmental Sciences Division, EES-2 MS J495, Los Alamos, NM
87545, USA, *email: rkalchg@okstate.edu
Introduction: Techniques to quantify the ages of
geomorphological processes on Mars have become an
important area of research [1]. Among the techniques
proposed is optically stimulated luminescence (OSL)
dating, which is well established for age-dating sediments on Earth [2, 3], with an age range of 102-105
years. We address some of the challenges associated
with developing an OSL device for in situ dating of
sediments on Mars. Results of experiments, using
Martian simulant materials, as well as the design of an
OSL instrument will be described.
OSL Dating Principles: OSL Dating is a “dosimetric” technique. The time elapsed since deposition
of a sediment layer is determined from the radiationdose accumulated in minerals since the last sunlight
exposure, and the dose rate due to naturally occurring
radioactive nuclides and cosmic radiation. Radiation
exposure can be measured by stimulating the sample
with light of one wavelength and monitoring the luminescence at another wavelength (OSL). The intensity
of the OSL is a function of the absorbed natural radiation dose. If the rate of natural irradiation can be determined, then dividing absorbed dose by dose rate
gives a radiation exposure age, i.e. the time elapsed
since the last sunlight exposure.
Challenges on Mars: An in situ OSL dating
method for Martian surface sediments requires new
measurement techniques in order to deal with the multiple new challenges not usually found when using
OSL to date terrestrial sediments. Among the many
challenges are: (1) the use of polymineralic samples,
without the benefit of chemical separation, (2) ambient temperatures that are significantly lower than on
Earth and highly variable, (3) a solar spectrum that is
different from that on Earth, (4) a dose rate that is significantly higher than on Earth and dominated by high
energy charged particles from galactic cosmic rays; the
dose rate varies with depth, and (5) anomalous fading
of the OSL signal.
Mineral composition. Using thermal emission data
from the Mars Global Surveyor (MGS) Bandfield et al.
[4] and Bandfield [5] identified areas on the Martian
surface with two different mineral compositions. The
first one is composed of 65% plagioclase and 30 %
clinopyroxene, and the second one of 45% plagioclase,
only 10 % clinopyroxene and an additional 40 % potassium-rich glass. The plagioclase feldspars have cal-

cium content of 30-70 % [6]. Based on these data we
devised two mineral mixtures as surrogates for Martian
sediments. The two mixtures are known as OSU-Mars1 and OSU-Mars-2 and the compositions (in vol. %)
are described in the following table:
Andesine
Labradorite
Bytownite
Augite
Diopside
Hematite
Obsidian

Mars 1
Mars 2
22 %
15 %
22 %
15 %
22 %
15 %
15 %
5%
15 %
5%
5%
5%
40 %

Measurement of accumulated dose. We developed
a measurement procedure for an in-situ luminescence
dating device for Mars [7]. We suggest using a postIR blue "single-aliquot regeneration" (SAR) procedure, with a 210 °C cutheat after the test dose and a
210 °C preheat for 10 s after the regeneration dose.
Best results were obtained for IR stimulation (IRSL) at
60 °C, blue stimulation at 150 °C, and a test dose in
the range of 15-20 % of the regeneration doses. The
signal was integrated over the first 10 seconds; the
background for subtraction was obtained from the last
5 seconds of stimulation. The post-IR blue procedure
consumes more energy than an IRSL- or OSL-only
procedure, but it results in two independent values for
the equivalent dose. Furthermore, it was possible to
measure higher doses with a greater accuracy. The
accuracy for a 1600 Gy laboratory dose was 6.1 %
using the IRSL signal and 4.0 % for OSL.
Low temperatures. As noted, ambient temperatures
on Mars are significantly different (lower) than on
Earth. OSU-Mars-1 and OSU-Mars 2 were irradiated
at temperatures between room temperature (approximately 25 °C) and –100 °C, and the OSL was measured at various temperatures over the same temperature range. Dose recovery experiments were attempted
using an SAR procedure. Several different combinations of irradiation and stimulation temperature were
tried. The tests performed to date reveal that the dose
recovery procedure is best performed at elevated temperatures compared with the temperatures of natural
irradiation. Specifically, the OSL should not be per-
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formed at a temperature below the maximum temperature experienced by the sample in nature. This clearly
places important design constraints upon a robotic
experiment for in situ OSL dating on Mars.
Solar resetting. The entire premise of OSL dating
is that the sediments to be dated were exposed to sufficient amounts of light at the time of deposition to erase
any previously accumulated signal. In terrestrial applications, this “zeroing” of the signal is accomplished
within a few minutes of exposure to sunlight [8], but
the solar spectrum on Mars is different from that on
Earth and may lead to different bleaching efficiencies.
Modelling of the Martian solar spectrum indicates
that the visible part of the spectrum is less intense than
that on Earth, but the UV portion of the spectrum
(~200-300 nm) is more intense. As these differences
in the solar spectrum may have profound consequences for OSL dating, we have simulated the Martian spectrum with a solar simulator and tested the
bleaching characteristics of various feldspars. Both
the OSL and the IRSL are bleached to 5-10% within
10 min, and the IRSL is fully bleached by 200 min.
Dose rate. The main source for the dose rate on
Mars is galactic cosmic rays (GCR). Since the equivalent dose will be determined in relation to an X-ray or
beta source in a robotic instrument, the relative efficiency of the GCR in producing OSL compared with
the on-board radiation source needs to be determined.
We carried out experiments with the mineral mixtures
described above, and irradiation with simulated cosmic
rays. The experiments indicate that there is a significantly lower efficiency for cosmic radiation compared
to 90Sr beta irradiations.
Prototype design of the OSL instrument: Based
on the results of lab-based experiments we can define
the operational parameters required for an actual robotic device. Figure 1 shows the system block diagram; figure 2 shows our prototype OSL/IRSL chamber for Mars dating with X-ray source, IR and blue
LEDs and two photo detectors (red and UV signal).

System Block Diagram
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REMOVER
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Figure 2
Summary and conclusion: OSL dose recovery
experiments reveal a viable measurement procedure
for polymineralic samples is possible. OSL measurement at temperatures above the maximum temperature
likely to be experienced by the samples during natural
irradiation will yield successful equivalent dose determinations. We have calculated the Mars solar spectrum using radiation transport codes and taking into
account the atmosphere of Mars and atmospheric scattering, particularly due to suspended dust particles. A
more intense UV component is found than on Earth.
Experiments with a Mars solar simulator indicate efficient bleaching of the OSL signals from the soil simulants, suggesting efficient zeroing of the OSL signal
for solar-exposed sediments on Mars. The radiation
efficiency of cosmic rays at producing OSL in the
simulant samples is significantly lower than the efficiency of 90Sr beta irradiations.
The next steps will be to refine and modify the design as required, to design the sample transport system,
and to integrate it with the OSL module. Future experiments will concentrate on potential corrections for,
or experimental procedures to overcome, anomalous
fading. The goal is a dating technique that can elucidate a wealth of knowledge about the recent geological
and climatic activity on the Martian surface.
The project is funded by NASA (JPL Contract No.
1265427 under NASA RTOP No. 344-36-55-19 grant)
References: [1] Doran P. T. et al. (2004) Earth
Sci. Rev., 67, 313-337. [2] McKeever S. W. S. et al.
(2003) Radiat. Meas., 37, 527-534. [3] McKeever S.
W. S. et al. (in press) Radiat. Meas. [4] Bandfield J. L.
et al. (2000) Science, 287, 1626-1630. [5] Bandfield
J.L. (2002) JGR., 107, No E6, 10.1029/2001JE001510.
[6] Milam K. A. et al. (2004) JGR, 109, No E04001,
10.1029/2003JE002097. [7] Kalchgruber R. et al. (in
press) Radiat. Meas. [8] Aitken M. J. (1998) An Introdcution to Optical Dating, Oxford Science Publications, Oxford.
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THE ASYMMETRIC CRATERING HISTORY OF THE MOON AND TERRESTRIAL PLANETS.
M. Le Feuvre, M. A. Wieczorek. Institut de Physique du Globe de Paris, France. lefeuvre@ipgp.jussieu.fr
Introduction: By measuring the size-frequency
distribution of impact craters on a planetary surface, it
is possible to estimate its age. One fundamental assumption used in such analyses is that the cratering
rate, while perhaps not uniform in time, is independent
of position on a given planet.
However, as the population of asteroids and comets that strike a planet is not isotropic in space, we
have found that a latitudinal dependency of the cratering rate is to be expected. This latitudinal effect has
been investigated for Mercury, Venus, the Earth, the
Moon, and Mars using as input the orbital distribution
of small bodies from [2]. As most of these bolides have
low inclinations, and because their initial kinetic energy contributes more in governing their trajectory
than their potential energy, the impact density on the
terrestrial planets should generally be larger at the
equator than at high latitudes. Even for the case of
Mars, where the obliquity variations tend to homogenize this latitudinal effect, the impact density appears
to have been ~20% lower at the poles over the past
billion years.
For the special case of the Moon, whose synchronous rotation was expected to induce other asymmetric
effects, numerical simulations have been made in the
frame of the restricted three-body problem. In addition
to the latitudinal effect, an apex/antapex asymmetry of
~30% has been found, as well as a nearside/farside
asymmetry for projectiles with low inclinations and
velocities.
Velocity and inclination distribution of colliding bodies: For each planet, the probability of an impact and its corresponding encounter velocity have
been calculated as a function of the orbital elements
(a,e,i) using a modification of Kessler’s method as detailed in [1]. The impact probability of each orbital
element bin was then weighted by the relative number
of asteroids or comets in that bin as estimated by Bottke et al. [2]. This model assumes that the population
of small bodies is currently in steady state, which is
probably a reasonable assumption for the past 3 Ga.
The resulting impact probability for each (a,e,i) bin
was then transformed into an impact probability as a
function of inclination i and encounter velocity u. The
probability of each (u,i) bin was then used as an input
for estimating the impact density distributions, as described below. Fig. 1 shows our computed probability
distributions for the case of a collision with the Moon.
Impact density variations in latitude: If the effects of true polar wander can be ignored, the crater
density of a planet should depend only upon latitude as
a result of its rotation. The projectiles can therefore be
considered as if they were only coming from one direction in space. This simplified geometry ignores
whether the orbits of the projectile and planet actually

cross; the only parameters that plays a role in the crater
density are the bolide’s inclination i and encounter
velocity u. A semi-analytical expression has been obtained for the impact density as a function of latitude,
and for the case where the bolides are initially at an
infinite distance from the planet, this is found to de2
pend only upon the nondimension factor GM/Ru (M
being the mass of the planet, R its radius).
Impact densities on the terrestrial planets: By
combining the probability distribution for an encounter
with a planet’s gravitational cross section with the
above semi-analytic method for determining the latitudinal impact density, the net impact density as a function of latitude has been calculated. The results are
displayed in Fig. 2 for Mercury, Venus, the Earth, the
Moon and Mars. For the Moon, we have for the time
being ignored the gravitational influence of the Earth.
The magnitude of the latitudinal variations ranges from
60% for a small body like the Moon to 30% for the
Earth, passing through 40% for Mercury and 35% for
Venus.
For the special case of Mars, whose obliquity
variations are large, the time spent at a given obliquity
over the last Ga [3] has been used. By summing theoretical impact distributions for each obliquity,
weighted by the amount of time the planet spends
there, the net latitudinal effect was determined. Even
taking into account this strong homogenizing effect, it
has been found that a latitudinal variation of 20% is
still predicted to exist.
Case of the Moon: To take into account the synchronous rotation of the Moon, the probability of each
(u,i) bin was used as an input in the frame of the restricted three-body problem. As shown in Fig. 3, the
resulting global spatial distribution of the impact density is well described by the addition of two independent effects: a leading-trailing asymmetry that depends
on the Earth-Moon distance, and a latitudinal asymmetry. The leading-trailing asymmetry, found to be
~30%, is consistent with the data of rayed craters from
[6]. The latitudinal effect is well described by the
method presented above, which ignores the Earth’s
influence.
Moreover, for low velocity and inclination projectiles, a nearside/farside asymmetry arises. Because of
the Earth’s gravitational field, which acts as a focusing
lens, more impacts will occur on the Moon’s nearside
than on its farside when it cross the focal point beyond
the Earth, as previously proposed by [7].
Implications for planetary chronology: As the
dating of planetary surfaces by the method of crater
counting considers that the crater density is only a
function of time [8,9], the neglect of spatial variations
could significantly bias the obtained age estimates. The
Moon is not so neutral a reference body as one would
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hope, possessing an asymmetric cratering history as a
result of its synchronous rotation. More generally, the
terrestrial planets should also possess a variation in
impact density with latitude. As the cratering rate has
been relatively constant over the past 3 Ga, a X%
variation in crater production simply translates to a
bias in age of X% when this effect is not taken under
consideration.
References: [1] Milani, A., Carpino, M. and Marzari, F., 1990, Icarus, 88, 292-335; [2] Bottke, W. F.
and 6 others, 2002, Icarus, 156, 399-433; [3] Laskar, J.
and 5 others, 2004, Icarus, 170, 343-364; |4] Le Feuvre, M. and Wieczorek, M. A., 2005, LPSC XXXVI,
abs. #2043. [5] Zahnle, K., Schenk, P., Sobieszczyk,
S., Dones, L., Levison, H., F., 2001, Icarus, 153, 111129; [6] Morota, T. and Furumoto, M., 2003, Earth
Planet. Sci. Lett., 206, 315-323; [7] Wood, J. A., 1973,
The Moon, 5, 73-103; [8] Hartmann, W. K. and Neukum, G., 2001, Space Sci. Rev., 96, 165-194; [9] Neukum, G., Ivanov, B. A., Hartmann, W. K., 2001,
Cratering Chronology and the Evolution of Mars, 96,
55-86.
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Figure 2. Estimates of the impact density distribution in
latitude on the terrestrial planets. The calculations have been
made using the collision probability for each (u,i) bin as
shown in Fig. 1. The planet’s obliquities are set to zero, except for the case of Mars during the past billion years (red
curve).

Figure 3. Normalized impact density on the Moon. The
simulation has been made in the frame of the restricted threebody problem, using the collision probability for each (u,i)
bin as shown in Fig. 1. The Earth-Moon separation is taken
at its present value. The left white dot represents the apex of
motion, the right one the center of the nearside.

Figure 1. Estimates of the collision probability with the
Moon. The impact probability and encounter velocity for a
given (a,e,i) bin are calculated using a modification of
Kessler’s method as detailed in [1]. The above plots correspond to the relative impact probability of a bin times the
relative number of NEOs in that bin as estimated in [2]. The
lowermost graph is the one used to estimate the spatial variations of the impact density.
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THE EFFECTS OF GRAVITATIONAL FOCUSING ON RELATIVE CRATERING RATES OF SOLAR SYSTEM
OBJECTS. M. J. Matney, NASA Johnson Space Center, Mail Code KX, 2101 NASA Parkway, Houston, TX

77058, mark.matney-1@nasa.gov.

In order to understand the geologic history of a
planetary body, one must establish a chronology of
important events that shaped the surface. The easiest
and most common method is to use the cratering record of a particular surface to establish a relative chronology – with older surfaces having more craters and
younger surfaces having fewer. Establishing an absolute chronology is much more difficult. Only for the
Earth and Moon do we have sufficient in situ data
(from returned samples) to establish the framework for
an absolute chronology. For other terrestrial bodies,
cratering rates must be extrapolated from those of the
Moon using assumptions about the orbital dynamics of
the populations that created craters on both the Moon
and the other bodies.
There have been a number of attempts to use asteroid populations to simultaneously compute cratering
rates on the Moon and bodies elsewhere in the Solar
System to establish the cratering ratio (e.g., [1],[2]).
These works use current asteroid orbit population databases combined with collision rate calculations based
on orbit intersections alone. As recent work on meteoroid fluxes [3] have highlighted, however, collision
rates alone are insufficient to describe the cratering
rates on planetary surfaces – especially planets with
stronger gravitational fields than the Moon, such as
Earth and Mars. Such calculations also need to include the effects of gravitational focusing, whereby the
spatial density of the slower-moving impactors is preferentially “focused” by the gravity of the body. This
leads overall to higher fluxes and cratering rates, and is
highly dependent on the detailed velocity distributions
of the impactors.

In this paper, a comprehensive gravitational focusing algorithm originally developed to describe fluxes
of interplanetary meteoroids [3] is applied to the collision rates and cratering rates of populations of asteroids and long-period comets to compute better cratering ratios for terrestrial bodies in the Solar System.
These results are compared to the calculations of other
researchers.
This presentation will be a further development of
the methods presented by the author in the BrownVernadsky Microsymposium 43. Using these methods, it should be possible to compute relative Oort
cloud comet impact cratering rates for all terrestrial
bodies in the Solar System – including the Jovian
moons and Venus and Mercury.
References: [1] Ivanov B. A. (2000) Chronology
and Evolution of Mars, 87-104. [2] Neukum, G.,
Ivanov B. A., and Hartmann W. K. (2000) Chronology
and Evolution of Mars, 55-86. [3] Matney M. J.
(2002) Dust in the Solar System and Other Planetary
Systems, 359-362.
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IAPETUS AND ENCELADUS: FIRST CONTRIBUTIONS OF HIGH-PRECISION GEOPHYSICAL
MODELING TO SOLAR SYSTEM CHRONOMETRY AND CHRONOLOGY. D. L. Matson1, J. C. Castillo1,
T. V. Johnson1, and J. Lunine2,3, 1Jet Propulsion Laboratory, California Institute of Technology, 4800 Oak Grove
Drive, 91109 Pasadena, CA, USA (Dennis.L.Matson@Jpl.Nasa.Gov), 2Lunar & Planetary Lab, University of Arizona, 1629 E. University Blvd, 85721, Tucson, AZ, USA / INAF, Istituto di Fisica dello Spazio Interplanetario Via
del Fosso del Cavaliere 100, 00133, Rome ITALY.
Introduction: As a result of the Cassini Imaging
and Radio Science data, the Saturnian satellite densities are now available to high accuracy (Jacobson et al.
2005). The weighted average density for the mediumsized, regular Saturnian satellites is ~1230 kg/m3,
about 30% lower than the average (uncompressed)
density for the Galilean satellites. This new data, combined with updated values for parameters involved in
thermal modeling, result in interiors much colder than
previously considered in the series of geophysical
models produced after the visit of the Voyager mission
to the Saturnian system. In order to drive endogenic
(tectonic) activity and dynamical evolution, Castillo et
al. [1] and Matson et al. [2] have proposed short-lived
radiogenic species as a potential heat source.
Fine-Scale Radiochronometry: This opens the
door to fine-scale radiochronometry in planetary sciences, because the main short-lived contributors are
26
Al (half-life = 0.716 My) and 60Fe (half-life = 1.5
My). Modeling of Iapetus’ spin rate evolution [1],
Enceladus’ thermal state [2], but also constraints on
Mimas and Tethys orbital evolution and Rhea’s internal structure, either agree or are consistent with a formation time within 3 My after the creation of the Calcium-Aluminum Inclusions (CAIs). The latter are our
reference time scale as their occurrences in chondrites
have been dated precisely as 4.5672 +/- 0.0006 By [3].
Implications: Such a result opens new frontiers in
planetary sciences, some of them will be discussed
during the presentation:
(1) Finding the evidence for 26Al in the early
Saturnian system provides strong constraint on the
wide distribution of this radionuclide in the early Solar
System. This has direct implications on the origin of
26
Al, as well as the formation of other short-lived radionuclides, especially 60Fe.
(2) Inferring times of formation from the heat
required in thermal models is dependent on the initial
abundance of the major short-lived radionuclides. For
a long time, a canonical abundance has been recognized for 26Al. However, recently a supercanonical
value has been proposed [4]. Also, there is no agreed
canonical value for 60Fe, whose initial abundance has
been updated toward higher values [5] since its identification in meteorites [6].
(3) It is now possible to link relative and absolute dates. Both data are available for Iapetus [7, 8].

Absolute dates indicate that the Earth-Moon system
formed after Iapetus and the Saturnian system. The
fact that Iapetus formed before the Moon may give us
a different prospective on dating surface by impacts.
(4) An important aspect of this new chronology concept is the use of CAIs time of formation as a
reference for the formation of the Solar System. While
CAIs’ absolute age has been determined with an uncertainty of (+/-0.000 6 By), solids older than CAIs
have been identified [9]. Determining the chronology
of the formation the first solids is crucial to future application of Iapetus’ age to the Solar system.
Conclusion: Previous studies using 26Al as a finescale radiochronometer treated meteorites only. Future
models must unify the different components of the
Solar system chronology on a framework of absolute
dates. We will be able to see hitherto for hidden relationships between nucleosynthesis, first solids and
planetesimal formation, CAIs and chondrules, to the
formation of the different giant planet systems (in
agreement in dynamical studies), and the formation of
the inner Solar System. Implications also regard the
formation and evolution of extrasolar systems.
Acknowledgements: We thank S. Krot and G.
Huss for very helpful discussions.
This work was carried out by the Jet Propulsion
Laboratory, California Institute of Technology, under
NASA contract.
References: [1] Castillo J. et al. (2005) BAAS 37,
39.04. [2] Matson D. L. et al. (2006) LPS XXXVII,
2219. [3] Amelin Y. et al. (2002) Science 297, 16781681. [4] Young E. D. et al. (2005) Science 308, 223227. [5] Mostefaoui S. et al. (2005) ApJ 625, 271-277.
[6] Shukolyukov A. and Lugmair G. (1993) Science
259, 1138-1142. [7] Giese et al. BAAS 37 (2005). [8]
Castillo et al. manuscript in preparation. [9] Shukolyukov A. and Lugmair G. (2004) GCA 68, 28752888.
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CRATERING AGE CONSIDERATIONS FOR YOUNG TERRANES IN THE INNER SOLAR SYSTEM.
A. S. McEwen1, 1Lunar and Planetary Lab, University of Arizona.
Introduction: Pristine-looking terrains on Mars
with few impact craters have generated considerable
interest as they suggest that the planet is still active in a
geologic sense. These terrains include lava flows,
flood channels, glacial moraines, mid-latitude gullies
and debris mantles, as well as polar and eolian deposits. However, attempts to quantitatively date such terrains from the statistics of small craters has been controversial. McEwen et al. [1] argued that the great
majority of small Martian craters (smaller than a few
hundred meters diameter) are secondaries rather than
primaries, and that the production functions or isochrons used in dozens of recent publications are suspect. Studies of Europa [2,3] and the Moon [4,5] have
also supported the view that secondaries dominate the
statistics of small craters on these large moons. The
importance of secondary cratering to chronology is
reviewed in [6].
Meanwhile, a much more radical challenge to the
chronology of Mars has come from Bouvier et al. [7],
who argue that the basaltic shergottites have crystallization ages of ~4 Ga rather than ~180 Ma, and that the
lithosphere of Mars is extremely old. Study of the
rayed crater Zunil helps to address this issue as well as
that of age constraints from small craters.
Zunil: The rays and secondaries of the 10-km
Martian crater Zunil have been mapped and counted in
detail by Preblich et al. [8,9]. Zunil provides a wonderful opportunity to study secondary cratering because it is such a young primary impact and the secondaries are distinctive, even those with a spatially random distribution in individual images, and because
Mars is well imaged (unlike Europa). Preblich et al.
estimate that the total number of secondaries ( ≥ 10 m)
produced by Zunil is of order 108 rather than 107 as
reported by [1]. The size-frequency distribution (SFD)
of the secondaries is much steeper in the rays and in
distal reaches beyond well-defined rays than in regions
between the rays. The great majority of Zunil secondaries appear to be spatially random and could be
misinterpreted as primaries (e.g., ref. [10]). We find
no evidence at most locations for a rollover in the
abundance of secondary craters down to 15 m diameter, below which the imaging data is limiting, contrary
to a conclusion of [10] from study of a small area near
Zunil.
To account for all of the small craters one might
expect from the Neukum or Hartmann production
functions [11], only ~10% of the primary craters can
be as prolific as Zunil in secondary production. Moderately oblique impacts like Zunil produce more high-

velocity ejecta and secondaries than vertical impacts,
but few impacts are vertical. Impacts into Amazonian
lava plains are also likely to produce more highvelocity ejecta [12]. However, note that the lunar crater Tycho produced at least 106 secondaries in spite of
impact into the heavily damaged lunar highlands [5].
An important new result is measurement of the
size-mass relation of Zunil ejecta out to ejection velocities as high as 7 km/s [8,9]. A dozen previous
studies, both laboratory experiments and from secondary craters, have demonstrated such a relation up to 1
km/s ejection velocity (see references in [6]). (Note
that the escape velocity of Mars is 5 km/s but we can
measure higher ejection velocities for small fragments
that are decelerated by the atmosphere so they do fall
back to make craters.) These results are consistent
with the spallation model of Melosh [13].
Why Secondaries Usually Dominate the Numbers of Small Craters: The mass-velocity relation of
high-velocity impact ejecta is key to understanding
why secondaries must dominate the statistics of small
craters [6]. If one starts by assuming that ejecta from
asteroid impacts has the same SFD as ejecta from a
primary impact event on the Moon or Mars [14,15],
then it is simple to demonstrate that the secondary
craters must have a much steeper SFD than small primaries. The mass-velocity relation (small fragments
are ejected at higher velocities on average) steepens
the SFD substantially. This implies that the SFD of
the fragments cannot be much steeper than cumulative
power-law index –2, in order to match the secondary
SFD index of –5 seen at Zunil. Because the SFD of
the ejecta is not so steep, there is no mass requirement
that the abundances of secondary craters must roll over
after just one or two orders of magnitude decrease in
size.
A Sanity Check on Martian Ages: There is a
population of large young craters on Mars that can be
dated from their own statistics as well as from superimposed small craters, as a consistency check on the
Neukum/Hartmann production functions or isochrons.
Young primary craters larger than 10 km diameter are
best identified on Late Amazonian terrains where large
craters are rare and where they have been well sampled
with high-resolution MOC images. Late Amazonian
terrains cover ~7% of Mars, and there are at least 4
primary craters larger than 10 km diameter that appear
remarkably young from the paucity of superimposed
small craters: Zunil (7.7 N, 166 E; 10 km), Tooting (23
N, 207 E; 29 km), McMurdo (84 S, 0 E; 23 km), and a
11-km crater just south of the summit caldera of
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Olympus Mons. From the few small craters that can
be identified and using Neukum’s production function,
all of these craters should be younger than 100 Ka (and
< 10 Ka in the case of Zunil). However, according to
the same Neukum production function we should expect 4 craters > 10 km every ~60 Ma and 2 craters > 20
km in ~70 Ma over 7% of Mars. Crater age dating
with large craters is reasonably well established, with
uncertainties of a factor of a few, so it appears that the
small-crater end of the Neukum production function
underestimates the ages of these sparsely-cratered surfaces by 2-3 orders of magnitude. Likewise the Hartmann “isochrons” when applied only to small craters
may also predict ages that are 2-3 orders of magnitude
too young. Assuming that these craters are younger
than ~100 Ma, it is reasonable that they could have
been spared a significant number of secondary craters
larger than ~20 m diameter. The secondary cratering
of the past ~100 Ma is instead highly concentrated
over a small fraction of Mars, around the recent large
primary craters themselves such as Zunil. In contrast,
the rate of formation of small (less than a few hundred
meters) primary craters is much less than predicted by
the Neukum and Hartmann production functions. The
recent “Martian Ice Ages” [16] cannot be reliably tied
to recent obliquity cycles.
Is there Hope For Age Dating with Small Craters?: Yes, at least for the inner Solar System (excluding Earth and Venus) where significant numbers of
small primary craters must form. A basic tenant of
dating from craters is that each crater is an independent
random event. Secondary craters form by the millions
essentially simultaneously and represent an extreme
violation of that tenant. Certainly a terrain with more
secondaries is likely to be older than one with fewer,
especially if the two terrains are near each other. But a
rationale for quantitative dating from secondaries has
never appeared in a peer-reviewed publication.
We can date surfaces with small primary craters
provided that we know the primary production function and we are able to distinguish primaries from secondaries, or at least demonstrate that primaries must
dominate the statistics. See [1,6] for further discussion. Future work is needed to determine the primary
production function for small craters and to determine
how to distinguish primaries from secondaries.
Are Basaltic Shergottites ~4 Ga Old?: The hypothesis of [7] is that the lithosphere of Mars is extremely old but most mineral ages have been reset recently by acidic aqueous solutions percolating through
the Martian surface. This is an extrapolation of results
from MER Opportunity [17], except that there is no
evidence that the acidic mineralization was recent.
Also, the acidic mineralization is associated with sul-
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fate-rich deposits that cover a small percentage of
Mars [18]. There are large regions of Mars with fewer
large craters than the lunar maria, in spite of Mars residing closer to the asteroid belt than the Moon, and
these regions must be considerably younger than 4 Ga.
Zunil is superimposed over a large expanse (~10 5 km2)
of flood lavas on which the statistics of primary craters
(larger than 500 m) indicates a surface age of less than
~100 Ma [19]. There are older lavas (~200 Ma and
probably older at depth) nearby and below the uppermost lava flows. Zunil impacted into this stack of lavas and must have ejected millions of rocks from
Mars, as shown by the calculated ejection velocities
[8,9] and modeling [20]. Bouvier et al. [7] wrote:
“Most notably, the ~180 Ma ages conflict with the apparent rarity of uncratered surface young enough that it
would allow for voluminous volcanic activity ~180 My
ago.” This statement is contradicted by studies of the
Cerberus Plains, and Zunil provides direct evidence
that millions of potential Martian meteorites with
young crystallization ages were ejected from the
planet.
Conclusions: The basic crater chronology of the
Moon and Mars based on craters larger than 1 km diameter [21,22] is probably sound, to within a factor of
a few. However, attempts to date especially young
terrains where only small craters are present are
meaningful only when primary craters can be identified or shown to be statistically dominant and their
SFD is compared to an accurate production function
for primaries.
References: [1] McEwen, A. et al. (2005) Icarus
176, 351-381. [2] Bierhaus, E. et al. (2001). Icarus
153, 264-276. [3] Bierhaus, E. et al. (2005) Nature
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THE CHARACTERISTICS OF THE IMPACT CRATER PRODUCTION SIZE-FREQUENCY
DISTRIBUTIONS ON THE SOLAR SYSTEM PLANETARY BODIES, THEIR RELATIONSHIPS TO
ASTEROIDAL AND COMETARY IMPACTS, AND THE QUESTION OF SECONDARY-CRATERING
CONTRIBUTIONS
G. Neukum 1, S. C. Werner1, B. A. Ivanov2, 1 Institute of Geosciences, Freie Universitaet Berlin, Germany, 2 Institute of Dynamics of Geospheres, Moscow, Russia
For almost four decades, the cratering records of the
major solar-system bodies, i.e. of the inner terrestrial
planets, of a number of asteroids, and of the satellites
of Jupiter and Saturn, have been investigated in detail
by various groups. Some of the early concepts ([1],
and references therein), e.g. assumption of simple
power laws for the distributions of the kind of N~D-a
(N cumulative number per unit area, D crater diameter,
a of the order -2), or the assumed dominance of secondary craters in the size range D<1km, or the role of
comets in the cratering record of the solar system, have
been proven at least partially wrong or at least questionable by this group [1], [2]. Nevertheless, there is a
tendency in parts of the community to still stick to the
old obsolete concepts. Some of these issues have been
discussed in the context of investigations of the Mars
cratering record and age dating exercises. Some criticism of especially our own work by some US investigators has gone so far as to state that the smallcratering record (D<1km) cannot be used at all for
dating planetary surfaces because it is allegedly contaminated by secondary craters from the large primaries which allegedly follow a distribution N~D-2 [3].
We will discuss this issue and show that those arguments are totally wrong. From analysis of the distributions on the surfaces of the moon, Mars, and of some
asteroids, we will show that there is nothing like a D-2
distribution and that the steep distribution at D<1km is
due to primaries [4], [5]. Comparison with the distributions found on asteroids such as Gaspra [6], [1] confirm the steep chraracteristics at D<1km and establish
the link to the asteroid belt as the primary source of
impactors responsible for the cratering record on bodies of the inner solar system. A direct comparison with
asteroid diameters in the main belt measured through
astronomical methods confirm the crater sizefrequency distributions in terms of underlying impactor size-frequency distribution at larger sizes.
It will also be shown that there is an outstandingly
good internal consistency in making use of small craters for the planetary cratering chronologies and deriving absolute model ages, in particular for the moon and
Mars [2], [5], [7], which could not be the case if the
distributions were of the kind D-2 at all sizes including
sizes <1km, but that the chronologies which have been
demonstrated to be utterly consistent with lunar rock

isotopic age data would be off by orders of magnitude
if our group's interpretations were wrong [8], [1].
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Neukum G. (2001) Cratering Chronology and the Evolution of Mars. Space Science Reviews, 96, 165-194.
[8] Neukum G. (1983) Meteoritenbombardement und
Datierung planetarer Oberflächen, Habilitation Thesis
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MARTIAN METEORITE AGES AND IMPLICATIONS FOR MARTIAN CRATERING HISTORY. L. E.
Nyquist, Mail Code KR, NASA Johnson Space Center, 2101 NASA Parkway, Houston, TX 77058-3696, laurence.e.nyquist@nasa.gov.
Introduction: New radiometrically determined
ages of Martian meteorites add to the growing number
with crystallization ages <~ 1.4 Ga. The observation of
mainly geologically young ages for the Martian meteorites, the only exception being the ~4.5 Ga
ALH84001 [1], is paradoxical when viewed in context
of a Martian surface thought to be mostly much older
as inferred from the surface density of meteorite craters [2]. There appears to be at least a twofold difference between the observed ages of Martian meteorites
and their expected ages as inferred from the ages of
Martian surfaces obtained from crater densities.
Recently determined meteorite ages: The crystallization ages of several additional Martian meteorites
have been determined since the previous summary [1].
Meteorites for which ages (in Ma) have been determined by the Sm-Nd method include the depleted
shergottites Y980459 (472±47 [3]) and NWA1195
(348±19 [4]), basaltic shergottite NWA 856 (171±10
[5]), nakhlites Yamato 000593 (1310±30 [6]) and Mil
03346 (1356±30 [7]), and chassignite NWA2737
(1416±57 [8]). Additionally, new, higher precision
Sm-Nd ages have been redetermined for Chassigny
(1380±30 [9]), lherzolite Yamato 793605 (156±14
[10]), and basaltic shergottite NWA1460 (345±14
[11]). Essentially concordant Rb-Sr ages also have
been determined for NWA 856 (161±5 [5]), Y000593
(1300±20 [6]), Mil 03346 (1294±122, [7]), Y793605
(173±14 [12], and NWA 1460 (336±14 [11]). New,
concordant 39Ar-40Ar ages also have been determined
for the nakhlites Y000593 (1359±20 [6]) as well as for
Chassigny (1338±15 [9]). All of the ~175 Ma basaltic
shergottites and lherzolites have significantly higher
39
Ar-40Ar ages than the corresponding Rb-Sr and/or

Sm-Nd ages due to the presence of excess 40Ar. Because the 39Ar-40Ar ages cited here have been corrected
for cosmogenic Ar as well as for trapped Martian atmospheric Ar, some excess 40Ar must have been present in the parental magmas. Although it might be argued that Sm-Nd ages rely heavily on phosphate
analyses [13], this is not true of Rb-Sr and 39Ar-40Ar
ages. Rb-Sr mineral isochrons are determined by lowRb/Sr plagioclase and relatively high-Rb/Sr pyroxene
and/or melt inclusions in pyroxene, whereas 39Ar-40Ar
ages are determined nearly totally by decay of 40K in
plagioclase. Thus, the suggestion that the ages may
have been reset by percolating fluids [13] cannot apply
to the Rb-Sr and 39Ar-40Ar ages.
Sr and Nd isotopic heterogeneity in Zagami:
In spite of overwhelming evidence for young ages
of the Martian meteorites, complexities affecting interpretions of their ages long have been apparent. The
distinct discordance between Rb-Sr and 39Ar-40Ar ages
of Shergotty led [14] and [15] to suggest that the ages
were reset by post-shock thermal events. The observation of fine- and coarse-grained lithologies in Zagami
[16] inspired an experiment to test for subsolidus isotopic reequilibration. Rb-Sr and Sm-Nd isochrons
were simultaneously determined for both lithologies
[17]. The resulting isochrons are shown in Figs. 1 and
2. If resetting were diffusion-controlled, it would have
been more completely achieved for the fine-grained
lithology, but the opposite is observed. This result appears to be evidence that differences in the isotopic
composition of relict crystals in a magma mush were
incompletely homogenized. Differences were frozen
into more rapidly crystallizing fine-grained lithology.
Launch pairing: Cosmic ray exposure ages com-
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bined with terrestrial residence ages are customarily
interpreted as dating meteorite ejection from Mars.
Recently, Christen et al. [18] identified up to 8 ejection
events at 0.7, 1.2, 2.8, 4.1, 10.8, 11.3, 15, and 20 Ma
ago for EET79001, olivine-phyric shergottites, basaltic
shergottites, lherzolitic shergottites, nakhlites (10.8 Ma
), Chassigny (11.3 Ma), ALH84001, and Dhofar 019,
respectively. In constructing their Fig, 1, they used the
10
Be exposure age of 1.1 Ma [19] for olivine-phyric
Yamato 980459 rather than a well-substantiated 21Ne
exposure age of 2.9 Ma. The longer 21Ne age was attributed to pre-exposure on the Martian surface, an
important example of pre-exposure. The crystallization
ages of basaltic and lherzolitic shergottites are the
same within error limits (cf. Fig. 3), and they may have
come from the same event if pre-exposure of some of
the lherzolites is allowed. EETA79001 shares the
same ~175 Ma crystallization age, suggesting it also
may have been launched at the same time, but requiring secondary breakup in space. Finally, the ~330-340
Ma old basaltic shergottites QUE94201 and NWA
1460 share very similar ejection ages of 2.7±0.2 Ma
[1], and ~2.6 Ma [19] with ~175 Ma old basaltic shergottites like Zagami (2.8±0.3 Ma [18]). All may have
been ejected together from ~340 Ma old terrain.
Meteorite ages compared to surface ages: There
are a variety of reasons why the meteorite ages may
not be representative of Martian surface ages. The observed lack of impact melt near terrestrial impact craters in sedimentary rock [20] is significant in this regard. Because most Martian sedimentary rocks occur
in units of Hesperian age (K. Tanaka, p. comm.), this
effect, as well as other hypothesized factors biasing the
Crystallization and Ejection Ages of Martian Meteorites
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meteorite age distribution, applies mostly to Hesperian
and older Martian surfaces. However, Hartmann and
Neukum [2] set the Hesperian/Amazonian boundary
between 2.9 Ga ago (Hartmann system) and 3.3 Ga
ago (Neukum system), so even if launches are restricted to the Amazonian, multiple launches should
have given some meteorites from the oldest Amazonian terrain; i.e., ~3 Ga old. Thus, the upper limit of
1.4 Ga for Martian meteorites exclusive of ALH84001
suggests a mismatch of a factor two between radiometric and cratering ages (cf. Fig. 3).
A 4.0 Ga age for shergottites? 207Pb-206Pb isotopic data for some basaltic shergottites have been
interpreted as showing an old, ~4.0 Ga crystallization
age for them [13]. This interpretation arises from (a)
excluding the Pb isotopic data for magmatic phosphates from the isochron regression, (b) variable initial
Pb isotopic compositions in acid resistant minerals,
and/or (c) terrestrial contamination [11]. Much of the
Pb isotopic data for shergottites are for the major minerals, pyroxene and plagioclase, in the plentiful ~175
Ma basaltic shergottites. The Pb isotopic composition
in these minerals of low U/Pb ratios is nearly unevolved from the initial Pb present when the rocks
formed. Thus, “isochrons” obtained by combining Pb
isotopic analyses of these mineral phases from different meteorites are “mantle isochrons” reflecting the
initial ~4.5 Ga differentiation of Mars, not shergottite
emplacement.
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PRE-APOLLO MARE DATING REVISITED: CAN A PAST PARADIGM PROVIDE CLUES TO
CURRENT PLANETARY SURFACE DATING? Thomas J. Powell1, 1Astronomical Society of the Pacific, 2035
Third St., Corvallis, OR 97333, tompowell@proaxis.com.
Introduction: Pre-Apollo lunar origin work depended
heavily on the observational studies of crater density on
the lunar surface, just as studies of Mars and other bodies
do today. Ironically, as the isotopic results were being
published, setting mare ages in the range of 3.5 billion
years, the last of the old guard were publishing papers
dating the mare using crater dating.[1] However, once it
was agreed that the mare were actually quite ancient features of lunar geology, the line of reasoning that Baldwin
and others were following was dropped. This was a watershed in lunar origin history, marking not only a change
in the course of scientific thought and inquiry, but also a
critical turning point from which selenology has not yet
found a new and clear direction.
Prior to the isotopic dating of the lunar samples, the
course of thought regarding the Moon’s evolution was
following a fairly steady path that seemed to be closing in
on answers to the mysteries of lunar origin. The hope and
expectation was that the Apollo missions would finally
resolve key lunar origin questions. However, it is at precisely this point—the new dating of the mare as an ancient geological feature—that the details of lunar origin
seem to have become even more difficult to ascertain.
This disappointing realization leads one to wonder
where the path of these early pioneers in selenology might
have taken us had not the return of the Moon rocks set
science on its new course? What if we retraced their steps
and then followed the direction their ideas were leading—
might we gain some new knowledge that would help us
today to better view the lunar origin mystery? This presentation will take a fresh, dialectical approach in reexamining the path that lunar science was on prior to the isotopic dating in the hope of discovering new clues to old,
still unsolved questions.
Suspending Age Constraints on Mare Dating: The
main difficulty with the pre-Apollo hypothesis is the apparent conflict between crater age and isotopic age of the
lunar mare. In order to gain any new insight from this line
of reasoning, the question of mare age must once again be
opened for debate, as it was when pre-Apollo scientists
were conducting their studies. With this age constraint
released, some interesting questions and intriguing possibilities under various lines of inquiry immediately appear.
For example, prior to isotopic dating, crater dating of the
lunar mare was typically agreed to be less than 1 billion
years old.[2] If this were so, the first question might be:
where did the heat source for the formation of the mare
come from? Even mare formation 1 billion years after the
crustal development of the Moon is not easy to account
for, but 3.5 billion years later is even more difficult. A
secondary heating event on the Moon some 3.5 billion
years after its formation would be required, given the ages
from the crater dating hypothesis.

Moon’s Retreat from Earth and Tidal Heating:
Another phenomenon that is also difficult to constrain is
the presumed retreat of the Moon from the Earth. The
average presumed time of retreat, when the orbit is calculated backwards, is something in the range of <2 billion
years. This time since the Moon would have been in
closer gravitational contact with the Earth could presumably provide for a energy source for tidal heating within
the Earth-Moon system within the last 2 billion years.[3]
Geologic and Biological Evidence: Coupling these
two ideas, the mare being “recent” (<1 billion years old,
as the crater dating hypothesis would predict) and tidal
heating from a closer Moon as a possible heat source,
begs the question: Is there any evidence in the geologic
and biological record that would allow for a more accurate dating of a secondary heating event on the Moon?
Flood basalts and the Permian extinction. As many
have noted, there are similarities between the lunar mare
and the terrestrial flood basalts. One of the more interesting features of Earth’s flood basalts is that they seem to
have rather suddenly burst onto the geologic map, and
have continued with diminishing intensities up to the familiar Columbian flood basalts of the American Northwest. The first and greatest of the Earth’s flood basalts is
known as the Siberian traps. This flood basalt erupted
about 250 million years ago and is often associated with
the Permian extinction. The Permian extinction, the greatest extinction of all time, and the Siberian flood basalts
are well placed in the Earth’s geologic record, occurring
at the Permian/Triassic (P/T) boundary. The P/T boundary is a very distinct boundary that divides the geology of
the primordial Earth from that of the modern Earth.[4]
The changes it represents are unique in both the geological and biological evolution of the Earth.
Secondary Heating. Like the lunar mare basalts, it is
unclear why, after a significant geologic time, these large
flood basalts would suddenly appear on Earth. The P/T
boundary has also been found to coincide with a change
in the core/mantle dynamics. These two “heat” features
suggest that there was an increase and/or input of energy
into the system. The lunar mare, like Earth’s flood basalts,
also follow a long period of no significant basalt emplacement. If the Moon has been continuing to cool, as
current isostatic theory seems to show, it would seem
logical that the emplacement of mare basalts would follow this thermal continuum of steady cooling. The “sudden” formation of the mare after some billion years or
more of uneventful lunar geology has been a bit of a mystery in itself. However, tidal heating associated with a
“closer” Moon in the Earth-Moon system can provide a
heat source that could produce both the Moon’s mare
basalts and the Earth’s flood basalts.[5]

42

LPI Contribution No. 1320

Planetary surfaces and plate tectonics. The P/T
boundary also represents a shift in the tectonic processes
of the Earth. The continent of Pangaea assembled in the
pre-boundary plate regime, but its breakup—along with
the initiation of modern mid-ocean spreading and the continental subduction regime—is a post-boundary process.
Although Wegener [6] was unable to provide a driving
mechanism for his theory of plate motion, he did speculate that the gravitational pull of the Moon might be one
possible source for the necessary energy. The mantle convection, which is assumed to be the driving force today, is
a heat-driven force. If the process is significantly different
in the post-boundary era, the driving force of mantle convection must also have changed at the P/T boundary.
Tidal heating is the only significant source of heat energy
that could be introduced so late in the geologic evolution
of the Earth’s geologic history.
The Mascons. The Moon rightly has no plate tectonic
processes; however there are crustal conditions on the
Moon that appear to correspond to a secondary heating.
The mascons, which have been something of an anomaly
in lunar studies, can be explained if the mare are of “recent” origin. If the mare are 3.5 billion years old, then
clearly the crust of the Moon must have held the uncompensated masses of the mare for billions of years. However, a recent age would not be constrained by this time
vs. strength problem: instead, the mare are simply “not
yet fully compensated.”
Orbital Irregularities: The orbital conditions that
have been long known to be unique to the Earth-Moon
system also begin to make sense if the Moon and Earth
have had a closer partnership in the past. The nature of
cyclic phenomena in the geologic record has been a topic
of debate, specifically in the wake of the impact hypothesis for dinosaur extinction. The nature of cyclic extinction
and the closely allied phenomena of flood basalts have
produced much literature.[7] It is generally believed that
whatever the driving force was, it must have been extraterrestrial, or beyond the control of Earth processes, such
as impacts, unseen companion sun, or the solar system
passing through the galactic plane. Tidal heating association with the closer and subsequently retreating Moon
would be just such an extraterrestrial driving force.
Pole wandering and magnetic reversals also seem to
be strongly post-boundary phenomena. The Chandler
wobble, the unaccounted for motion of the Earth’s axial
spin, and other short-term motions may also be accounted
for by gravitational interaction with a much closer Moon.
One of the most interesting post-boundary changes is
the Earth’s increasingly seasonal nature. Prior to the P/T
boundary, the Earth’s climate is seen as uniquely nonseasonal. Environments are described as generally temperate with strong continental influence. As the Mesozoic
era develops, a seasonal tendency begins to be seen. This
seasonal tendency is often masked through the Mesozoic
by the higher atmospheric pressure that dominates the
Jurassic period and the transgression of the oceans during
the Cretaceous period. However, as the Mesozoic gives

way to our modern Tertiary, seasons become the dominant driving force for the evolution of life on Earth.
Cratering History: The ages of planetary surfaces in
the solar system are primarily dated through surface crater
counts. The age of the mare and their crater distributions
are the gold standard for dating all other surfaces. Yet
many of the secondary surfaces in the solar system, particularly those of volcanic origin on Mars, are beginning
to show the weakness of the existing paradigm. The problem created by the ancient dating of the mare and their
lightly cratered surfaces are manifested in the model of
intense bombardment. The MIB has had its fair share of
detractors, but as long as the constraint of 3.5 billionyear-old mare is in place, MIB must be maintained. This
model then forces older dates onto lightly cratered surfaces throughout the solar system, regardless of what
other evidence might suggest.[8]
A recent (~250 million yr ago) date for the mare, produced through tidal heating of a closer Moon, eliminates
the need for the MIB. It also allows for the explanation of
the greatest number of the Earth-Moon system’s phenomena by means of the fewest hypotheses: a single hypothesis is all that is required.
Conclusion: Following the path of pre-Apollo selenologists may bring us to the conclusion that the Moon
and Earth were gravitational partners—thus producing
tidal heating, which has driven the geology of both bodies
since at least the Permian period on Earth. Perhaps the
Moon was held in some resonance since the formation of
the system, keeping it close to the Earth and providing for
this ultimate heating event. Or, more likely, the capture of
the Moon actually produced this event.
A return to pre-Apollo mare theories offers the possibility to explore this question and others and opens the
door to rich new possibilities for inquiry, debate, and discussion, not only on planetary surface science, but on the
nature of the Earth-Moon relationship and its history.
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Wegener A. (1915) The Origin of the Continents and
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DENSITY OF SMALL IMPACT CRATERS ON MARS : dominated by secondaries or secondary and primary mixing ? C.Quantin1, N. Mangold2, W.K. Hartmann3, P. Allemand4, 1 Center of Earth and Planetary studies,
National Air & Space Museum, Smithsonian Institution, Washington, D.C. 20013-7012, USA, 2 IDES, Orsay, France, 3PSI,
4

Tucson, USA, LST, Lyon, France. quantinc@si.edu

Introduction: Recent studies have vigorously
questioned the reliability of the age determination from
crater count from small impact crater (less than one
kilometer) [1,2]. Especially for Mars, it is a crucial
debate because the surface processes on Mars seem to
have been active until very recent period of time. A
part of the surface of Mars is young exposing surfaces
depleted in craters or only with few impact craters.
Determinate an age from these few impacts craters is a
challenge crucial to understand the recent Martian activity.
A part of the debate is to understand the role of
secondary impact craters (craters produced by fallback
of ejecta blocs from a primary impact) in the density of
the small impact craters and the consequence of the
reliability of the ages determined from this range of
diameters. Results from Europa [2] and Mars [3] suggest that secondaries dominate the population of small
craters. Results show that a large impact leads to rays
of millions small secondary craters often clustered
[2,3].
In parallel, many studies on Mars have demonstrated from crater count on small impacts that Mars
has been geologically active until recent period of time
in term of glacial processes [i.e. 3,4] , volcanism [i.e.
5,6] or landslides [7]. Could the studies on secondaries
on Europe and on Mars question these results?
Here we studied the homogeneity of the crater
density in Valles Marineris where landform features
have been dated using small craters and range from 3.5
GY old to 100 My [7].
Example, stratigraphy and age attribution in
Gangis Chasma : We studied the eastern part of
Gangis Chasma (fig 1). In this part of Valles Marineris,
several landslides emplaced on the impacted canyon
floor. A group of landslide comes from the North rim
of the canyon and three landslides come from the
South. The stratigraphic relationships clearly indicate
for the South group of landslides that a younger landslide overlaps both older landslides (the youngest landslide is named upper landslide in the figure 1). All
these morphologies have been dated by Quantin et al.
[7]. The canyon floor which is the base of the stratigraphy has an age of 3.5 Gy. Both underlying landslides
coming from the South wall have an age of 3-3.5GY.
The group of landslide coming from the North wall

have an age of 1 Gy. The upper landslide of the south
wall is dated at 100 My. All these ages have been determined from small impact craters (less than one
kilometer large) except for the ages at 3.5 Gy where the
distribution of crater larger than one kilometer can be
determined and is in agreement with the small crater
distribution [7].
Discussion: The first strong argument in favor of
the reliability of the age determined by small impact
crater is that the ages fit exactly the stratigraphic relationships. Secondly, if we look at the MOC images (fig
1), we observe that the crater density is homogenous
for each geological entity: No rays and no clusters.
That is a strong observation valid for all the landform
features in this area whatever their age. The relationships shown here argue against recent suggestions that
crater densities of small craters are completely dominated by statistical clustering of secondary craters and
that they are useless for dating.
We don’t deny the part of secondaries in the crater
density especially for small impact craters. However,
this example illustrates that in absence of obvious clusters, the density of small impact crater is probably a
homogenous mixing between primaries and secondaries and that the density differences of small impact
craters could be correlated to age differences and are
not necessarily due to statistical clustering of secondaries.
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al., (1999) Nature, 397, 586-89. [6] Neukum et al.,
(2004), Nature, 432, 971-979. [7] Quantin C. et al.,
(2004), Icarus, 172, 555-572.
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Fig. 1: Eastern Gangis Chasma. a) THEMIS day-time context, b) close up on the crater density of the North landslide dated at 1 Gy [7], c) close up on the crater density of the canyon floor dated at 3.5 Gy [7], d) close up on the
crater density of the South upper landslide dated at 100 My [7], e) close up on the crater density of south underlying
landslide dated at 3.5 Gy [7].
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UNCOVERING MARS. P. H. Schultz, Department of Geological Sciences, Box 1846, Brown University, Providence, RI 02912 USA (peter_schultz@brown.edu).
INTRODUCTION: The Martian surface has
been continuously covered and uncovered. Presently,
global circulation carries micron-size dust particles to
high latitudes where condensation of ice causes them
to fall, analogous to dirty snow. The gradual accumulation of his ice-laden loess constructed the thick,
layered sequences found at both poles. Although such
deposits appear to continue to build, erosional relicts
and outliers demonstrate a complex history of expansion and recession, perhaps in response to orbital
forcing. Relicts of similar sequences occur elsewhere
including vast 1-2 km thick deposits of Arabia and
the Medusa Fossae Formation, the interiors of ancient
impact basins (Agyre, Hellas), and circumpolar regions. Such deposits occur at both high and low elevations, thereby indicating an eolian origin similar to
terrestrial loess. The following contribution explores
the shielding effect of surface veneers expressed by
crater scaling, substrate damage, and impact products
through laboratory impact experiments. These results
provide a template for recognizing relicts of missing
cratering populations on Mars. Inferences from
shielding effects and surface expressions on exhumed
terrains are then tested more broadly through cratering statistics of regions exhibiting extensive deflation
of thick loess sequences. Finally, results provide implications for dating (and misdating) surfaces.
Effect of Surface Veneers on Cratering: Even
a thin sedimentary layer can effectively protect underlying surface from significant shock effects by
impact cratering [1]. Three independent approaches
document this flak-jacket effect: hypervelocity impact experiments that assess the effect of surface veneers on crater diameters; the consequences of such
veneers for the substrate damage; and the geologic
signatures of the lost cratering record in exhumed
terrains on Mars.
Hypervelocity impact experiments at the NASA
Ames Vertical Gun Range investigated the effect of
low-impedance surface layers on both crater diameter
and substrate damage. Impedance refers to the combination of density of the target and sound speed that
affects the peak pressure created during an impact.
The experiments used both porous sand and plasticene layers of different thicknesses over an aluminum
plate for impacts at different angles. Vertical impacts
(90°) easily penetrated such surface layers. Even
though the crater bottomed-out at the substrate surface to form a diameter: depth ratio of 15:1, crater
diameter in the surface layer remained unaffected
until the layer depth (h) was reduced to less than
three times the projectile diameter (a). In contrast
with the common implicit assumption that crater diameter and depth for gravity-controlled growth are

simply related, these results illustrate that they are
decoupled, except for extremely thin layers.
Decoupling diameter and depth reflects the underlying processes that control each dimension.
Shock rarefactions off the free surface of the target
control crater diameter, whereas maximum projectile
penetration affects crater depth. Penetration, in turn,
is controlled by shock rarefactions in the projectile
(both from the top and laterally) that decelerate and
disrupt it until dynamic resistance (yield strength)
limit further travel [2]. Shock-rarefaction control of
diameter can be illustrated by separating the nearsurface shock from the downward penetration. A hole
cut in the underlying aluminum plate was covered
with a thick Mylar sheet, which provides support for
the particulate surface layer but offer minimum resistance to the penetrating projectile. Such a strategy not
only decouples impactor momentum but also reduces
the reflected shocks off the competent substrate. As
before, crater diameter is not affected until h/a becomes less than three. Experiments reveal that crater
diameters for impacts at an angle of 45° are unaffected as h/a approaches 1. Impact angles less than
15° push h/a to less than 0.5 when the projectile fails
prior to significant penetration and couples most of
its energy to the target by ricocheting debris.
A low-impedance surface layer also significantly
reduces damage to the competent substrate underlying. Hypervelocity impacts at 90° penetrate lowimpedance layers and excavate the substrate as if
uncovered until the depth of the final crater in the
layer approaches the excavation depth (dE), which is
about 50% of the final crater depth. Without a buried
substrate, the crater would have continued to grow by
downward displacement, rather than excavation. The
excavation depth relates to decoupling between the
shock front in the target and the decelerated remnants
of the impactor. This process can be appreciated
visually by the fact that the impactor does not penetrate below the crater floor through the last stages of
crater growth, even in low-strength materials (e.g.,
sand and water).
Surface layers more effectively shield the subsurface during oblique impacts. Shielding is a corollary to the increased coupling to the surface layer, as
indicated by reduced effects on crater diameter with
smaller values of h/a.
Shielding Mars: These experimental results
have implications for Mars. Three alternative approaches assess the possible effect of unconformable
loess deposits on shielding buried surfaces. First, the
depth (h) of the layer is referenced to the crater depth
(d). Second, h is referenced to the excavation depth
(dE). And third, h is referenced to impactor diameter
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as calculated from scaling relations. The first and
second approaches require correcting the observed
rim-to-rim diameter to the apparent diameter (referenced to the pre-impact surface). For simple craters,
this requires reducing the diameter by about 25%; for
complex craters, about 56%. If apparent crater depth
in a uniform target is about 25% of the apparent crater diameter, then a surface layer of thickness h=1km
would shield the country rock from craters 5 to 10
km in diameter (rim-to-rim) for the assumptions of
apparent crater depth or excavation depth, respectively. The third approach extrapolates crater-scaling
relations based on gravity-limited growth for impacts
into porous sand targets [e.g., 2].
Comparison of these approaches reveals that the
excavation depth for craters between 1 km and 10 km
in diameter (final rim-to-rim) on Mars is about the
same as the diameter of the impactors that produced
them. Consequently, a crater as large as 10 km would
form almost completely within a surface deposit only
1 km thick. Damage to the underlying surface may be
expressed only as a saucer-shaped indentation (simple craters) or perhaps as a relict central uplift structure (complex craters). A range of cratering relicts
should occur, however, depending on the specific
crater diameter relative to the depth of the missing
layer and the specific geologic history of the region.
Impact Relicts on Exhumed Surfaces: Pedestal
craters have long been recognized as indicators of an
eroded surface layer [1, 3, 4]. They commonly occur
around the periphery of the present polar layered terrains, but also are found within and around the thick
(1-2 km) sequences of Mesogaea and Arabia, both of
which are currently undergoing extensive deflation.
Pedestal craters are formed by differential erosion of
an easily eroded surface deposit surrounding a region
protected by an armouring agent produced by an impact [1,3-7]. As erosion backwastes the outwardfacing scarp towards the crater rim, the pedestal crater begins to resemble a pseudo-volcanic structure as
relict deposits below the crater provide a base for
relicts of the crater itself, which is left as a summit
pit. Eventually, only the crater floor (or exposed subfloor) remains, thereby leaving an inverted crater,
i.e., the floor, rather than the rim, stands in relief
above the deflated surroundings [1].
Once the crater itself is completely removed by
deflation (or sublimation), identification of crater
relicts becomes more speculative. Nevertheless, laboratory impact experiments provide important clues.
Impacts into natural particulates (such as pumice dust
or loess) result in highly compressed materials beneath the floor. These breccias form in front of the
downward-moving shocked target. A competent substrate induces stagnation flow where the compressed

material is arrested and continued downward movement of material shears laterally off the central
mound. These compressed floor "plugs" can be removed intact following the impact experiments. The
same process should occur at much larger scales on
Mars. Craters formed completely in a porous unconformable deposit and then removed, should nevertheless remain as small mounds of compressed dust (and
melt). Secondary also form inverted topography. For
example, secondary chains from Lyot [8] and Mie [7]
extend into the northern plains and remain as elongated, rimless mounds or chains of hummocky material.
Dating Mars: Crater statistics on eroded surfaces do not establish a unit age but a process age
(comparable to crater equilibrium ages on the Moon)
where the rate of gradation (both deposition and erosion) offsets the rate of crater preservation. Equally
important, underlying surfaces do not record the
complete cratering history. Crater statistics only can
provide an exhumation age or cumulative exposure
age. A surface or feature rapidly buried and archived
by a thick deposit may emerge as if formed yesterday.
An important implication of such a scenario is a
possible resolution for the preservation paradox:
complete erosion of 10 km craters yet preservation of
narrow valleys only 1 km across. This paradox is
resolved by archiving ancient surfaces by later deposits. The narrow valleys had been protected from billions of years of cratering and eolian erosion. If these
Hesperian deposits had been volatile rich, migration
of volatiles downward should have cemented the cratered Noachian surface thereby further fossilizing this
record. The heavily etched terrains northwest of Isidis then could be Noachian, Hesperian, and Amazonian in age. The underlying cratered uplands represent the Noachian basement. Thick loess deposits
accumulated in the Hesperian, thereby shielding the
basement from the cratering record and ongoing surface processes for billions of years. As the loess deposit was removed, either an equilibrium cratering
record was established or newly exposed surfaces
captured the Amazonian cratering history.
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EVIDENCE FOR, AND SIGNIFICANCE OF, THE INNER SOLAR SYSTEM CATACLYSM. T. D. Swindle and D. A. Kring, Lunar and Planetary Laboratory, University of Arizona, 1629 E. University Blvd., Tucson AZ
85721-0092 (tswindle@u.arizona.edu).
Introduction: When the idea of a “lunar cataclysm” was proposed more than 30 years ago [1, 2], it
was based on a preponderance of ages slightly younger
than 4 Ga among Apollo samples. At the time, the evidence was limited to the Moon and a plausible cause
was elusive, leading to a variety of alternative hypotheses as to what the significance might be. Besides
the obvious possibility of an increase in impact flux at
the Moon at that time (Fig. 1b), a decrease in impact
flux leaving a “stonewall” through which no other
effects could be seen (Fig. 1a, [3]) and a blanketing
effect of a single large basin-sized crater [4] were also
suggested. Since then, particularly in the years since
Ryder’s [5] careful revisitation of the lunar record,
understanding of the possibilities has grown. Here, we
review work that we and our colleagues have done, in
an attempt to put the event into the context of the geochronology of planetary surfaces within the inner Solar
System. Although much of the work has focused on
the Moon, there now appears to have been an event
that affected the entire inner Solar System, very possibly caused by dynamical events in the outer Solar System. Although many questions remain, it is quite possible that the large bodies in the inner Solar System
contain no significantly large surfaces older than 4.0
Ga (although there are certainly rocks older than that).
Radiometric evidence: The initial impetus for the
idea of a “cataclysm” came from analyses of radiomet-

Fig. 1. Possible cratering histories range from a
declining heavy bombardment (a) to a cataclysm (b) [6]

ric chronology systems, and these remain key to unraveling the impact events in the early Solar System.
Among the systems commonly used, the easiest to
reset is the K-Ar system (now usually analyzed in
40
Ar-39Ar experiments). However, we now appreciate
that an impact does not reset the K-Ar system in every
rock that it disturbs. In fact, it is the heating resulting
from the impact that is usually responsible for the resetting. Hence a rock may be broken, or thrown thousands of kilometers, but if it is not heated to a sufficiently high temperature for a sufficient length of time,
the radiogenic 40Ar it contains will not escape, and its
K-Ar system will not be reset. Hence an event may
cause “resurfacing” without resetting all (or even
most) rocks on that surface.
Lunar samples: The Moon contains abundant igneous rocks older than 4.0 Ga, but studies of a variety of
impact-related materials, including impact-produced
glasses [7-9] and impact-melt clasts in lunar meteorites
[10, 11], as well as impact-melt rocks from the Apollo
collection [12-16], very rarely show ages >4.0 Ga.
Although preferential destruction of impact-derived
rocks compared to igneous rocks is possible [17], no
quantitative modeling has been done to determine if it
can explain the dearth of old impact-derived samples.
On the other hand, in lunar glasses and lunar meteorites, there does not seem to be as sharp a cutoff at the
younger end (3.8 Ga or so for Apollo impact melt
rocks), an unexplained puzzle. Thus, there appears to
be a sharp rise in the impact rate at ~4 Ga, but the duration is still unclear.
Asteroidal meteorites: Bogard pointed out that
many HED meteorites appear to have impact ages of
3.5 to 4.0 Ga [18, 19], though older impact ages are
rare, and suggested that this might be related to the
same event as the lunar cataclysm. More recently, two
H-chondrite-derived samples have been shown to have
impact ages of 3.5 to 4.0 Ga [20, 21], bringing the total
number of H-chondrites with that age to 4 of <20 analyzed (see also [18]). This makes some of the alternative explanations based on lunar samples less tenable.
For example, most HED and H meteorites do not have
ages with impact signatures, yet those that do have
impact ages have ages of 3.5 to 4.0 (as well as some
much younger ages in the H chondrites), but not 4.0 to
4.4.
Earth and Mars: The single martian meteorite
older than 1.3 Ga, ALH84001, appears to have suffered an impact event roughly 4.0 Ga ago [22]. Al-

48

LPI Contribution No. 1320

though one should not put too much significance on a
single meteorite as confirmation, it certainly is consistent with the idea of an inner Solar System-wide event.
Similarly, the oldest intact rocks on Earth are just under 4.0 Ga old, although they contain mineral grains
that are considerably older (e.g., [23]).
Cratering evidence: In a recent re-analysis of the
crater size-frequency distribution of various planets,
Strom et al. [24] concluded that the distributions on the
older surfaces of the Moon, Mars and Mercury match
each other, and the distributions on the younger surfaces of Venus, Mars and the Moon match each other,
but that the younger and older surfaces are distinct
from one another, implying two sources of impactors.
Furthermore, they found that when they estimated the
size-frequency distributions of the impactors themselves (rather than the craters), the old surfaces match
the modern-day Main Asteroid Belt, while the young
surfaces match Near-Earth objects. The Near-Earth
objects are an obvious source for young surfaces, but
the modern-day Main Asteroid Belt is something of a
surprise, since it would require a process that removed
large numbers of objects from the Main Belt without
changing the size-frequency distribution of the Main
Belt. That would eliminate processes that are sizedependent (such as the Yarkovsky effect) as well as
processes like collisional fragmentation (unless the
Main Belt was and is in an equilibrium distribution).
Dynamical evidence: Two different groups have
recently proposed models involving the dynamical
evolution of the orbits of the outer planets that would
lead to a cataclysmic bombardment of the inner Solar
System. Gomes et al. [25] invoke bombardment by
comets, although they conclude that the asteroid belt
would also be disrupted, while Strom et al. [24] suggest the event was dominated by resonances sweeping
through the Main Asteroid Belt, explaining the sizefrequency distribution more explicitly. Although it is
not clear that either is the complete answer, it is now
clear that there are plausible mechanisms that would
lead to a greatly increased cratering rate for a single
relatively short period of time, hundreds of Ma after
the formation of the planets.
Current questions: Several questions beg for an
answer:
Is it possible to preferentially destroy impactderived rocks compared to igneous rocks on the
Moon? Given the evidence in asteroidal meteorites,
this seems less likely, but should still be quantitatively
modeled.
We know that impact-derived rocks older than 4.0
Ga exist on the Moon [16], but how common are they?
Have we just not looked in the right places? Further
searches are underway [16].

At present, >20% of the H-chondrite-related impact-derived samples give ages between 3.5 and 3.9
Ga. However, that is based on <20 meteorites. Is that
really the correct number, or is it lower or higher?
Could there be a comparable number with ages between 4.0 and 4.4 Ga, but we just haven’t found them
yet?
Although samples older than 4.0 Ga are rare, in
several sample sets the ages extend to ages as young as
3.0 to 3.5 Ga. What is the younger cutoff for samples
involved in this event? In other words, while the beginning of the event seems to be about 4.0 Ga, what
was its duration?
Potential implication for surface chronologies:
The most significant potential implication is that there
may not be any surfaces on the Moon or any of the
planets in the inner Solar System that are more than
about 4.0 Ga old. If the oldest surfaces of the inner
planets all record the size-frequency distribution of the
same unique event, and, as suggested by the radiometric evidence, the event began at ~4.0 Ga, that may be a
wall through which we cannot see, in terms of surface
ages. There are certainly rocks or grains older than
that, but they may only be lying on younger surfaces
or incorporated in younger rocks. There may be older
asteroid surfaces, on bodies that happened to not get
hit or ejected, but even in the case of Vesta, the surface
may be no older than 4.0 Ga. This also may mean that
many of the oldest surfaces seen (e.g., the Noachian
surfaces on Mars) all formed in a relatively narrow
window in time when a tremendous amount of energy
was being supplied to planetary surfaces by impacts.
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HOW GEOLOGY AFFECTS CRATER SIZE-FREQUENCY DISTRIBUTIONS AND DETERMINATION
OF THE CRATER PRODUCTION FUNCTION FOR CRATERS >5 KM IN DIAMETER ON MARS. K.L.
Tanaka1, J.A. Skinner, Jr.1, and N.G. Barlow2. 1Astrogeology Team, U.S. Geological Survey, Flagstaff, AZ 86001
(ktanaka@usgs.gov); 2Dept. of Physics and Astronomy, Northern Arizona U., Flagstaff, AZ 860011-6010.
Introduction. In spite of extensive previous work,
consensus has not been reached yet as to the form of the
crater production function (CPF) for Mars, especially in
the ~2 to 20 km size range [e.g., 1, 2]. Much of the problem may be due to complex resurfacing that results in
modified crater size-frequency distributions (SFDs) for
most of the martian surface. Based on revised geologic
mapping and an improved crater database, we present
results that indicate that the cumulative CPF follows
closely a -2 power law slope in the 5 to ~100 km diameter range, which is steeper than what previous workers
have determined. This slope magnitude is rarely attained, however, indicating that resurfacing of smaller
craters in this size range has been the norm.
Crater data. Our crater database [3] is restricted to
craters larger than 5 km in diameter, a size range that is
sufficiently large such that secondary craters are not
likely to contaminate the crater populations [e.g., 4].
This database is in the process of being updated from a
previous version that was based solely on Viking images
and locations. At present, the new database covers most
of the northern hemisphere, except for north of 65º N.,
most of Arabia Terra, small parts of the highland/lowland boundary, and the Elysium region.
Crater diameters and locations are determined using
GIS software and are registered to the MOLA digital
elevation model. Morphologic features are documented
using Viking, THEMIS, and MOC images. The database
also includes a field for preservation state (PS), ranked
from 0 (e.g., “ghost” or “stealth” craters) to 7 (pristine in
all details). A PS ≥ 4 indicates that a crater has an observed ejecta blanket. It is difficult, however, to discern
ejecta blankets when such features are thin and/or lack
prominent features such as rampart margins, particularly
if only hazy and/or lower resolution imagery are available. Because the identification of ejecta blankets was
performed conservatively, they are somewhat underrecognized in the database.
Geologic map units. In this study, we focus on four
map units within the northern hemisphere that are (1)
widespread, to improve crater statistics, and (2) have
diverse geologic origins, to study the effects of various
resurfacing events and hypothesized mechanisms.
For our crater statistics, we apply geologic units identified in MOLA, THEMIS infrared, and MOC data [5].
We specifically counted craters within key lowland and
lowland marginal units, which generally constrain the
Hesperian and Amazonian boundary. To improve the
completeness of our crater counts, we incorporated

mapped crater material (generally > 150 km in crater and
ejecta diameter; [5]) into its appropriate underlying unit.
The selected lowland and lowland marginal units include (a) the Early Amazonian Vastitas Borealis interior
unit (ABvi), which may have formed through sedimentation within a paleo-ocean [e.g., 6] and/or pervasive softsediment diapirism, mud volcanism, and cryoturbation
[7]; (b) the Late Hesperian Utopia Planitia 2 unit (HBu2),
which forms highland/lowland boundary plains material
apparently reworked from higher-standing, lowland
marginal units (e.g., unit HBu1) [5], (c) the Early Hesperian Utopia Planitia 1 unit (HBu1), which appears to
result from long-term erosion and mass wasting of ancient Noachian cratered highland materials [5]. In addition, we used the Viking-based geologic maps of Mars
[8] to outline the Early Hesperian ridged plains material
(their unit Hr) on Lunae Planum; these maps are updated
into a digital version [9] to conform to the revised geodesy controlled by MOLA data. Lunae Planum commonly
has been recognized as a cratered highland that was
extensively buried by sheet lavas [e.g., 8].
Results and discussion. We determined the cumulative SFDs for the four units described above using both
total craters and craters with ejecta blankets (see Table 1
and Fig. 1). For simplicity, we determined the powerlaw slope between N(5) and N(16) to broadly characterize their SFDs.
Table 1. Crater counts for map units in study.
Slopeb
N(5)c
N(16)c
Unita
-2.09±0.13
75.9±2.6
6.7±0.8
ABvi (e)
-1.71±0.10
95.3±2.9
13.1±1.1
ABvi (t)
73.2±8.6
7.1±2.7
HBu2 (e) -2.00±0.51
157.5±12.7
25.4±5.1
HBu2 (t) -1.57±0.26
104.0±8.3
14.7±3.1
HBu1 (e) -1.68±0.26
208.6±11.8
35.3±4.9
HBu1 (t) -1.53±0.17
-1.44±0.25
103.7±8.5
19.4±3.7
Hr (e)
-1.32±0.20
135.5±9.7
29.0±4.5
Hr (t)
a
See text for unit names; data for craters with ejecta (e)
and total craters (t)
b
Power-law fit for N(5)/N(16)
c
N(x)=no. craters >x km diameter per 106 km2
The maximum power-law slope is about -2 for craters with ejecta for units ABvi and HBu2. We suggest that
this slope characterizes the CPF for Mars during the
Amazonian and perhaps Hesperian for craters 5 to ~100
km in diameter. This suggestion assumes (1) our identification of impact craters and determination of ejecta
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presence are highly accurate, and (2) no substantial mantles, evidenced by abundant pedestal craters in the
obliteration of craters with ejecta post-dating the unit has northern plains [5, 10].
The Utopia Planitia 1 unit (HBu1) and ridged plains
occurred.
material (unit Hr) have power-law slopes of ~1.7 and
~1.4, respectively, for craters with ejecta blankets and
lower slopes for total craters. We suggest that these units
underwent substantial resurfacing that selectively destroyed smaller diameter craters. Unit HBu1 likely records the severe degradation of the highland/lowland
boundary (HLB). The HLB generally consists of knobs
and fractured plateaus as much as tens of kilometers
wide collectively bordered by a high-elevation scarp.
Likely, the degradation of this boundary region was
protracted due to unstable slopes that could locally and
Figure 1. Graphs showing episodically fail due to impact shaking or perhaps
the cumulative density of changes in climate and near-surface cryologic and hycraters for units in this drologic conditions. Some cone and flow features within
study: Vastitas Borealis the unit may be due to mud or magmatic volcanism [5,
interior unit (top left), 7]. Lunae Planum ridged plains material is made of the
Utopia Planitia 2 unit (top right), Utopia Planitia 1 unit last stages of lava flows emplaced from probable fissure
(bottom left), and Lunae Planum ridged plains material vents on the flanks of a broad rise centered on Valles
(bottom right). Blue, craters with discernible ejecta blan- Marineris. Thus it may be constructed from multiple
kets; red, all craters.
episodes of lava-flow emplacement that preferentially
obliterated smaller craters.
Conclusions. Empirical determination of the CPF for
craters >5 km on Mars requires (1) broad, relatively
smooth surfaces that were emplaced rapidly and have
avoided significant subsequent resurfacing and (2) good
quality, high-resolution image data from which careful
observations regarding the superposition relations of
crater ejecta vs. unit surfaces can be made. New data sets
for Mars and careful geologic mapping and crater database generation have led us closer to discovering a CPF
that has a steeper power-law slope than previously recognized. However, we contend that most surfaces on
Mars, such as lava-flow fields and ancient cratered terAs discussed previously, the first assumption is sus- rains, have complex resurfacing histories that have repect to some degree and will require further assessment sulted in partial obliteration of smaller craters. Resurfacwith improved image resolution and coverage to verify ing may pose serious challenges for obtaining accurate
whether or not questionably degraded craters (PS ≥ 2 CPFs for other planetary surfaces as well.
and <4) do indeed lack ejecta blankets. Unit ABvi has 90
craters in this PS range vs. 874 craters having PS ≥ 4. References. [1] Ivanov B.A. (2001) Space Sci. Rev. 96,
The second assumption requires that the unit was rapidly 87. [2] Hartmann W.K. and Neukum G. (2001) Space
emplaced and not substantially resurfaced. This cannot Sci. Rev. 96, 165. [3] Barlow, N. G. (2006), LPSC
be constrained well, but may be postulated on the basis XXXVII, Abs. #1337. [4] Chapman C.R. (2004) 2nd Conf.
of geologic arguments. For example, if unit ABvi re- Early Mars, Abs. #8028. [5] Tanaka K.L. et al. (2005)
sulted from a geologic event of relatively short duration, USGS SIM-2888. [6] Parker T.J. et al. (1989) Icarus 82,
such as rapid ponding of water or climate-induced proc- 111. [7] Tanaka K.L. et al. (2003) JGR 108, 8043. [8]
esses, then it may be suitable for approximating the CPF. Scott D.H. et al. (1986-87) USGS I-1802-A,B,C. [9]
This might also be the case for unit HBu2. In addition, Skinner, J.A., Jr. et al. (2006) LPSC Abs. #2331. [10]
whereas we do not see evidence for crater obliteration Skinner, J.A., Jr. et al. (2006) LPSC Abs. #1476.
for these units in craters > 5 km in diameter, smaller
ones on unit ABvi may have been substantially destroyed due in part to deposition and removal of thin

Workshop on Surface Ages and Histories: Issues in Planetary Chronology

51

SURFACE AGE CONUNDRUM IN THE NORTHERN PLAINS OF MARS: GROUND TRUTH AT THE
VIKING 2 LANDER SITE. B. J. Thomson, Lunar and Planetary Institute, 3600 Bay Area Blvd, Houston TX
77058 (thomson@lpi.usra.edu).
Summary:
Measurements of the crater
population near the Viking 2 Lander (VL2) site,
which is broadly representative of the Martian
northern plains, reveal an extreme paucity of small
craters. This lack of small craters indicates that
resurfacing processes have continued up to the
present, a result which is seemingly at odds with the
Late Hesperian age indicated by the density of large
craters. The disparity between the exposure ages
indicated by large and small craters highlights the
scale-dependent nature of crater dating and
demonstrates how measuring craters over a large
range of sizes is vital for unraveling the complex
depositional and erosional history of sedimentary
terrains.
Background: Relative ages of geologic units on
Mars have been inferred using the observed number
density of large, km-sized impact craters [1].
Specifically, relative ages are assigned using the
cumulative number of craters per 106 km2 greater
than either 2 or 5 km in diameter (referred to as the
N2 or N5 age, respectively). By using the lunar
cratering record as a calibration standard, absolute
ages of Martian surfaces can be tentatively assigned
[2]. One potential problem with this approach is that
there are a number of resurfacing processes on Mars
(e.g., eolian and fluvial processes) that do not occur
on the Moon. These additional resurfacing processes
have the potential to “perturb” the Martian cratering
record from the lunar standard. These differences
will be most obviously manifested in the record of
small craters, which are the most sensitive to
resurfacing processes.
VL2 lies on the knobby member of the Vastitas
Borealis Formation (VBF), which has a measured
crater density of ~0.9 to 1.4×102 craters >5 km per
106 km2. This N5 age falls within the Late Hesperian
time period [3]. In more recent geologic mapping
with Mars Global Surveyor (MGS) data, the 4
members of the VBF have been combined into 2
larger members, which results in slightly younger
relative N5 ages that straddle the Noachian/Hesperian
boundary [4].
Measurement of buried craters
indicates that the basement is Noachian in age [5].
Despite the growing abundance of highresolution imagery at high northern latitudes, small
craters in the northern plains have not yet been
studied in great detail [e.g., 6]. As discussed below,
the small crater population near the Viking 2 Lander
site indicates a richer and more varied geologic

history than is suggested by the visible population of
large craters alone.
Extreme deficiency of small craters: The
observed crater density near VL2 is given in Figure
1. The 2 and 5-km-crater densities (N2 and N5 ages)
are 5.7×102 and 1.2×102 craters >D per 106 km2,
respectively, which correspond to a Late Hesperian
surface according to the crater-density boundaries of
Tanaka [1].
The distribution of craters smaller than 500 m, in
contrast, flattens out and does not follow any
particular isochron. Small craters are depleted by up
to two orders of magnitude from the predicted
number of impacts based on larger craters, suggesting
that the vast majority of small craters have been
removed through erosion and/or deposition.

Figure 1. Cumulative crater densities in the VL2 region.
The number of craters >D per km2 in each bin are given.
Error bars represent ±√N>D.
Estimated Martian
production functions are given as dashed lines [2]. Dark
solid lines denote crater density boundaries between the
Late Noachian/Early Hesperian (upper bar) and Late
Hesperian/Early Amazonian (lower bar) [1].

Comparison with Meridiani Site: The crater
density measured at the VL2 site can be compared to
the population at the Meridiani site [7] measured over
a similar range of crater sizes. In the data from
Meridiani (Figure 2), craters larger than 1 km suggest
an ancient, Noachian surface. Yet the sub-km
diameter crater population flattens out and crosses
many isochrons, again suggesting that a significant
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number of craters have been removed through
erosion and/or deposition.
Unlike VL2, however, a production population is
re-asserted at very small crater diameters (<100 m in
diameter). This indicates that resurfacing episode(s)
were followed by the resumption of normal crater
accumulation within the last 10-40 Ma [7].
Inferred geologic history: Several lines of
evidence point to the presence of a sedimentary
mantle deposit that has suffered massive eolian
deflation in the VL2 region [8-11].
Relict
topographic landforms such as pedestal craters
indicate that the mantle layer formerly was at least
120 m thick [9, 12]. Although the surface has
suffered net erosion, small-scale geomorphologic
features indicative of recent viscous creep are
consistent with the continued deposition and removal
of meter to decimeter thick layers of ice-rice dust
[e.g., 13]. Periodic burial and exhumation of rocks
by soft dust at the Viking sites was also proposed to
reconcile the old surface ages with the high
abundance of rocks despite high inferred rock
abrasion rates [14].
These observations are consistent with the
cratering record that has been extended down to
small diameters in this study. On the basis of the
depth-to-diameter relationship for simple Martian
craters (d=0.21D0.81 [15]), the inferred depth of
erosion (120 m) is fully consistent with the loss of
craters ≤500 m in diameter.
Implications. Assigning a single exposure age
to a surface based on a single reference diameter
(e.g., 2 or 5 km diameter craters) can be problematic.
A case in point is VL2 site: large craters suggest a
Late Hesperian age, and buried craters indicate an
even older Noachian basement. Yet the extreme lack
of small craters indicates that the deposition and
removal of decimeter-thick mantle layers has
continued up to the present day.
The concept of a surface’s crater-retention age is
therefore scale-dependant. The results from VL2 and
Meridiani stress the importance of examining the
cratering record over all sizes to unravel the geologic
history of regions with complex resurfacing
chronologies.

References: [1] Tanaka K. L. (1986) JGR, 91,
E139-E158. [2] Hartmann W. K. & Neukum G.
(2001) Space Sci. Rev., 96, 165-194. [3] Greeley R.
& Guest J. E. (1987), USGS Misc. Invest. Ser., I1802-B, 1:15,000,000. [4] Tanaka K. L. et al. (2003)
JGR, 108. [5] Frey H. V. et al. (2002) GRL, 29. [6]
Hartmann W. K. et al. (2001) Icarus, 149, 37-53. [7]
Lane M. D. et al. (2003) GRL, 30. [8] Arvidson R. et
al. (1979) Nature, 278, 533-535. [9] Thomson B. J.
& Schultz P. H. (2005) LPSC XXXVI, Abstract
#1800. [10] Schultz P. H. & Lutz A. B. (1988)
Icarus, 73, 91-141. [11] Zimbelman J. R. et al.
(1989) PLPSC, 19, 397-407. [12] Thomson B. J. &
Schultz P. H. (2004) LPS XXXV, Abstract #1885.
[13] Mustard J. F. et al. (2001) Nature, 412, 411-414.
[14] Greeley R. et al. (1982) JGR, 87, 10009-10024.
[15] Garvin J. B. et al. (2003) 6th Mars Conf.,
Abstract #3277.

Figure 2. Incremental crater densities in the Meridiani
region from Lane et al. [7]. The number of craters per km2
in each bin are given. Error bars represent ±√N. Estimated
Martian production functions are given as dashed lines [2].
Dark solid lines denote crater density boundaries between
the Late Noachian/Early Hesperian (upper bar) and Late
Hesperian/Early
Amazonian
(lower
bar)
[1].
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XCage: An Analysis Toolkit for the Evaluation of Crater Size Frequency Distributions and Age Determinations. S. van Gasselt1, S. C. Werner1, G. Neukum1. 1Freie Universitaet Berlin, Planetology and Remote Sensing,
Berlin, Germany. vgasselt@zedat.fu-berlin.de
Background: Crater-size frequency distributions
fail due to image-compression artifacts or atmosphecombined with numerical models of crater-impact
ric disturbances and will likely provide faulty diaﬂuxes are a well-established and currently the only
meters in cases where multiple impacts are superimpossibility to determine ages of planetary surfaces on
posed. Beside this, surface units have to be mapped
the basis of remote sensing data. For this approach
out carefully before any automatic measurements can
crater diameters are determined using image data of
be carried out in order to obtain reliable ages of one
surfaces and their frequencies displayed and analyzed
particular surface unit. A fast and reliable method of
as a function of diameter classes. Assumptions and
geologic mapping and determination of crater diamemodels on impact ﬂuxes for planetary bodies allow
ters can be accomplished using GIS software or in
transferring the accumulated crater-size frequencies
close interaction with the USGS Crater Density Tool
of a particular surface unit to surface model ages.
[2]. We here report on those steps which go beyond
In principle, the process of age determinations
the detection of impact-crater diameters and compribased upon crater-size frequency distributions inse various plotting methods and derivation of surface
volves three methodological steps: (1) determination
ages (Fig. 1). In order to speed up the process during
of impact-crater diameters on remote sensing data
the evaluation procedure and in order to determine
within a geologically deﬁned surface unit, (2) derivaages on large numbers of images, a software tool has
tion of the frequency distribution, i.e., size frequenbeen developed which provides a comfortable pacies as a function of crater diameters,
Image Data and
and (3) determination of surface ages
Map Preparation
with the help of either isochrones or
a production function ﬁt combined
with the application of a chronoloMapping of Geologic/Stratigraphic Units
gy model (i.e., estimates on impact
ﬂuxes).
Motivation and A-Priori Workﬂow: The workﬂow of surface-age
Analogue Methods
Digital Methods
determinations can be a cumbersome process which involves the
Manual Measurements
On-Screen Digital
on Print-Outs
Diameter Measurements
extraction of appropriate image data,
mapping of geologic units, exporFilm Development
Automatic Crater Detection
ting data for ﬁlm development or
Stereo Comparator Measurements
hardcopy and, ﬁnally counting data
on maps or stereo-comparator equipXcage Toolkit
ment. The determination of impactcrater diameters can be performed
ASCII Data Import
in various ways, starting with (a)
manual measurements on hardcopy
Isochrones
Production Function Fit
Erosion Ages
maps, (b) on-screen measurements
Selection and Adjustment of
on map-projected digital images
Chronology Model and Production Function
by point-and-click methods, (c) by
Customization of
Determination of
Preview Plotting of Data
using stereo comparator equipment
Isochrones Parameters
Fitting Range
with high-precision optical hardware
Production Function Fit
Determination of
and photographic ﬁlm or (d) by using
and Age Derivation
Individual Branches
automatic crater detection tools as
Individual Fitting at
recently demonstrated (e.g., [1]).
Branches
However, the latter involves the risk
Adjusting Plots and Plotting of Data
of misdetection of circularly-shaped
features of different origins (e.g.,
Data Export
sink holes, pseudocraters, volcanic
features, thermokarst features). Moreover, the automatic detection can Figure 1: Example of workﬂow for crater age determination using isochrones
lead to unwanted results as current- methods, production-function ﬁtting or age determination using multiple branch
ly established routines are prone to techniques.
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transferred to each other using analytical methods allowing a comfortable
exchange of data between working
groups that use different formats. With
the help of this tool, estimates on current ﬂuxes can be performed for any
crater-diameter size. Each plot and determination of surface ages is accompanied by an error report.
Applications: The functionalities
of the XCage toolkit have been applied
in various working ﬁelds, ranging
from the detailed evaluation of cratersize frequency distributions over estimating current ﬂuxes to massive age
determinations for large amounts of
images [1,9,10].
Technical Issues: In order to minimize
additional (probably costly)
Figure 2: The XCage Toolkit GUI with an example application of the determisoftware installations and in order to
nation of erosion ages using multi-branch ﬁtting.
guarantee platform independence the
ckage for the evaluation and analysis of crater-size
GUI and analysis toolkit has been
frequency data.
developed using the Perl/Tk (5.8.7) environment.
Scope and Capabilites: The XCage toolkit works
Function evaluation and ﬁtting routines have been
as GUI application for all common platforms and
adapted from established routines and have been resticks closely to the well-established methods for
implemented for the speciﬁc use of crater-size frecrater analyses as proposed by [3-4] and carried out
quency data evaluation. Data plots can be exported
by various authors [e.g., 5-7]. The toolkit can import
as pixel image in GIF, JPEG ot TIFF format or as
a wide range of formats of tabulated crater diameter
vector graphics in (Encapsulated) PostScript format.
and/or radii data and allows the user to plot up to eight
The XCage toolkit can be provided as bundled and
crater-size frequency distributions within one plot as
self installing package for Windows, Linux, SunOS
incremental, cumulative, or relative data representaand Macintosh (experimental) systems and does not
tion. Each data representation can be converted onrequire additional user conﬁgurations.
References: [1] Kim, J. R., J.-P. Muller, S. v. Gasselt, J. G.
the-ﬂy for in-depth analyses. For age determinations,
Morley, G. Neukum, and the HRSC Co-Investigator Team (2005),
both methods, the isochrone method as well as the
Automated Crater Detection, A New Tool for Mars Cartography
production-function ﬁt routine can be applied either
and Chronology, Photogrammetric Engineering & Remote Senin parallel for up to eight distributions or individually.
sing, 71 (10), 1205-1217. [2] T. Hare, J. Skinner Jr., E. Liszewski,
K. Tanaka, N. Barlow (2006) Mars Crater Density Tools: Project
Coefﬁcients of chronology models as well as producReport, Lun. Planet. Sci. Conf. XXXVII, CDROM #2398. [3]
tion functions are customizable and can be compared
Crater Analysis Techniques Working Group, Standard techniques
to each other directly visually or analytically.
for presentation and analysis of crater size-frequency data, (1978),
For the isochrones-method, appropriate chronoNASA Tech. Memo. 79730, 20pp. [4] Arvidson, R. E., Boyce, J.,
Chapman, C., Cintala, M., Fulchignoni, M., Moore, H., Neuklogy models and isochrones (spacing and bases of
um, G., Schultz, P., Soderblom, L., Strom, R., Woronow, A., and
diameter bins) can be selected and are user-customiYoung, R. (1979). Standard techniques for presentation and analyzable. The production-function-ﬁt method incorposis of crater size-frequency data. Icarus, 37, 467–474. [5] Neukum,
rates a non-linear least square ﬁtting routine for the
G. and Ivanov, B. A. (1994). Crater Size Distributions and Impact
Probabilities on Earth from Lunar, Terrestrial-planet, and Asteroid
cumulative data representation using the LevenbergCratering Data. In Hazards Due to Comets and Asteroids, page
Marquardt algorithm with optional weighting of bins.
359. [6] Hartmann, W. K. (1973). Martian Cratering 4. Mariner 9
It can be applied to a complete distribution or to indiinitial analysis of cratering chronology. J. Geophys. Res.,78, 4096–
vidual segments of it. An additional feature includes
4116. [7] Hartmann, W. K. (1999). Martian cratering VI. Crater
count isochrons and evidence for recent volcanism from Mars
the correct determination of erosion ages which are
Global Surveyor. Meteoritics and Planetary Science, 34, 167–177.
displayed as characteristic kinks in the cumulative
[8] Neukum, G. and Hiller, K. (1981). Martian ages. J. Geophys.
distribution. Instead of applying a cut-off at the liRes., 86 (15), 3097–3121. [9] S. C. Werner, Major Aspects of the
mits of a branch [8], cumulative data frequencies are
Chronostratigraphy and Geologic Evolutionary History of Mars,
Dissertation, FU Berlin, Online Version http://www.diss.fu-berlin.
shifted appropriately [9] and provide more reliable
de/2006/33/indexe.html. [10] Reiss, D., S. van Gasselt, E. Hauber,
ages (Fig. 2).
G. Michael, R. Jaumann, G. Neukum and the HRSC Co-InvestigaFurthermore, for the analysis and comparions of
tor Team (2005) Ages and Onset Diameters of Rampart Craters in
crater chronologies, either chronology polynoms or
Equatorial Regions on Mars, Role of Volatiles and Atmospheres on
Martian Impact Craters, Maryland, CDROM #3012.
their deviations (cratering rates) can be plotted and
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MARS: SECONDARY CRATERING - IMPLICATIONS FOR AGE DETERMINATION. S. C. Werner1, B.
G. Neukum1,1 Institute of Geological Sciences, Free University Berlin, Germany
A. Ivanov2, and
2
RAS-Institute for Dynamics of Geospheres, Moscow, Russia.
(swerner@zedat.fu-berlin.de);
Introduction: The discovery of a secondary-crater
strewn field generated by the 10-km crater Zunil [1]
stirred up a discussion of what is the real shape of the
primary production crater size-frequency distribution
and if age determination based on craters in the
smaller-crater size range is possible. The main point of
the discussion is whether or not the steep branch (below about 1 km diameter) is due to secondary or primary cratering. Here, we present crater counts inside
and outside the Zunil strewn field as well as a discussion based on empirical data of the implications on the
crater size-frequency distribution if secondary cratering occurs.
Crater Size-Frequency Measurements at Zunil:
Based on HRSC and MOC imaging data we were able
to measure the size-frequency distributions (SFD) of
Zunil’s secondaries and the underlying primary crater
distribution. The secondary crater field around Zunil
shows typical secondary crater characteristics, e.g.
clustering, and appearing as dark-haloed pits. Other
craters not showing these features and appearing randomly distributed are considered as primaries. The
resulting distribution for the primary crater population
follows the predicted shape of the crater SFD for Mars
[2, 3], which has been observed also in the asteroid
belt, the projectile source region [e.g. 8]. The cumulative distribution is close to a N ~ D-3 distribution,
while the secondary distribution clearly shows a
steeper distribution behavior (N ~ D-5) for the larger
secondary crater range, and which has been observed
elsewhere [4, 5]. 640 secondary craters of the Zunil
strewn field have been counted in the HRSC image
(orbit 1152) in an area of 5900 km2 at a distance of
300 km from Zunil. The SFD of counted craters is
shown in cumulative form in Fig. 1 (primaries-left,
secondaries-right) and as an R-plot in Fig. 2. In Fig. 1
we compare the measured SFDs with the crater production function derived in [2, 3, 6] for a best-fit
model crater age of about 14 Ma. The secondary crater
SFD is obviously dissimilar from the assumed production function. The flattening of the SFD, observed below D2 ~ 70 m, is not due to unresolved craters being
well above the HRSC image resolution of 12.5
m/pixel; cratering equilibrium is not reached either.
The computer model of McEwen et al. [1] also predicts flattening of the SFD for secondary craters being
shifted to 10 times smaller diameters. Fig. 2 shows the
R-plot for the Zunil secondaries and three measurements of close secondary crater fields [9] on Mars. For

comparison, R-plot isochrones for 10 Ma and 1 Ma are
given [2, 3]. The age of the Cerberus plains, commonly interpreted as very young, is found to be 14 Ma
when applying the Hartmann/Neukum cratering chronology model [6] to the primary crater count. The misinterpretation in age, if unwittingly counting all craters, would be less than a factor of two. Even such an
error that might occur if no caution is taken and one
measured in the middle of a strewn field of secondaries
is not an argument against the method of age determination using crater counts.

Fig. 1: Crater size-frequency measurements in the Cerberus plains.
The primary crater distribution yields a surface age of about 14 Ma
(left), the distribution of craters belonging to Zunil’s secondary
strewn field shows a much steeper distribution for the larger cratersize range and a flattening in the smaller size range, compare Fig.2.

Fig. 2: R-plot for Zunil secondaries (cp. Fig.1 right) measured in the
far field (at a distance of 300 km) in comparison with close secondaries for 3 other craters, counted in [10] within 6 crater radii and the
R-plot of the crater production function (NPF) derived by [2, 3] for
1 and 10 Ma. The largest close-secondaries of Zunil (250m<D2<400
m) were measured SE of the crater and give a single R-plot point. All
R-SFD are fitted with the Weibull function R~ (D2/D20)n-1exp((D2/D20)n) for n=2.5. This Weibull fit represents well the rollover of
SFDs for small secondary craters.
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Testing secondaries against primaries responsible for the steep branch of the SFD: Following the
claim that the smaller-crater distribution is generated
due to secondary cratering, we refer to previously published considerations [7, 8, 10] and construct an artificial crater distribution based on the assumptions outlined by [1]. We start with a flat primary crater distribution (N ~ D-2). The largest possible secondary crater
generated, has a diameter of a factor of 0.05 of the
largest primary [5]. The steep branch is now assumed
to be due to secondaries. Grinding and fragmentation
experiments indicate lower frequencies in the smallersize range. Such distributions are known statistically as
Weibull distribution [7]. Such behaviour has been observed for lunar secondary crater distributions [4] and
is found in the Zunil cratering record (Fig.2). Steep
SFDs for the largest secondaries cannot be extrapolated to small crater diameters (below ~ 0.7 of the
largest secondary crater diameter) [4] as found for the
Zunil case. Unrecognized global background secondaries responsible for the smaller-crater range may be
given bydistributions between N ~ D-3 and D-4, following the arguments discussed above. This construction implies certain consequences outlined here.
Surface age dependence: Artificial crater SFDs are
constructed for various surface ages. Fig. 3 shows
three examples of crater distributions as well as the
measured crater SFDs (according to the observed
shape [2, 3]) for various-aged surfaces. The onset
point for the secondary distribution is shifted toward
larger craters for older surfaces, which is a change of
the SFD shape with time, whereas no change in shape
of the distributions on the moon and Mars is observed.
Fig. 3: Comparison of the
hypothetical crater distribution and the observed
crater production function
[2, 3] for three different
surface ages. The surface
age effects the shape of
the hypothetical crater
SFD (red solid line) and
the observed crater SFD
(black dotted)
differently.
While the hypothetical
curve varies in shape with
time, the observed distribution is just shifted to
higher frequencies with
time, but keeps the shape.

Percentage of Secondaries contributing: Hypothetical secondary crater contribution for two possible
different slope indices (-3.0 and -3.5) can be compared
to the predicted/observed crater size-frequency distribution given as a function of surface age. For a -3slope
the contribution of secondaries to any measurement
could be up to 10 %, while for a -3.5-slope the hypothetical secondary crater contribution would exceed
the measured one by more than 100 %. The strongest
effect is not observed for the smaller size range as
commonly expected but for the crater range around 1
km in diameter. This would imply that the shape of the
distribution would vary with surface age; this is not
observed on the surface of the moon and Mars.

Fig. 4: Percentage of secondary craters contributing to the observed
crater SFD, given for surface ages between 0 Ga and 4.5 Ga. The
hatched area (right) marks the crater diameters and surface ages,
where measurements were performed.

Conclusion: Detailed measurements of the Martian
crater SFD for surfaces reflecting a variety of ages
confirm the stability of the shape in time. This has previously been shown for the Moon [3, 8]. The steep
branch of the crater distribution is not dominated by
secondaries, but might include up to 10 % craters
formed through secondary cratering. The applicability
of simple power laws to describe secondary cratering
is not valid.

References: [1]McEwen et al.(2005)Icarus, 176, 351-381. [2]
Ivanov(2001)SSR., 96, 87-104. [3]Neukum(1983)habilitation dissertation, Munich. [4]Koenig(1977)PhD-thesis. Heidelberg. [5] Vickery
(1986)Icarus, 67, 224-236. [6]Hartmann & Neukum (2001)SSR, 96,
165-194. [7]Weibull(1951)J. Appl. Mech. 18, 293-297. [8]Neukum
& Ivanov(1994)In: Hazards, p. 359.[9] Block & Barlow (2005)
LPSC 36, #1816. [10] Hartmann (2005) Icarus 174, 294-320.
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AN ORBITAL SEARCH FOR BOUNCE ROCK-LIKE THERMAL EMISSION SPECTRA AND
IMPLICATIONS FOR CALIBRATING CRATER COUNTS WITH SHERGOTTITE AGES S. P. Wright,
M. B. Wyatt, and P. R. Christensen, Department of Geological Sciences, Box 876305, Arizona State University,
Tempe, AZ 85287-6305, Shawn.P.Wright@asu.edu
Introduction: With Mars sample return or in-situ
isotopic dating many decades away, there is no
ground-truth data to calibrate crater counts of surfaces.
The crystallization and ejection ages of our only samples of Mars are well-known, but previous works have
concluded these rocks represent a biased sampling of
Mars in terms of age, composition, and shock metamorphism [1-3]. As discussed in previous work, finding the source regions of the SNC meteorites would
aid in calibrating the crater counts of select surfaces
with the crystallization ages of SNC’s and coordinate
relative age dating of the martian surface with absolute
ages [3]. A previous search using laboratory thermal
infrared (TIR) data of SNC meteorites as global endmembers resulted in the identification of olivine (using
Chassigny and lherzolitic shergottite end-members)
and orthopyroxene (ALH84001 end-member) with
orbital TIR data from the Mars Global Surveyor
(MGS) Thermal Emission Spectrometer (TES) [3].
The TIR spectra of olivines and pyroxenes of martian
dunites and pyroxenites, respectively, do not display
the effects of shock pressures all SNC meteorites are
subjected to [4], but plagioclase does [4,5]. TES spectra corresponding to abundances above the detection
limit (~10%) of basaltic shergottites Los Angeles and
Zagami were not found with any spatially-coherency
[5]. However, as these impactites have high abundances of maskelynite [1-3], this may preclude their
selection in TIR deconvolutions [5].
Results from the MER mission provide a unique
spectral end-member of an unshocked shergottite that
is not available in meteorite collections. This TIR
spectrum is used here for constraints on locating the
source region of shergottites.
Background: Shergottites, our most abundant
samples of Mars, have young (475-180 Ma) crystallization ages as compared to the presumed ancient ages
of crater-counted surfaces on Mars [2]. All shergottites have been shocked to pressures that change the
fundamental bending vibrations of plagioclase feldspar
as the long range order of the silica tetrahedron is disorded at 25 – 40 GPa, which affects the position of the
Christiansen Feature and silicate absorption features
[4,5]. Most shergottites have 15-20% maskelynite
with Al-rich Los Angeles and QUE94201 having
abundances up to ~45% [2].
Bounce Rock, an anamalous 35-cm rock on the
sands of Meridiani (Figure 1), has a distinctive X-Ray,
Mössbauer, and Mini-TES spectrum not seen at either

MER landing site [6-13]]. Concordant with TIR data
of experimentally-shocked plagioclase [4] and basalts
[14], shergottites [3,15], and shocked basalt from
Lonar Crater, India [16], Mini-TES data demonstrate
that Bounce Rock is either unshocked or not shocked
enough to effect TIR spectum (<20 GPa). MI images
show fracturing/brecciation [17] indicative of lower
shock values (Class 1) seen with basalts at Lonar Crater [16,18]. Due to the differences between the composition of Bounce Rock and that of the typical basaltic sands of Meridiani and equatorial regions, it was
decided that Bounce Rock must be distal ejecta [6],
and the suite of MER instruments conclude that
Bounce Rock is more similar to basaltic shergottites
than olivine-phyric shergottites or lherzolites [711,13]. Specific to TIR data, Bounce Rock looks more
like a pigeonite-rich shergottite than the typical Surface Type 1 sands [3,13,15,16,19-21].

Figure 1. Bounce Rock stands out on the sands of
Meridiani as distal impact ejecta
The amount of time that Bounce Rock has been sitting on the Meridiani surface is not known, but, given
its appearance on the plains as (recent?) distal ejecta
and common erosional weathering rates on the Earth
[22] and predicted for Mars, it is not unconcievable
that Bounce Rock, with a mineralogy similar to basaltic shergottites, was ejected in one of the shergottite
ejection events at 0.7 Ma, 1.3 Ma, or 3.0 Ma [1]. As
APXS norms and Mössbauer data revealed no olivine
in Bounce Rock, this mineralogic aspect matches basaltic shergottites Los Angeles, Shergotty, Zagami, and
QUE94201, which were all ejected in the 3.0 Ma event
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[1]. This premise is the basis for the rationale of
searching for Bounce Rock-like terrains on Mars.
MGS TES has returned data of the martian surface
and atmosphere since 1996 [23]. Over 99% of lowalbedo regions can be well-modeled with two distinct
surface types [19], though outliers of hematite [23],
olivine [24-25], and orthopyroxene [3] have been detected. Each MER is equipped with a Mini-TES that
have returned excellent field TIR data of rocks and
soils that agree with orbital TES data [12-13].
Approach: Bounce Rock is used here as a global
end-member in a deconvolution of TES data. The
other end-members used include Surface Type 1 [19],
Surface Type 2 [19], high-albedo dust [26], hematite
[23], and the dust-removed Mini-TES spectrum of
Bounce Rock [13] convolved to TES spectral resolutions (Figure 2). Atmospheric end-members are included to model this aspect of TES spectra, but surface
abundances after deconvolution is performed are normalized to exclude atmospheric contribution. Because
TES and Mini-TES collect TIR data over slightly different wavenumber regions, the spectral resolutions of
the end-members and TES data used in this study must
be resampled to account for this and the larger CO2
band seen in orbital data (Figure 2). MGS TES data
was binned to 16 pixels/degree for a total data set of
1440 pixels by 720 pixels representing the 360° by
180° of Mars.
Results: The surface distributions of ST1, ST2,
dust, and hematite resemble global maps of previous
work. However, it should be noted that those works
performed more complete, systematic deconvolutions
of TES data such as removing cold surfaces and high
albedo regions from the algorithm.
The distribution of Bounce Rock-like showed little
spatial correlation on a cylindrical projection of Mars.
Whereas most of the Bounce Rock-like pixels can be
attributed to low SNR on some orbits, there is a circular pattern of high Bounce Rock-like concentrations to
the west of Elysium Mons on the Elysium Plains. This
pattern is not spatially coherent and can be described
as “patchy”. This region is an island of intermediate
thermal inertia in a “sea of dust” and is most likely
composed of a mixture of dust plus sands and sediments derived from either Hesperian volcanic or marine activity with later Amazonian volcanic deposits
from Elysium. Comparisons with the global maps
derived from previous search for shergottite-like TES
spectra reveal that the highest Los Angeles-like concentrations (~10%) are also found in this region [3].
However, as described previously [3], this is most
likely due to the effects of fine particulates mixing
with course.

Conclusions: Whereas there is no definitive evidence that link Bounce Rock or any shergottite to
West Elysium, this interesting region will be examined
in detail with respect to crater counts, geologic mapping, and orbital TIR data from TES and THEMIS.
Acknowledgements: The authors appreciate discussions with and software assistance from J.L. Bandfield,
T.D. Glotch, A.T. Knudson, A.D. Rogers, and S.W.
Ruff.
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Figure 2. TIR spectra used as end-members in the
deconvolution of TES data. High-albedo dust is not
shown.
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THE CASE OF THE DISAPPEARING CONTACT: STRATIGRAPHIC BIAS IN PLANETARY
1
2 1
MAPPING. D. A. Young and V. L. Hansen , University of Texas Institute For Geophysics, 4412 Spicewood
2
Springs Road, Bldg 600, Austin TX 78759, (duncan@ig.utexas.edu) University of Minnesota Duluth,1114 Kirby
Drive, Duluth Minnesota 55812.
Introduction: A key aspect of planetary geological mapping is maintaining the independence of objectively
described map units, and interpreted geologic histories. However, the analysis of unit contacts can affect both unit
description and inferred history, such that assumptions (commonly unstated and sometime not recognized) become
irrevocable embedded in the map. While the diversity of planetary data is improving, the primary method of
distinguishing map units remains morphologic at the hundreds of meters to kilometer scale, especially where clear
contacts exist, and limited to the 2 1/2 D view of remote sensing imagery, which lacks information on the subsurface
geometry and timing. Because direct time constraints are generally lacking, superposition plays a key role in the
interpretation of local map unit sequences. Yet, interpretations of superposition depend on processes that shaped the
contact. Different processes affect unit contacts in different ways. Classes of geological contact, correlated with
specific processes, will be unavoidably differently represented in the geological record as mapped. Geological
histories that vary predominately in terms of frequency-dependency may be as viable an explanation as histories in
which global geological styles are time-dependent. We present these problems in planetary mapping in the context
of the extreme case of Venus.
Stratigraphic bias: In the absence of independent chronometers (e.g., fossil evolution, magnetic reversals, an
abundance of radiogenically dated rocks, eustatic change, or a verified model of weathering—methods used to
constrain time on Earth), planetary mappers must rely solely on geometric methods of stratigraphic and structural
analysis to sequence map units [1]. We must accept that the implicit stratigraphic assumption that rock units
originate as laterally continuous layers deposited on an underlying surface [2], might not be valid for all worlds.
Embayment. A commonly identified stratigraphic interaction between map units is embayment, where units of
differing relief intersect at an abrupt slope break. The plan view shape of the contact is primarily controlled by the
morphology of the rougher unit. Lacking topographic data, any interpretation of unit sequence (stacking) requires
certain information about (lower) unit erosion and (upper) unit viscosity. The trivial interpretation for Venus of such
a contact, where large scale denudation is unlikely due to the lack of stable liquid and viscously deposited material
should remain near a source, is that the rougher unit represents a substrate, upon which the smoother unit has been
deposited (presumably low viscosity material). Such contacts can provide robust local sequencing constraints.
However, detection of these types of contacts is most likely the greater the contrast in unit relief. Therefore on
worlds dominated by deposition, rougher units will tend to be identified toward the base of the local stratigraphic
column, wherever such sequences can be determined. The inverse of this is that if smooth units form the base of a
section, their presence will go completely undetected in our remotely sensed data.
Cross-cutting relations. A similar bias occurs where principles of cross-cutting relations are used, or where a
structural feature is truncated by a second structure or contact. Truncation implies that the older map unit hosts the
structure - therefore where sequencing is possible, map units that experienced more deformation (or deformation
that results in topographic relief) will be recognized in basal locations, whereas basal units that are undeformed
cannot be recognized or identified in our remote sensing data. Contacts with units bearing topographic relief will be
preferentially recorded in the data sets we currently have–whereas those separating smooth and low relief units will
go unrecorded. It is critical that we recognize what sorts of geologic events can be recorded in our data sets, and
what geologic events that will not be reflected.
The problem of ‘regional’ units. The above items are intuitively obvious and would not be issues if an
independent datum existed against which local stratigraphic columns could be correlated. For Venus, a candidate
unit has been proposed [3,4]; the material underlying the expansive, very low relief plains that cover much of the
planet. Continuous internal contacts are rare and are usually defined by variations in cm-scale surface roughness
and dielectric constants. Channels implying the flow of low viscosity fluid through [5] or over [6] this material are
common, implying low viscosity emplacement and clear embayment relations against locally older, rougher,
structurally deformed material exist [7]. While detailed high resolution mapping in structurally intricate regions
reveals rich and spatially complex geological sequences [8,9,10,11], the temptation has been to unite this material
into a single assemblage [4], as suggested by some geophysical interpretations of Venus's evolution, and use this for
global correlation. However, given the very low relief of this material, determining contacts and separating map
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units is dependent on the fortuitous presence of structure and surface property variations. Weathering [12] and
impact related dust likely would subdue the latter contacts. Mapping in the Rusalka Planitia plains [13] of Venus
reveals a large undifferentiated unit apparently sourced as volcanic flows from at least three different regions, yet no
intervening contacts are discernable in the data. We conclude that the assumption that no regional undetected
internal contacts divide the regional plains is not conservative. In fact, such an assumption leads directly and
implicitly to emplacement mechanisms, and in turn to global histories and processes. This introduces dangerous
circularity to any investigation aimed at understanding the planetary processes
Without a global datum, we are left with a scattering of individual, spatially isolated locations where robust
sequences might be determined. However, given the bias of these sequences toward rough, deformed locally older
material, there is the appearance of consistent, repeated sequences, which are not necessarily representative of the
actual patterns of processes shaping the planet. The apparent pattern is an appealing one, consistent with the
thermodynamic expectation that the processes capable of pervasive deformation were more common in the past;
however, global correlations via remote sensing without a focus on process do not represent the best test of such
models.
Relevance to other planets: Although spatial density statistics of impact craters has been used with some
success to generate consistent timescales for several planetary surfaces, atmospheric screening, coupled with impact
crater erosion and burial, and possible roles of secondary impactors, limit the spatial and temporal resolution of this
technique on many worlds of great interest, including Io, Europa, Titan and Mars. Crater density dating uses a
priori map contacts [14,15,16], and therefore assumes surface unity within the contacts. Given this key relationship
between planetary mapping and crater statistics, the stratigraphic bias issue affects worlds other than Venus, even if
they have better impact statistics.
References: [1] V. L. Hansen. Geologic mapping of tectonic planets. Earth and Planetary Science Letters,
176(3-4):527–542, 2000., [2] D. E. Wilhelms. Geological mapping. In R. Greeley and R. M. Batson, editors,
Planetary Mapping, pages 208–260, NY, 1990., [3] A. T. Basilevsky, J. W. Head, G. G. Schaber, and R. G. Strom.
The resurfacing history of Venus. In S. W. Bougher, D. M. Hunten, and R. J. Phillips, editors, Venus II-Geology,
Geophysics, Atmosphere, and Solar Wind Environment, pages 1047–1086, Tucson, Arizona, 1997. [4] M. A. Ivanov
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